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I 

 

Synopsis 

 

The word ‘Nanomaterials’ is synonymous with innovation which is the need of the hour. Any 

material when reduced to nanometric dimension, shows drastically different characteristics in 

comparison to the bulk which is mainly due to some fundamental phenomenon associated with 

increase in surface to volume ratio1, discretization of energy levels2, collective oscillation of 

surface electrons3, etc. All these fundamental phenomena alter the optical4, mechanical5, 

thermal6 or electrical properties7 of the materials. This idea formed the crux of a new branch of 

science known as nanotechnology which basically deals with synthesis of nanomaterials with 

desired properties and their implementation for societal benefits. Size and shape of 

nanomaterials1 are the two most important physical parameters which control the nanomaterial 

properties. Synthesis of nanomaterials requires control of chemical reaction which is done in two 

steps: firstly, by identification of the factors affecting the size and shape of the nanomaterials 

and secondly by varying reaction conditions to achieve desirable size and shape. Synthetic 

approach for nanomaterials8 can be done broadly classified into two categories: Top-down and 

Bottom-up9. Two-down method involves breaking down of bulk to smallest possible size and 

shape whereas bottom-up approach relies on building of nanomaterials from atoms. The work 

presented in this thesis involves bottom-up approaches as chemical synthesis methods are all 

bottom-up. Application of nanomaterials in the field of medicine10, photovoltaics11, sensing12, 

etc. which cater to the societal need has motivated researchers from all over the world to 

discover innovative methods for synthesis of nanomaterials. Nanomaterials can be broadly 

classified into two categories: inorganic13 and organic14. As name suggests, organic 

nanomaterials are basically made up of organic compounds whereas inorganic nanomaterials 

consists of inorganic materials such as oxides15, halides16, metals17, etc. Metallic nanomaterials 

are very difficult to synthesize as in nanometric dimension, higher surface to volume ratio 

enhances their propensity to oxidize unless a strong capping agent has been used to protect its 

chemical oxidation state. Noble metals18 are in this regard very interesting as they lack in 



II 

 

tendency to oxidize. The synthesis of noble metal nanoparticles has been a topic of interest due 

to a number of factors which is discussed in this thesis in detail. 

Noble metal nanoparticles (NMP) have been investigated in this work for potential application 

in the field of sensing19 and radiosensitization20. NMPs show a unique optical property known as 

surface plasmon21 which enhances the electric field in the vicinity of the nanoparticles which 

leads to enhancement of Raman signal22 of molecules adsorbed on the nanoparticles surface. 

This phenomenon is known as surface enhanced Raman scattering which has been utilized for 

detection of biologically important molecules in this work. Moreover, high Z of NMPs enhances 

the effect of radiation by secondary processes such as emission of photoelectrons, secondary 

electron and auger electrons20. This idea has been implemented to carry out studies related to 

radiosensitization. 

The thesis shall contain 7 chapters which are briefly discussed below: 

Chapter 1: Introduction 

This chapter discusses the fundamental properties of noble metal nanoparticles which are 

important for their application in the field of sensing and radiosensitization. 

Chapter 2: Material, Methods and instrumentation 

This chapter discusses the methods that have been implemented for the synthesis of gold and 

silver nanoparticles for carrying out various studies in this work. The instrumental techniques 

which vital for various characterizations of the plasmonic nanoparticles as well as their 

applications, have been discussed. 
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Chapter 3: Synthesis and characterization of pH sensitive gold nanoparticles for 

application in radiosensitization 

Extracellular fluid of cancer tissues is deemed acidic owing to anaerobic respiration due to 

poorly developed vascular system leading to hypoxia. Targeting of cancer tissues is obtained by 

making vectors sensitive to pH gradient in a tissue. The surface characteristics of gold 

nanoparticles govern interparticle interaction of the particles. pH sensitive GNPs can be 

synthesized by using a pH sensitive reducing agent as well as stabilizer for its application as a 

prospective vector for cancer cell targeting. L-tryptophan, an amino acid, is a mild reducing 

agent. Chloroauric acid was reduced by l-tryptophan in buffered aqueous medium to form pH 

sensitive GNPs. Oxidized l-tryptophan moieties were found to show attachment to GNPs 

through indolyl nitrogen as observed by infrared studies. Evidence of decarboxylation of l-

tryptophan was observed in gas chromatogram. Phosphatidyl choline, an amphiphile, was used 

to simulate cell membrane, dispersed between polar and non-polar liquid liquid interface. At pH 

lower than 5, synthesized GNPs were found to accumulate at the interface. This showed the pH 

AuCl4

L-Tryptophan
at pH 6

GNP

Benzene layer

GNPs dispersed in 
pH 7 Buffer 

solution

Benzene layer

pH 5 Buffer 
solution

Phospholipid interface layer

Negatively 
charged 

GNPs

Non polar 
benzene layer

polar aqueous 
layer

uncharged GNPs
formed as result of H+ adsorption 

at low pH

Figure 1: A schematic diagram representing the synthesis of gold nanoparticles by 

tryptophan and its implementation in pH sensitive accumulation at cellular interface 

mimicking cancer cell. 



IV 

 

sensitive property of GNPs suitable for radio-sensitization of cancer cells. Moreover, GNPs 

synthesized by tryptophan reduction method were subjected to survival (MTT) assay in cancer 

cell and normal cell lines. The assay shows that GNPs are non-toxic to the cells and respond to 

radiosensitization. 

Chapter 4: Synthesis and characterization of gold / silver nanoparticles loaded polymeric 

film for sensing and dosimetric applications. 

Hand held Raman spectrometers have found application in forensic as well as in quality control 

in industries. Stable and economic SERS substrate are in demand. Here, we have prepared stable 

SERS substrate by in-situ reduction of gold ions in a biocompatible polymeric matrix. Alginate 

was chosen as the polymer of choice as cross-linking step is very simple. 2% sodium alginate 

Figure 2: Photograph of (a) uncross-linked alginate film, (b) cross-linked alginate films, 

(c) Au
3+

 loaded cross-linked film and (d) GNP loaded alginate film. 
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solution was casted in a standard 7 cm dia petri-dish and air dried. Dried films were peeled off 

and cut into pieces of size 1 cm x 1 cm and cross-linked in Ca-Fe (1:5) aqueous solution. After 

the cross-linking step, films were submerged in chloroauric acid solution for 2 hrs., till the 

absorption of gold ions into the polymer matrix is complete. Gold ion loaded films were then 

reduced by 0.05 M glucose solution at 60°C for 6 minutes to form red colored GNP loaded 

films. GNP loaded films were then etched in 0.1 M HCl solution for 45s. These films were then 

tested for their efficacy as SERS substrate. Crystal violet (CV) was chosen as a model dye. 

Different low concentration (10-4 M and below) of CV was then dropped on the films and 

Raman signal was recorded. It was found that the GNP loaded films could detect as low as 10-8 

M of CV. It was also found that the films had a shelf life of more than six months. Detection of 

adulterants, insecticides and pesticides are of future interest to establish these films as a 

universal SERS substrate. 

Silver nanoparticles (AgNPs) were synthesized by reducing AgNO3 by alginate solution 

(1%) at alkaline pH and 65°C. Atomic force microscopy image microscope image reveal 

that the particles are spherical in shape with size ~10 nm. The synthesized AgNPs were 

further added to 2.25 % alginate solution such that the final Ag concentration is 4 mM. This 

Figure 3: Schematic representation and dose enhancement observed on AgNP loaded 

alginate film superimposed on radiochromic films 



VI 

 

solution was casted into films by drying. Dried films were cross-linked by Ca(NO3)2 

solution. Silver films were used for detection of crystal violet (fungicide) and Rhodamine 

6G (dye). Detection limit of crystal violet and Rhodamine 6G were found to be 10
-8

 and 10
-

10
 M, respectively, by SERS. 

AgNP loaded polymeric films were also studied for dosimetric study using radiochromic 

films. They show a maximum dose enhancement of 29% which is important for potential 

use of the above films in treatment of superficial cancer by radiation therapy. 

Chapter 5: Synthesis and characterization of AgNPs and AgCl/AgNPs for detection of 

sildenafil citrate 

Sildenafil citrate is a widely used PDE-5 inhibitor vasodilator drug commercially available as 

Viagra®. PDE-5 inhibitor drugs possess some side-effects when administered through 

conventional oral therapy. These side-effects can be reduced if the drug is targeted to a specific 

organ via a drug delivery vector. For this purpose, understanding of binding of SC to noble 

Figure 4:Schematic representation of light induced protonation of sildenafil citrate adsorbed 

on hybrid AgCl/AgNP dimer. 
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metal nanoparticles, potential drug delivery vectors, is important. Silver nanoparticles were 

synthesized by citrate reduction method. Silver nanoparticles synthesized by citrate reduction 

method, were employed to detect trace concentration of sildenafil citrate (SC). Limit of 

quantitation was found to be 10-9 M whereas limit of detection was found to be 10-10 M. 

Conditions for sensing were optimized by studying the effect of medium pH, time of 

equilibration and concentration of SC. 

Ag/AgCl nanoparticle dimers (NPD) were formed by the reaction of AgNPs with 0.03 M HCl in 

presence of SC. It was observed that upon reducing the concentration of SC, extent of 

chlorination increased. Formation of Ag/AgCl NPD was studied using UV-Vis spectroscopy, 

transmission electron microscopy (TEM) and selected area electron diffraction (SAED). It was 

found that AgCl played an important role in charge transfer reaction of SC at the surface of the 

nanoparticles leading to appearance of new peaks in SERS spectra. 

Chapter 6: Study of interaction of plasmonic nanoparticles with biologically important 

molecules by surface enhanced Raman scattering 

This chapter deals with SERS study of various molecules of biological importance adsorbed on 

plasmonic nanoparticles. Structural information with respect to their orientation and 

conformation were extracted by analysis of SERS spectra. 

Gold and silver nanoparticles were used for sensing of Thioflavin T (ThT) using SERS. It was 

observed that at concentrations lower than 10-7 M, ThT binds to GNPs and SNPs through S-atom 

with torsional angle between benzothiazole and dimethyl aminobenzene being 90°. 

Different tautomers of 2,5-Dimercapto-1,3,4- dithiazole were investigated by computational 

methods to ascertain conformation of DMDT at varying pH. SERS spectra revealed selective 

binding of DMDT to Ag and Au surface via N and S atom respectively. 

Chapter 7: Summary and Future scope 

This chapter summarizes all the work presented in the thesis and brings forward the possible 

outcomes from the work presented in the thesis. 
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1 

Introduction 

 

Material science is a branch of science which deals with the discovery, synthesis, 

characterization and application of materials for the benefit of mankind. Based on the source 

of origin, materials can be broadly classified into two types: organic and inorganic. 

Materials are being developed all over the world to meet certain technological requirements. 

For example, it has been observed that increasing chain length of N-alkyl pyridinium ionic 

liquids can alter the microscopic arrangement which can influence its solubilization 

efficiency
1
. Materials were earlier characterized based on their chemical composition only, 

which meant that material with one chemical composition can have only a fixed set of 

properties which is irrespective of the size. The above understanding was proven inadequate 

with the discovery of a new set of materials, known as „nanomaterials (NMs)‟.Richard 

Adolf Zsigmondy won the Nobel Prize in 1925 for his noted works on colloids
2
. By 

definition, colloids are materials which do not settle and cannot be separated using filtration 

or centrifugation. Colloids were, in-fact, discovered even before they were understood. 

Lycurgus cups
3
 are one of the earliest example of application of nanotechnology to 

manufacturing of glass cups. Cups are dated in the fourth century A.D. and were found in 

the Roman empire. Most interesting feature of the cups are that they are dichroic in reflected 

light they appear greenish yellow whereas in transmitted light they appear ruby red. Traces 

of colloidal silver and gold which were added while manufacturing, were found to be 

responsible for greenish yellow colour in reflected light and ruby red in transmitted light, 

respectively. 



 

 

 

2 
 

In principle, NMs are materials which must have one of the dimensions confined to 1-100 

nm. There is no universally accepted single definition. Environmental Protection Agency 

(EPA)suggests that, “NMs can exhibit unique properties dissimilar than the equivalent 

chemical compound in a larger dimension.”
4
 In order to get familiarized and understand 

different types of NMs, we need to classify NMs based on composition, dimensions and 

origin. 

1.1.  Classification of nanomaterials based on composition 

NMs can be classified into four categories based on composition: 

1.1.1. Carbon based NMs 

Carbon is the most versatile element found on earth due to its omnipresence. It exists in 

various allotropic forms which have completely different characteristics due to different 

arrangement of adjacent carbons. Diamond and graphite are two such examples. Graphite is 

made up of sp
2
hybridized planar carbon sheets stacked one upon each other, with high 

electrical conductivity and low thermal conductivity. On the other hand, diamond is a 3D 

network of sp
3
 hybridized carbon atoms with low electrical conductivity and high thermal 

conductivity
5
.Fullerene (Cn) is the third allotropic form of carbon after graphite and 

diamond
6
.Cn consists of sp

2
 hybridized carbon atoms in closed caged geometry. Fullerenes 

behave as electron deficient alkenes which readily react with electron rich species. This 

reactivity arises from the strained structure which has the tendency to relieve the strain by 

undergoing addition reaction
6
.Fullerenes are currently being used in various applications in 

the field of photovoltaics
7
 and pharmaceuticals

8
.One or few sp

2
 hybridized planar sheets are 

referred to as graphene. Graphene is a widely used crystalline form of carbon with 

exceptional electrical, mechanical, and chemical properties
9
. Upon universal recognition of 

possible application of graphene, its discoverers Andre Geim and Konstantin Novoselov 
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from the University of Manchester, England were awarded Noble Prize in 2010
10

. Graphene 

based nanocomposites find their application in photovoltaics
10

, supercapacitors
11

, etc. 

Carbon nanotubes (CNTs) is another carbon based nanomaterial which is widely used in 

sensing
12

, aerospace engineering
13

, supercapacitors
14

, etc. CNTs are single or multi-layered 

folded sp
2
 carbon sheets which has high mechanical strength and excellent electrical 

conductivity, for extensive nanotechnological applications. 

1.1.2. Inorganic NMs 

This class of NMs mostly includes metal and metal oxide nanomaterials. Metals have 

extensive metallic bonding which originates from bunching of MO‟s to give rise to two 

different band: valence band and conductional band.
15

Metals are characterized by 

overlapping conduction and valence band, which means that electrons in the valence shell 

are free to travel throughout the metal. A work function is required to knock-off metals from 

its surface which is analogous to ionization potential in elements
16

. When a metal is reduced 

in dimension such that the electron is confined within a limited space, various newer 

properties emerge. The study of confined electrons in a metallic or metal-like nano-

dimensional system is referred to as plasmonics
17

, which we is discussed later. 

Semiconductor materials also have band structure but there exists a gap between valence 

and conduction band, known as fermi gap.
18

 Interestingly, metal chalogenides
18

 as well as 

halides
19

 are also found to be semiconductor materials apart from intrinsic semiconductor 

materials such as silicon, germanium, etc. All the above materials, show unique as well as 

tunable optical properties and comprises a major part of photonic
20

 materials. Confinement 

of electrons in the valence band and discretization of energy levels in semiconductor 

nanomaterials give rise to unique optical
21

, electrical and thermal properties
22

. 
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1.1.3. Organic based nanoparticles 

Organic based nanoparticles find its origin in self assembled organic molecules which 

constitutes liposomes
23

, vesicles
24

, dendrimer
25

, micelles
26

 and polymeric
27

 nanomaterials.  

All the above nano-structures are formed due to self-assembly of organic molecules which 

involves non-covalent interactions
28

.  Organic nanoparticles are mostly used as a drug 

carrier
25

. Interestingly, organic nanomaterials are often used for trans-dermal therapy due to 

their high biocompatibility and permeability
29

.  

1.1.4. Nanocomposites 

This class of NMs are mostly combination of two or more of the above types of materials. 

The nanocomposites are found to show synergistic enhancement
30

 in properties of materials. 

Nanocomposites are generally tailor-made NMs used to serve a definite purpose. For 

instance, silver/silver chloride hybrid nanocomposites finds its probable application in 

photocatalysis where silver nanoparticle serves as a photosensitizer for silver chloride 

semiconductor photocatalyst
31

. 

Another classification of NMs can be done based on dimensions. Nanomaterials show 

unique properties owing to increased surface to volume ratio
32

. For a given material, surface 

to volume ratio, S/V is given by, 

𝑆

𝑉
=  

4𝜋𝑟2

4

3
𝜋𝑟 3

=  
3

𝑟
          (1.1) 

where S/V is surface to volume ratio and r is the radius of the nanoparticle, respectively. 

Surface to volume ratio is inversely proportional to the radius of the particle. As the particle 

size reaches nanometric dimension, percentage of atoms or molecules present on the surface 

increases. There is a fundamental difference between the atoms present on the surface and 

bulk. In bulk, atoms or molecules experience isotropic environment unlike that on the 



 

 

 

5 
 

surface. In nanoparticles, increased surface area leads to increased surface energy. This 

surface energy is quenched either by agglomeration or by capping agents. Besides size, 

shape of nanoparticles plays an important role in determining their chemical and physical 

characteristics.  

1.2. Classification of nanomaterials based on dimensional property 

Different types of nanomaterials based on dimensions are as follows: 

1.2.1. 0D NMs: NMs where the motion of electron is dimensionless, i.e., confined to a 

very small space is known as 0-D NMs. Examples of 0D NM includes quantum dots, silver 

and gold nanoparticles. 

1.2.2. 1D NMs: NMs where electrons are free to move in any one direction are referred 

to as 1D NMs. Examples of 1D NMs includes carbon nanotubes and nanowires. 

1.2.3. 2D NMs: Nano flakes or plates can be considered as2D NMs. Graphene is one 

such example. 

1.2.4. 3D NMs: Nanostructures which show electron motion in all directions, are 3D 

NMs. They are associations of 1D or 2D NMs. 

In this work, inorganic 0D nanoparticles are investigated in detail. It would be important to 

understand the extent of advancement that has occurred around inorganic nanomaterials. 

1.3.  Inorganic nanomaterials and their types 

Inorganic nanomaterials mostly consist of metal, metal chalcogenides and metal halides 

nanoparticles. Metal nanoparticles are most extensively exploited nanomaterial because of 

their unique optical properties, inert nature and biocompatibility. Semiconductor 

nanoparticles have also been extensively exploited for easy tunability of band gap as well as 

optical properties. 
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1.3.1. Metal nanoparticles 

Existence of metals in their elemental form depends on its standard reduction potential. 

Standard reduction potential (𝐸𝑀𝑛 +/𝑀
0 ) of redox half-cell (𝑀𝑛+/𝑀) in its standard state is 

defined as the electromotive force of the cell when it connected to standard hydrogen 

electrode (SHE)
33

. Standard reduction potential of SHE is generally taken as 0.00 V by 

convention. Electromotive force of a cell is given by, 

E𝑐𝑒𝑙𝑙
0 = E𝑐𝑎𝑡𝑜𝑑𝑒

0 − E𝑎𝑛𝑜𝑑𝑒
0         (1.2) 

where E𝑐𝑒𝑙𝑙
0  is the electromotive force of the cell, E𝑐𝑎𝑡𝑜𝑑𝑒

0  is the standard reduction potential 

of cathode half-cell and E𝑎𝑛𝑜𝑑𝑒
0  is the standard reduction potential of cathode half-cell. For 

any spontaneous reaction, E𝑐𝑒𝑙𝑙
0  must be greater than zero. Reduction and oxidation take 

place at cathode and anode, respectively. Moreover, reagent undergoing oxidation is a good 

reducing agent and vice versa. SHE can be both in anode as well as cathode depending on 

the activity of the redox couple under inspection. Metal which can reduce acidic proton to 

hydrogen gas is a stronger reducing agent than SHE. 𝐸0 of such metals is always negative. 

Another interpretation is that these metals do not favour reduction as 𝐸0 stands for 

“Standard reduction potential”. Similarly, those metals which cannot reduce acidic proton, 

have positive 𝐸0 value. These metals tend to remain in elemental state. Examples of metals 

with negative 𝐸0 value are sodium, potassium, calcium, magnesium, iron, aluminium, etc, 

whereas those with positive 𝐸0 values are gold, silver, copper and platinum. Metals with 

positive 𝐸0 values are less reactive and less prone to corrosion, which has earned them the 

title of noble metals. Most of the metal nanoparticles consists of noble metals. Surveying the 

literature, it can be observed that very few metals other than noble metals are stable in 

colloidal state. Aluminium nanoparticles are highly reactive and are often prepared by non-
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aqueous physical synthetic routes
34

. Aluminium nanoparticles are used as rocket propellant. 

Manganese
35

, cobalt
36

 and iron
37

 nanoparticles are also synthesized with great difficulty 

using very strong reducing agents for their unusually strong magnetic property. The 

quantum of work done in the field of noble metal nanoparticles is comparatively much 

larger in terms of tunability of properties as well as application than other non-noble metals. 

Noble metals such as gold
38

, silver
39

, platinum
40

 and copper
41

 show surface plasmon 

resonance in nanometric dimension. Noble metal nanoparticles (NMNPs) have shown 

potential for catalytic
42-48

, sensing
49-56

 and biomedical
57-62

 applications. Gold and silver 

nanoparticles have been discussed later in detail. 

1.3.2. Metal chalcogenide and metal halide nanoparticles 

Metal oxides, sulphides, selenides, etc. constitutes metal chalcogenides. Iron oxide 

nanoparticles finds application in biomedicine
63

 as they are biocompatible and potential 

non-toxicity
64

 to humans. Magnetic property of iron oxide nanoparticles can be exploited for 

real-time magnetic resonance imaging
65

. Cadmium sulphide
66

 and cadmium selenide
67

 are 

well known semi-conductor material. In nanometric dimensions quantum dots of cadmium 

sulphide as well as selenides show discretization of bands which results in increasing the 

band gap of semiconductor materials
68

. Metal halides such as silver chloride
69

 are reported 

to be semi-conductors of class I-VII compounds. In this work, we have carried out some 

studies with silver chloride which is discussed in later chapters. 

1.4. Noble metal nanoparticles and associated phenomena 

Noble metal nanoparticles show unique optical property know as surface plasmon resonance 

(SPR) opens up a new multidisciplinary branch of science, popularly known as 

„Plasmonics‟. All metal nanoparticles which show SPR are called as plasmonic 
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nanoparticles. It is essential to understand the phenomena associated with generation of SPR 

in order to understand noble metal nanoparticles. 

1.4.1. Plasmonics 

Surface plasmon resonance is an electromagnetic phenomenon arising from interaction of 

incident light with free electrons at the metal-dielectric interface which results in emergence 

of two-dimensional longitudinal electromagnetic wave of free electrons. Energy of photons 

is transferred to the free electron only at a specific wavelength when the momentum of 

photons matches that of the oscillating free electrons
70

. These collectively oscillating free 

electrons are confined to the surface of the metal and are collectively known as surface 

plasmon (SP).The SPs excited are localized at the interface as a result are considered as 

surface waves that propagate along the interface and decay exponentially with distance 

normal to the interface. There are basically two types of SPs, propagating and localized. In 

propagating SPR (PSPR), plasmons propagate upto micron or tens of micron distances and 

decays perpendicular to the surface. Decay lengths are very high, of the order of half the 

wavelength of incident light. On the other hand in case of localized surface plasmons, 

nanoparticles much smaller than the incident light experience uniform electric field as a 

result free electrons oscillate synchronously with the oscillating electric field of the 

electromagnetic wave. This leads to a plasmon that oscillates locally around the nanoparticle 

with frequency known as the localized surface plasmon resonance (LSPR). As the 

propagation length of PSPR and LSPR are different, the sensitivity to surrounding dielectric 

environment is different. PSPR responds sensitively to changes in bulk dielectric 

environment where as LSPR responds to changes in local dielectric environment such as 

molecular adsorption layer. Thus PSPR is sensitive to large biomolecules and LSPR sensors 

can detect small molecules. Again, the interaction of individual electric field of LSPR of 

two or more nanoparticles give rise to surface enhanced Raman scattering (SERS). 
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1.4.1.1. Localized surface plasmon resonance (LSPR) 

When size of metal nanoparticles is restricted to sub wavelength dimensions, the plasmons 

cannot propagate beyond the physical boundary of the nanoparticles. Hence, they become 

localized. Most interesting feature of such a phenomenon is concentration of light in a 

region smaller than the wavelength of light. Enhance electric field associated with LSPR 

acts as a local source of excitation for vicinal molecular layer, i.e., local dielectric 

environment. 

Let us consider a metallic sphere of radius R embedded in a medium of dielectric constant 

εd. Since the electric field is uniform at any instant of time around the metallic sphere, it is 

safe to assume R<<λ. The solution for Laplace‟s equation for the static potential inside a 

sphere can be given as
71, 72

: 

𝜙  𝑟, 𝜃, 𝜑 =   𝑎𝑙𝑚 𝑟𝑙𝑌𝑙𝑚 (𝜃, 𝜑)𝑙
𝑚=−1

∞
𝑙=0  ,  0 ≤ 𝑟 ≤ 𝑅  (1.3) 

where 𝑟, 𝜃, 𝜑 are the radial, polar and azimuthal coordinates accordingly; 𝑌𝑙𝑚  𝜃, 𝜑 is the 

spherical harmonic function. Outside the sphere, the solution is: 

𝜙  𝑟, 𝜃, 𝜑 =   𝑏𝑙𝑚
1

𝑟 𝑙+1 𝑌𝑙𝑚 (𝜃, 𝜑)𝑙
𝑚=−1

∞
𝑙=0 ,  𝑟 ≥ 𝑅   (1.4) 

The solution of the equations 3 and 4, vanish at the center of the sphere and infinity 

respectively. The continuity condition at the surface for the potential and its derivative 

ε𝜕𝜑/𝜕𝑟 leads to the following dispersion relation: 

𝜀𝑚

𝜀𝑑
+

𝑙+1

𝑙
= 0         (1.5) 

where 𝜀𝑚  is the dielectric constant of the medium. 

Using Drude form for metal dispersion, we get: 



 

 

 

10 
 

𝜔𝑙 = 𝜔𝑝  
𝑙

𝜀𝑑  𝑙+1 +𝑙
 

1
2 

        (1.6) 

where l is a positive integer. For lowest order mode, 𝑙 = 1 denotes the dipole mode which is 

the most significant mode for small sphere. On the other hand for large spheres, → ∞ , is the 

most significant mode, where the resonance frequency becomes 𝜔∞ = 𝜔𝑝√(𝜀𝑑 + 1) which 

is the SP frequency for semi-infinite metal-dielectric interface.  

For the dipolar case, the electromagnetic field outside the sphere is given as: 

𝐸𝑜𝑢𝑡  𝑥, 𝑦, 𝑧 = 𝐸0𝑧 −  
𝜀𝑚 −𝜀𝑑

𝜀𝑚 +2𝜀𝑑
 . 𝑎3𝐸0 .  

𝑧 

𝑟3 −
3𝑧

𝑟5 (𝑥𝑥 + 𝑦𝑦 + 𝑧𝑧)     (1.7) 

where 𝐸0 is the applied magnetic field polarized in z direction. The electromagnetic field 

displaces the free electron cloud and produces a positive charge near the particle surface. 

This resonance associated to the above oscillations is called the localized SPR (LSPR). The 

term “surface” is used as the oscillations are caused by the polarization of the particle 

surface, and also because the generated electric field is larger near the particle surface and 

decays with distance normal to the surface. The frequency of the collective oscillations is 

dependent upon factors such as the electron concentration, electron effective mass, the 

particle shape and size, interaction between particles, and the influence of the environment. 

For the elementary description of the nanoparticles plasmon resonance it is sufficient to use 

the usual dipole approximation as within nanometric size regime only dipolar mode is 

active. 

Within the dipole approximation the absorption and scattering of light by a small particle are 

determined by the electrostatic polarizability of the particle 𝛼0, which can be calculated 

using themetal optical permittivity𝜀𝑚 (𝜔), the medium dielectric constant 𝜀𝑑 , and the 

particle geometricaldimensions
73

: 
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𝛼0 =
3

4

𝑉

𝜋
 

𝜀𝑚 −𝜀𝑑

𝜀𝑚 +2𝜀𝑑
 =  𝑎3  

𝜀𝑚 −𝜀𝑑

𝜀𝑚 +2𝜀𝑑
        (1.8) 

Extinction cross-section may be considered as a sum of absorbed and scattered radiation 

which is accounted as: 

𝐶𝑒𝑥𝑡 = 𝐶𝑎𝑏𝑠 + 𝐶𝑠𝑐𝑎 =  
12𝜋𝑘

𝑎3

𝜀𝑑 Im(𝜀𝑚 )

 𝜀𝑚 −𝜀𝑑  2
 .  𝛼 2 +  

8𝜋

3
𝑘4𝛼2 ≅ 4𝜋𝑘 Im(𝛼)  (1.9) 

where 𝑘 =
2𝜋√𝜀𝑑

𝜆
. 

The above expression clearly shows that maximum polarizability condition is achieved 

when  𝜀𝑚 + 2𝜀𝑑 → 0. 

Thus, the resonance condition is established when 

𝜀𝑚 =  −2𝜀𝑑          (1.10) 

Dielectric constants of most of the solvents are positive. For instance, dielectric constant of 

water is 80. This means that two charges when separated in water, each experience 1/80
th

 of 

the coulombic force as they would experience in vacuum. Thus, dielectric constant may be 

understood as a property of a material which quantifies the tendency of the material to resist 

changes associated with an electric field vector. Positive dielectric constant means that it 

highly resists change. Higher the value higher is the resistance. Negative dielectric constant 

means it is completely non-resistive. Rather higher negative value indicates enhanced effect 

of electric field vector on the material. For the above LSPR condition to hold, metals must 

exhibit negative dielectric constant values in nanometric dimensions. 

The physical significance of negative dielectric constants in noble metals in visible region 

means that in presence of electric field vector of electromagnetic radiation, electric field on 

the surface is enhanced due to formation of plasma in the electron gas of the metal surface. 

In a typical schematic representation of polarization of electron gas of metal nanoparticles, 
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electron cloud is displaced synchronously with electric field vector of electromagnetic 

radiation which is shown in fig. 1.1. 

 

Figure 1.1. Displacement of electron cloud on metal nanoparticles upon excitation by 

electromagnetic radiation. 

1.4.1.2. Plasmon in anisotropic nanoparticles 

It is well known that charge density on a metallic surface is inversely proportional to the 

radius of curvature
74

. In an anisotropic nanoparticle, assuming it to be a nanorod, electron 

density is minimum at the equatorial region where as maximum at the ends of the axis. The 

above is explained schematically in 1.2. Moreover, this difference in electron density 

increases with increasing aspect ratio, i.e., the ratio of major vs. minor axis. Electronic 

oscillation along axis of the nanorod is more polarizable which means that 𝜀𝑑  corresponding 

to longitudinal oscillation is more negative than that of transverse oscillation. In order to 

meet the resonance condition mentioned in eq.10, 𝜀𝑚  must increase in case of longitudinal 

oscillation. It is known that dielectric constant generally decreases with decreasing 

wavelength as lesser number of modes of polarization is available for propagation of 

electromagnetic radiation
75

. Thus, lower𝜀𝑑  for longitudinal vibration balances 𝜀𝑚  at a higher 

wavelength whereas 𝜀𝑑  for transverse vibration remains closer to plasma frequency of the 
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metal. With increasing aspect ratio, the difference between SPR of longitudinal and 

transverse mode increases. Mulvaney et. al. has shown that the longitudinal and transverse 

SPR of gold nanorods (GNRs) evolve with change in aspect ratio
76

. 

 

Figure 1.2. Displacement of electron cloud on metal nanorods parallel and 

perpendicular to major axis in gold nanorods upon excitation by electromagnetic radiation. 

1.4.1.3. Effect of size on surface plasmon resonance 

As the size of plasmonic nanoparticles is increased, the SPR is found show red-shift along 

with broadened peak feature. The dipolar approximation of surface plasmon is based on the 

idea that as the particle is much smaller than the wavelength of incident light. As the size 

increases, the surface electrons begin experiencing non-uniform electric field. As a result, 

higher order modes of vibration appear in the absorption spectra of plasmonic nanoparticles 

of larger sizes. With increasing contribution of low energy higher order modes of 

oscillation, SPR of plasmon nanoparticles show apparent red-shift along with peak 

broadening
77

. 

1.4.1.4. Plasmonic coupling 

Plasmonic nanoparticles such as gold and silver nanoparticles show near field in the vicinity 

of the surface of the nanoparticle. This near field tend to decay with distance normal to the 

surface
78

. Every electron could on the plasmonic nanoparticles has its own polarizability, 
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𝛼𝑚 . Electric field vector, 𝐸0 of an electromagnetic radiation generates an oscillating dipole, 

𝑃𝑚  on the plasmonic nanoparticle which is given as  

𝑃  𝑚 = 𝛼 𝑚𝐸  0         (1.11) 

Another plasmonic nanoparticle at a distance, 𝑟 from the surface of the above nanoparticle 

shall experience cumulative electric field due to incident electromagnetic radiation as well 

as near field of the adjacent nanoparticles. Near field of a plasmon experienced at a distance, 

𝑟 from the surface is given by 

𝐸  =
𝑃  

𝑟3          (1.12) 

Cumulative field experienced by the other plasmonic particle generates an oscillating dipole 

in the particle given by  

𝑃𝑖
   =  𝛼 𝑚  𝐸0 +

𝛼 𝑚 𝐸0

𝑟3  =  𝛼 𝑚𝐸0 (1 +
𝛼 𝑚

𝑟3 )      (1.13) 

Likewise, the first particle also experiences enhanced excitation field. After n
th 

times 

enhancement or amplification, the enhanced oscillating dipole is given by  

𝑃𝑖
   =   𝛼 𝑚𝐸0 +

𝛼 𝑚 𝐸0

𝑟3
 (1 +  𝛼 𝑚 +  𝛼 𝑚

2 + ⋯ +  𝛼 𝑚
𝑛 )    (1.14) 

The enhancement of interparticle plasmonic coupling
79

 is limited by dielectric constant of 

the surrounding medium, 𝜀𝑚 . Higher near field reduces 𝜀𝑑which is compensated by 𝜀𝑚  at 

red-shifted wavelength to fulfil the SPR resonance condition. The extent of red-shift in SPR 

of gold or silver nanoparticles is a measure of plasmon coupling in self assemblies. This red-

shift in SPR band serves as the basis of agglomeration based sensing of analytes or 

adsorbates
79

. The above enhanced electric field is also expressed in far-field as surface 

enhanced Raman scattering (SERS). 
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1.4.1.5. Surface enhanced Raman scattering (SERS) 

Light can be scattered on incidence with matter with or without loss or gain of energy. An 

electromagnetic radiation consists of two mutually perpendicular transverse fields, electric 

and magnetic
80

. Electric field distorts the electron cloud in any atomic or molecular orbital. 

When the extent of distortion is such that the shape of the transformed orbital matches 

geometrically with the higher energy excited state, electronic excitation takes place. In such 

a case, we observe colour and this absorption can be studied by UV-vis spectroscopy
81

. But 

when the electric field mildly polarizes the electron cloud to form a transformed orbital such 

that no electronic transition occur, this transformed orbital is called virtual state, which 

immediately releases the absorbed energy. This phenomenon is known as scattering. When 

the wavelength of radiation released from the virtual state is same as that of absorbed 

radiation, then the phenomenon is called Rayleigh scattering
82

. But if there is a change in 

wavelength of the scattered radiation with respect to that of the incident radiation, it is called 

Raman scattering
83

. The vibrational energy levels are present within an electronic energy 

level. Hence Raman lines contain information about the vibrational state of the molecule, 

which is shown in fig. 1.3. 
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Figure 1.3. A schematic representation electronic transition and Raman scattering. 

Raman spectroscopy is a technique complementary to infrared absorption spectroscopy
84

 

which has an absorption cross-section of about ~10
-24 

cm
2
. On the contrary, Raman 

spectroscopy
83

 is a scattering technique with a scattering cross-section of ~10
-30 

cm
2
. This 

low scattering cross-section makes Raman technique suitable only to solid samples or 

solution upto 10
-2

 M concentration. In order to study vibrational features of molecule 

present at a much lower concentration for the purpose of detection by fingerprinting, Raman 

technique is modified with the help of plasmon
85

. In the earlier section, we have discussed 

that light upon incidence on a noble metal nanoparticles incite „lossy quasi-particles‟ called 

plasmons
86

. The plasmon can also be taken as a source of alternating electric field resonant 

with the incident radiation. Any molecules, adsorbed on the surface of gold or silver 

nanoparticles are polarized by the plasmon in the vicinity, to form a virtual state which 

releases energy back to plasmons, which further interact with the incoming electromagnetic 

radiation and scatters the light with vibrational information embedded with it. This 
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phenomenon of extracting vibrational information of trace concentration of molecules 

adsorbed on noble metal nanoparticles is called surface enhanced Raman scattering (SERS). 

However, understanding the vibrational spectroscopy is essential to interpret SERS signals.  

1.4.1.5.1. Vibrational spectroscopy 

In order to understand SERS, it is essential to know the motivation behind exploration of 

vibrational spectra of a molecule. A molecule consists of many bonds. When each and every 

bond of the molecule is stabilized, the molecule is said to exist in its ground state. Every 

bond has its unique potential energy which varies with inter-nuclear distance as shown in 

fig. 1.3. Out of all the bonds, the chemical bonds where lone pair or π-bonding is involved, 

the energy gap between excited state and ground state is often found to be in the range of 

visible region. Upon excitation with electromagnetic radiation comparable to the above 

energy gap, the electronic transition occurs. Every bond has its associated discrete 

vibrational levels as shown in fig. 1.2. Vibrational levels of any bond can be mapped either 

using absorption technique as in infrared spectroscopy or using scattering technique as in 

Raman spectroscopy. Vibrational spectrum of any molecule is its unique feature which is 

often referred as chemical fingerprint.  

Any molecule with N number of atoms has 3N degrees of freedom. For any non-linear 

molecule, there are 3N-6 vibrations where as for a linear molecule there are 3N-5 

vibrations
87, 88

. 

Typical modes of vibrations are as follows: 

(a) Stretching: Bond length between two atoms increase and decreases periodically with 

respectto an equilibrium bond distance with an vibrational frequency, 𝜔𝑜𝑠𝑐 given by: 

𝜔𝑜𝑠𝑐 =
1

2𝜋
 

𝑘

𝜇
         (1.15) 
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where 𝑘 is the force constant of the bond and 𝜇 is the reduced mass of the two atoms. 

Typically the vibrational energy of a chemical bond is typically measured in wave numbers 

(cm
-1

). Bond containing heavier atoms as well as with higher bond orders appear at higher 

wave numbers. 

(b) Symmetric stretching (three atom systems): Synchronous stretching of two bonds is 

generally known as symmetric stretching. Net change in dipole moment is zero in case of 

two adjacent bonds with 180° angle. In all other cases, net change in dipole moment is 

vectorial addition of dipole moment at any moment. 

(c) Asymmetric stretching (three atom systems): Asynchronous stretching of two bonds is 

generally known as asymmetric stretching, where one bond expands and the other 

compresses at the same time. Net change in dipole moment is non-zero in case of two 

adjacent bonds with 180° angle. 

(d) Scissoring(three atom systems): The bond angle between three consecutive atoms in a 

molecule varies from minimum to maximum value during bending motion. 

(e) Wagging:Two bonds of a tetravalent atom move out of plane synchronously as well as in 

same direction, with respect to the molecular plane in wagging. 

(f)Twisting: Two bonds of a tetravalent atom move out of plane synchronously but in 

opposite direction, with respect to the molecular plane in twisting. 

(g) Rocking: Two bonds of a tetravalent atom move in-plane synchronously in same 

direction in rocking. 

There are other complex modes which are variations of the modes mentioned above (fig. 

1.4). 
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Figure 1.4. A schematic representation of different modes of molecular vibrations. 

 

1.4.1.5.1.1. Infrared spectroscopy 

Electromagnetic radiation in the infrared region is absorbed by vibrating bonds upon 

resonance. Thus, absorption of energy, E, that matches the vibration frequency, υ, would 

trigger molecular vibration because of the change in the dipole moment
89

.Asymmetric 

modes of vibrations are more prone to show net change in dipole moment upon vibration. 

Moreover, bending needs less energy compared to stretching and hence is more feasible, as 

the net change in dipole moment is comparatively less in bending than that in stretching. 

There are different IR zones, namely, the far-IR (FIR, 400–10 cm
−1

), the mid-IR (MIR, 

4000–400 cm
−1

) and the near-IR (NIR, 14,000–4000 cm
−1

) zones. It is the mid-IR region 

where most compounds would have a signature absorption/emission in this region. Based on 
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the types of vibrational bands observed, the MIR region can be further divided into the 

fingerprint region (400–1400 cm
−1

) and the functional groups’ region (1400–4000 cm
−1

)
87

.  

1.4.1.5.1.2. Raman spectroscopy 

Electromagnetic radiation in the visible region is polarizes the electron cloud around the 

bonds in a molecule which radiates upon non-absorption to show Rayleigh and Stokes/anti-

Stokes scattered radiation.  

Absorption, fluorescence, phosphorescence and stimulated emission deal with electronic 

transitions between two or more electronic states. Scattering is altogether a different 

phenomenon which involves the simultaneous (instantaneous) absorption of an incident 

photon and emission of another photon. The emitted photon is called the scattered photon. 

Scattering processes can further be categorized into two main groups: 

In elastic scattering, the incident and scattered photons possess the same energy but may 

have different direction or polarization. For molecules, this process is called Rayleigh 

scattering. Rayleigh scattering does not reveal much about the electronic energy levels of 

the molecule and at the end of the scattering the molecule remains unaffected. Elastic 

scattering is for larger objects, and in particular for nano-particles (metallic or not); it is then 

usually called Mie scattering. 

In inelastic scattering, the scattered photon is at a different energy from that of the incident 

photon (fig. 1.3). The energy difference corresponds to an accompanying transition between 

two states in the molecule. One of the most important forms of inelastic scattering in 

molecules is Raman scattering, which involves transitions between the vibrational/rotational 

levels.  
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A molecule in a static electric field, 𝐸, experiences distortion in the electric cloud, which 

results in separation of charges. As a result, an induced dipole, 𝜇 is generated. The 

magnitude and direction of 𝜇 depends upon the polarizability of electron cloud on any bond. 

𝜇 = 𝛼𝐸         (1.16) 

The polarizability of any bond can be described to some extent with the help of 

polarizability ellipsoid. Polarizability ellipsoid of hydrogen bond in different directions is 

shown in fig. 1.5. 

 

Figure 1.5. Hydrogen molecule and its associated polarizability as observed in two 

dimensions at right angles. 

The distance of any point on the surface of the polarizability ellipsoid from its centre is the 

measure of polarizability of the associated bond at that point. One can seen upon three-

dimensional visualization, that the polarizability ellipsoid in the above case is like a 

flattened sphere, whose minor axis is in line with the principal axis of the molecule. 

Any molecular bond undergoes internal motion such as rotation and vibration. Internal 

vibration motion tends to change the polarizability periodically. In case of stretching, a 
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periodic vibration with frequency 𝜈𝑣𝑖𝑏 , changes the polarizability, with respect to time. The 

instantaneous polarizability is given by, 

𝛼 =  𝛼0 +  𝛽 sin 2𝜋 𝜈𝑣𝑖𝑏 𝑡       (1.17) 

Moreover, when a molecule encounters an incident electromagnetic radiation, it experiences 

oscillating electric field, 𝐸 where in electric field varies with respect to time at any 

particular point, which is given by 

𝐸 = 𝐸0 sin 2𝜋𝜈𝑡        (1.18) 

where 𝐸0 and 𝜈 are the amplitude and frequency of the electromagnetic radiation, 

respectively. 

Upon substitution of the values of 𝛼 (eq. 17) and 𝐸 (eq. 18), in eq. 16, the instantaneous 

induced dipole moment bears a signature of time, which is given by 

𝜇 =  𝛼0 +  𝛽 sin 2𝜋 𝜈𝑣𝑖𝑏 𝑡 𝐸0 sin 2𝜋𝜈𝑡     (1.19) 

Upon expanding eq. 18, using the trigonometric relation, 

sin 𝐴 sin 𝐵 =  
1

2
 cos 𝐴 − 𝐵 − cos 𝐴 + 𝐵      (1.20) 

we get, 

𝜇 = 𝛼0𝐸0 sin 2𝜋𝜈𝑡 + 
1

2
𝛽𝐸0 cos 2𝜋  𝜈 − 𝜈𝑣𝑖𝑏  𝑡 − cos 2𝜋 𝜈 + 𝜈𝑣𝑖𝑏  𝑡  (1.21) 

and thus the oscillating dipole has frequency components 𝜈 ± 𝜈𝑣𝑖𝑏  as well as exciting 

frequency 𝜈.  

It can be noted from eq. 21, that if vibration does not alter the polarizability, i.e. 𝛽 = 0, the 

oscillating dipole has the frequency same as the incident radiation.𝜈 − 𝜈𝑣𝑖𝑏  and 𝜈 + 𝜈𝑣𝑖𝑏  
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corresponds to the stokes and anti-stokes lines associated with Raman scattering, 

repectively. 

Thus, for any chemical bond to show Raman signal, it is important to have a change in 

polarizability upon vibration which is reflected by change in either magnitude or in direction 

of the polarizability ellipsoid. In order to understand the impact of change in polarizability, 

let us consider the following cases: 

Case 1: Linear molecule molecules such as CO2 shows change in polarizability in 

symmetric vibrational modes which is shown in fig. 1.6. 

 

Figure 1.6. Schematic representation of vibrational modes of CO2 and their associated 

change in polarizability ellipsoid presented along with change in polarizability with 

displacement across the equilibrium state, 𝝃. 

(a) Symmetric stretching 

(b) Symmetric bending 

(c) Asymmetric stretching 
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It can be seen in fig. 1.6., that only symmetric stretching mode is showing a change in 

polarizability across the equilibrium state. It can also be said that the strength of Raman 

signal is proportional to the magnitude of  
𝑑𝛼0

𝑑𝜉
 .  

Case 2: Non-linear molecule molecules such as H2O shows change in polarizability in 

symmetric vibrational modes which is shown in fig. 1.7. 

 

Figure 1.7. Schematic representation of vibrational modes of H2O and their associated 

change in polarizability ellipsoid. 

(a) Symmetric stretching 

(b) Symmetric bending 

(c) Asymmetric stretching 
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In case of H2O, in all the three vibrational mode, there is an observed change in 

polarizability in terms of either magnitude or direction. In case of asymmetric stretching of 

water, the observable change in polarizability is weak.  

From the above two cases, it can be generalized that symmetric molecules show intense 

Raman signals. Again, in molecules such as CO2 which has a centre of symmetry, shows 

mutually exclusive Raman and IR active modes. 

1.4.1.5.2. Types of SERS substrates 

Solution based SERS substrates: Gold and silver nanoparticle solutions are most common 

forms of SERS substrate as chemical reduction is the most accessible form of synthesis 

methodology. Weakly bound reducing agents such as sodium citrate
90, 91

, sodium 

borohydride
92, 93

, ascorbic acid
94, 95

, are mostly used for synthesis of SERS substrate 

solutions. Very low detection limit can be achieved in case of sensing of analytes using 

SERS substrate solutions as the noble metal nanoparticles are sensitive to very slight change 

in dielectric environment over the surface of metal nanoparticle. Reusability and colloidal 

stability of the substrate are drawbacks which has led to their limited use for R&D 

purposes
96

.  

Solid SERS substrate: Metal nanoparticles deposited on solid supports are often used for 

SERS sensing. The methods used for fabrication of substrates includes electron-beam 

lithography
97

, electrodeposition
98

, chemical deposition
99

, etc. The substrates are often 

reported to be reusable and have high shelf life
100

. The substrates find application in onsite 

sensing of analytes yet the sensitivity achieved in case of solid supported SERS substrate is 

not as good as SERS substrate solution due to limited freedom for inter-particle interaction. 

The hot-spots developed in case of solid substrates are preformed and the addition of 

analytes only changes the dielectric environment over nanoparticle surface. 
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1.4.1.5.3. Advantages of SERS for societal applications over other techniques 

Molecular sensing is often used for detection of hazardous chemicals such as pesticides
101

, 

industrial effluents
102

, pathogens
103

, food adulterants
104

, dopant drugs
105

, etc. for bio-

medical, diagnostic, environmental monitoring and quality control applications. Techniques 

used for sensing of the above-mentioned analytes are mass spectrometry, fluorimetry, gas 

chromatography, etc. The above techniques have ultra-trace level detection limits. The 

above techniques cannot qualitatively confirm the presence in presence of complex sample 

matrix as they lack fingerprinting ability. On the other hand, Raman spectroscopy is a 

powerful tool showcasing finger printing ability in presence of complex matrix. Vibrational 

signature of a molecule is a characteristic feature of any molecule. Upon pin-pointing the 

marker Raman bands, the analytes can be qualitatively and quantitatively detected. Unlike 

standard sensing techniques, every SERS sensing methodology requires unique sample 

processing. This gives SERS sensing leverage over other analytical tools. 

1.4.1.5.4. Application of SERS 

SERS spectra of any analyte adsorbed on the surface of plasmonic nanoparticles provides 

information about the chemical characteristics of the analyte such as concentration
106

, 

surface selectivity
107

 and surface orientation
108

. Determination of concentration can be 

carried out using SERS technique
109

. Molecules with affinity to adsorb over silver or gold 

nanoparticles can be detected as the LSPR polarizes the molecules in the vicinity. Higher 

concentration of molecules tends to show low SERS signal as the molecular vibrations are 

suppressed in multi-layer systems. Upon reducing the analyte concentration to monolayer, 

maximum SERS intensity is obtained. Further lowering the concentration, reduces SERS 

signal due to sub monolayer formation. A calibration curve can be obtained from monolayer 

system to sub monolayer system for quantitative analysis of analytes. SERS intensity of the 
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strongest peak in the spectra is plotted with respect to concentration to obtain the calibration 

curve. Apart from quantitative analysis, peak positions in SERS spectra are characteristic of 

the molecule which forms the basis of qualitative analysis using SERS
110

. Molecules with 

hard basic groups tend to show stronger affinity toward hard acid metal surfaces such silver 

whereas soft basic groups show affinity towards soft surfaces such as gold. For instance, N-

atoms show stronger affinity for silver whereas S-atom tends to adsorb on gold nanoparticle 

surface
111

. Moreover, SERS spectrum provides additional information about the groups 

attached to the metal nanoparticle surface. Groups attached to metal surface will show red-

shifted peaks in SERS spectra in comparison with the Raman spectra of the free molecule in 

solution. This information is vital to understand in case of drug delivery, where active sites 

of the drug molecule are required to be free to form further bonds with the target. 

Orientation of molecules is another vital information provided by SERS technique. LSPR 

intensity is perpendicular to the surface of the metal nanoparticles. Polarizability ellipsoid of 

the bond under inspection must show a change in polarizability parallel to the LSPR 

oscillation in order to exhibit strong SERS intensity. This forms the basis of surface 

selection rules associated with SERS technique
112

. Upon analysis of relative intensity of the 

peaks and comparing it with the Raman spectra of free molecule, the orientation of the 

molecule on the surface of plasmonic nanoparticles can be ascertained. This information is 

also vital from catalysis
113

 and drug delivery
114

 point-of-view. 

1.4.1.5.5. Development of SERS substrates  

In this thesis, SERS substrates were developed for detection of a variety of materials such as 

thioflavin T (ThT), 2,5-dimercapto-1,3,4-thiadiazole (DMTD), crystal violet (CV) and 

rhodamine 6G (R6G). ThT, an important marker for amyloid fibrils, was detected using 

SERS for posthumous diagnostic purpose. DMDT is bidentate ligand which has both N and 

S groups for binding to noble metal surfaces. Surface selectivity of DMDT was studies 
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using SERS technique over silver and gold nanoparticles. Novel solid SERS substrate was 

synthesized by in-situ and ex-situ reduction of noble metal nanoparticles in bio-polymeric 

matrix. Silver and gold nanoparticles embedded polymeric SERS substrates were found to 

show trace level SERS sensing of CV and R6G. These solid SERS substrates are aimed for 

development of universal SERS substrate to replace energy extensive SERS substrate 

fabricated using chemical vapour deposition techniques. 

Plasmonic nanoparticles, especially gold and silver nanoparticles show other applications in 

biomedical field owing to their inert nature. They have been often used as vectors for drug 

delivery
115, 116

.  Moreover, apart from drug delivery, gold and silver nanoparticles are 

reported to show radiosensitization ability for radiotherapy. 

1.4.2. Noble metal nanoparticles mediated radiosensitization 

Gold nanoparticles are high Z elements with a high X-ray absorption cross-section. 

Absorption of gamma or X-rays by noble metal nanoparticles can lead to a number of 

process by which absorbed energy can be concentrated as well as deposited in the vicinity to 

kill. It is essential to understand the types of interaction matter can have with gamma or X-

rays, in order to understand the mechanism of radiosensitization by noble metal 

nanoparticles. 

1.4.2.1. Interaction of matter with gamma or X-rays 

Gamma rays originate from the de-excitation of an excited nucleus of a radionuclide after 

radioactive decay whereas X-rays are produced when a metal atom excited by impinging of 

energised electrons undergoes de-excitation. Radioactive emission of gamma is a stochastic 

nuclear phenomenon whereas X-ray emission is stopped as soon as source of energised 

electron is shut down. But by nature, both X-rays and gamma rays are massless, chargeless 

electromagnetic radiation. X-rays possess energy in the range of 100 eV to 200 keV, 
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whereas gamma energies are from few hundred keV to MeV.  Three major possible 

interaction mechanisms for gamma rays or X-rays with matter are: photoelectric absorption, 

Compton scattering, and pair production. 

1.4.2.1.1. Photoelectric absorption 

In the photoelectric absorption process
117, 118

, a photon undergoes an interaction with an 

absorber atom in which the photon completely absorbed. Subsequently, an energetic 

photoelectron is ejected by the atom from one of its bound shells. The interaction is with the 

atom as a whole and cannot take place with free electrons. This interaction is unlike 

photoelectric emission process where incident visible light knocks of valence shell electron. 

For gamma or X-rays of sufficient energy, the most probable origin of the photoelectron is 

the most tightly bound or K shell of the atom. The photoelectron appears with an energy 

given by 

𝑬𝒆− = 𝒉𝝂 − 𝑬𝒃        (1.22) 

where 𝒉𝝂 and 𝑬𝒃 are energy of incident photon and binding energy of ejected 

photoelectron. For X-rays and gamma rays used for therapeutic purposes, photoelectron is 

the major contributor for dissipation of absorbed energy in cancer tissue
119

. Ejected 

photoelectron may also lead to subsequent ejection of a secondary electron
120

 from a 

neighbouring atom. 

Moreover, in addition to the photoelectron, the interaction also ionizes the absorber atom 

with a vacancy in one of its inner shells. This vacancy is quickly filled either through 

capture of a free electron from the medium or by rearrangement of electrons from the outer 

shells of the atom which leads to emission of X-ray photons characteristic of the element. In 

some of the cases, an Auger electron is emitted to carry away the atomic excitation energy. 

Auger electron is emitted upon de-excitation of ionized absorbed atom in photoelectric 
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absorption process occurs by emission of a weakly bound outer shell electron. Auger 

electrons
121

 are also important for dissipation of energy in case of radiotherapy of cancer 

cells. 

The photoelectric process is the predominant mode of interaction for gamma rays or X-rays 

of relatively low energy. The process is also enhanced for absorber materials of high atomic 

number Z. A rough estimation of the probability of photoelectric absorption per atom is 

given by  

𝝉 ∝  
𝒁𝒏

𝑬𝜸
𝟑.𝟓         (1.23) 

where 𝑬𝜸 is the energy of incident gamma or X-ray photon. The exponent n varies between 

4 to 5, in the case of low energy gamma or X-rays. 

1.4.2.1.2. Compton scattering 

Unlike photoelectric absorption process, Compton scattering is associated with inelastic 

interaction of gamma or X-ray with loosely bound electrons of an atom. Gamma energies of 

the range of 100 keV and above show Compton scattering predominantly. In this process, 

the incident gamma-ray photon is deflected through an angle 𝜽 with respect to its original 

direction. The photon transfers a portion of its energy to the electron (assumed to be initially 

at rest), which is then known as a recoil electron, as shown in fig. 1.8. Because all angles of 

scattering are possible, the energy transferred to the electron can vary from zero to a large 

fraction of the gamma-ray energy. 
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Figure 1.8. Schematic representation of the phenomenon of Compton scattering 

The energy of scattered photon, 𝒉𝝂′ is related to the energy of incident photon, 𝒉𝝂 by the 

following relation: 

𝒉𝝂′ =  
𝒉𝝂

𝟏+
𝒉𝝂

𝒎𝟎𝒄𝟐
 𝟏−𝒄𝒐𝒔𝜽 

        (1.24) 

where 𝒎𝟎𝒄
𝟐 is the rest mass energy of the electron (0.512 MeV). The probability of 

Compton scattering per atom of the absorber depends on the number density of electrons, as 

a result, it increases linearly with Z. The angular distribution of scattered gamma rays
117

 is 

predicted by the Klein-Nishina formula
122

for the differential scattering cross section
𝒅𝝈

𝒅𝜴
:  

𝒅𝝈

𝒅𝜴
= 𝒁𝒓𝟎

𝟐  
𝟏

𝟏+𝜶(𝟏−𝒄𝒐𝒔𝜽)
  

𝟏+𝒄𝒐𝒔𝟐 𝜽

𝟐
  𝟏 +

𝜶𝟐(𝟏−𝒄𝒐𝒔𝜽)𝟐

 𝟏+𝒄𝒐𝒔𝟐 𝜽  𝟏+𝜶(𝟏−𝒄𝒐𝒔𝜽) 
   (1.25) 

where 𝜶 =
𝒉𝝂

𝒎𝟎𝒄𝟐
 and 𝒓𝟎 is the classical electron radius. In case of backscattering of photon, 

maximum energy is transferred to recoil electron. This recoil electron carries out maximum 

damage to the cancer cells in case of radiotherapy
123

.   

Elastic interaction of gamma rays or X-rays with matter, no energy transfer occurs between 

photon and matter, which is known as coherent scattering. 
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1.4.2.1.3. Pair production  

Pair production is the least probable mode of interaction required for radiotherapy using 

gamma or X-ray as a minimum of 1.02 MeV photon energy is required. In practice, such 

high energy gamma rays are not used as at high energy, the probability of other interactions 

such as photoelectric absorption and Compton scattering is reduced drastically. In this 

interaction which occurs in the coulomb field of a nucleus, the gamma-ray photon is 

replaced by an electron-positron pair upon interaction with the target nucleus. All the excess 

energy carried in by the photon above the 1.02 MeV required to create the pair goes into 

kinetic energy shared by the positron and the electron. Because the positron will 

subsequently annihilate after slowing down in the absorbing medium, two annihilation 

photons are normally produced as secondary products of the interaction which further 

generate photo or auger or secondary electrons. 

1.4.2.2. Radiotherapy 

Cancer is defined as uncontrolled growth or abnormal proliferation of cells with loss of 

physiological functions
124

. The genes undergo mutation such that the physiological function 

is lost, the cells behave erratically and forms a burden to the tissue. Cancer can be of two 

types: benign or malignant. Benign cancer is localized form of abnormal tissue growth 

wherein overall physiological function is not disrupted yet due to increased size, the benign 

tissue requires excision. Malignant cancer is a physiological state where the cancer cells 

migrate and induces abnormal growth in other locations in human body. The physiological 

study of cancerous tissue under microscope can reveal the origin of cancerous tissue. This 

process is popularly known as biopsy. In order to understand the motivation behind 

radiotherapy, a short precise knowledge of biochemical phenomenon behind development as 

well as killing of cancer cell is vital. 
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1.4.2.2.1. Biochemistry associated with cancer  

Cellular growth is a phenomenon associated with DNA materials of chromosomes present in 

the nucleus of a cell. Cell of non-reproductive organs undergo cell division by mitosis. The 

DNA is passed onto the daughter cells after mitosis. In normal cells, the characteristics of 

the parent cell are retained in the daughter cells. Genetic code of DNA is expressed in the 

cell by means of DNA transcription wherein mRNA (messenger RNA) carry genetic 

information to the ribosomes for synthesis of proteins specific to a cell. In presence of 

external perturbing factors known as mutagens, the DNA strands undergo modification, as a 

result, the genetic code is modified erratically. This results in synthesis of proteins which are 

not required by the cell to run physiological function. This disrupted DNA is further passed 

onto daughter cells which further become unwanted by the tissue. Every tissue has a DNA 

repair mechanism
125

 by which every moment a cell undergoes repair from the damage 

caused by the mutagens. When the extent of damage by mutagens supersedes the extent of 

repair in tissues, cancerous cells begins to proliferate.  

Disruption of cancerous cells can be induced by specific chemicals as well as radiation. 

Chemically induced disruption of cancerous cells is known as chemotherapy whereas 

radiation induced killing of cancer cell is known as radiotherapy. 

1.4.2.2.2. Comparison of biochemical processes associated with chemotherapy and 

radiotherapy 

Cisplatin is a well-known chemotherapeutic drug which is known to disrupt the helical 

structure of DNA. The helical structure of DNA is due to the presence of chiral carbon in 

the deoxyribose moiety of nucleic acids. Chloride groups present in cis-platin binds 

irreversibly upon hydrolysis to adjacent nitrogenous bases of DNA. As a result, scissoring 
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of DNA strands occur. This disrupts further cellular proliferation. A schematic 

representation of DNA damage by cisplatin is shown in fig. 1.9. 

 

Figure 1.9. A schematic representation cis-platin induced DNA damage. 

Radiation induced damage is altogether a different phenomenon as it is non-selectively to 

cancer cells. Chemotherapy disrupts cell division in actively dividing cells whereas 

radiotherapy can only by physically confined to cancerous tissue. 

Ionising radiations, such as alpha, beta and gamma radiations, deposit high amount of 

energy in the vicinity of DNA. The secondary electrons generated in the cellular matrix can 

directly damage the DNA strand. It can also indirectly break water molecules to yield 

hydroxyl radical which damages the chemical structure of DNA. This disrupts the 

proliferation as the chemical integrity of DNA is compromised. A schematic representation 

of radiation induced DNA damage is shown in fig. 1.10. 
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Figure 1.10. Radiation induced damage of DNA strands 

1.4.2.2.3. Hypoxia and associated radiation resistance by cancer cells 

The mechanism of cell damage by radiation is a complex process involving a number of 

steps. Energy received by the cancer cells are dissipated in the cellular matrix by secondary 

and auger electrons. These electrons carry out radiolysis of water to form various transient 

species such as H
●
, OH

●
 and 𝒆𝒂𝒒

− . OH
●
 radical damages DNA strands by abstraction of a 

proton. In cellular system, hydrogen atom generated due to radiolysis of water can further 

recombine with the damaged DNA strand to repair the system. Thus, the damage becomes 

reversible.  

Oxygen plays a very important role in fixation of DNA damage. 𝒆𝒂𝒒
−  reacts with free 

dissolved oxygen to form superoxide radical 𝑶𝟐
−.  The damage done by 𝑶𝟐

− is irreparable 

and irreversible. Thus, it is important to have sufficient oxygen concentration in cell for 

effective damage by ionizing radiation. A schematic representation of the phenomenon of 

DNA damage fixation by oxygen is given in fig. 1.11. 
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Figure 1.11. A schematic representation of the DNA damage fixation by oxygen. 

Tumour or cancer cells, on the other hand, show hypoxia in the tumour centres. Uninhibited 

growth of cancer cells in a tumour puts undue burden on the vasculature, as the fast dividing 

cells have high oxygen demand. Tumour cells have poorly developed vasculature which is 

inadequate in catering oxygen demand of the tumour. This leads to hypoxia in tumour tissue 

wherein oxygen concentration reduces from periphery to centre. This tumour upon 

undergoing radiotherapy, tends to repair itself. This problem led the researcher to search for 

analogous phenomenon that could replace the need of oxygen in the hypoxic cells. Use of 

radiosensitizers is the solution to the above problem. 

1.4.2.2.4. Radiosensitizers 

Radiosensitizers are chemical agents that sensitize or enhance the response of the tumor 

cells to radiation
126

. These chemical agents promote fixation of the free radicals produced by 

radiation damage at the molecular level. The mechanism of action of radiosensitizers is 

similar to the oxygen effect, in which biochemical reactions in the damaged molecules 

prevent repair of the radiation induced cellular damage. OH
● 

radical captured by the 

radiosensitizers make the molecules incapable of repair. Radiosensitizers such as nitro-

imidazoles were used to overcome diffusion limited hypoxia. Electron affinity of 

radiosensitizers play a vital role in radiosensitization of hypoxic cells
127

. Metronidazole and 
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its analogues such as nimorazoles and misonidazoles are found to show high 

radiosensitization efficiency. Metronidazoles are NO2 functionalized molecules that take 

reacts with 𝒆𝒂𝒒
−  to form reactive transient species R-NO2

●-
 which has the ability to fix 

radiation damage similar to oxygen. The mechanism of radiosensitization of noble metal 

nanoparticles is different from that of chemical radiosensitizers. 

1.4.2.2.5. Noble metal nanoparticles as radiosensitizers 

Gold nanoparticles are known to be chemically inert in a cellular system, as a result they are 

deemed highly biocompatible for bio-medical applications
128

. In a cellular environment, 

gold nanoparticles are known to show radiosensitization under gamma or X-ray radiation by 

production of reactive oxygen species (ROS) and associated oxidative stress which leads to 

induction of DNA damage and disrupts cell cycle. Gold is a high Z element. We have earlier 

noted that Z value plays an important role in extent of photoelectric absorption as well as 

Compton scattering. Under irradiation, gold nanoparticles in a cellular environment, absorbs 

more energy than the surrounding cellular matrix. This absorbed energy is dissipated in the 

surrounding in the form of secondary and Auger electrons. Electron transfer occurs from the 

surface of gold nanoparticles to O2 molecules in the cellular environment. This leads to 

formation of ROS which increases the oxidative stress in the cell. In hypoxic cells, in 

absence of oxygen, low energy secondary and Auger electrons induce direct DNA 

damage
129

.  

For application of gold nanoparticles for radiosensitization, it is important that targeting of 

cancer cells is achieved by functionalization of gold nanoparticle surface with hypoxia 

selective groups. This may lead to reduction of radiation induced damage in the peripheral 

normal cells in comparison to the cancer cells. 
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1.4.2.2.6. Development of hypoxia selective gold nanoparticles for potential 

radiosensitization applications 

In this thesis, the work involving synthesis of pH sensitive gold nanoparticles is discussed. 

pH sensitivity is the modality chosen for the targeting of cancer cells. Hypoxic cells tend to 

show anaerobic respiration which leads to accumulation of lactic acid which is an end-

product of glycolysis
130

.Warburg effect hints towards enhanced uptake of glucose in 

cancerous cells due to high energy demand under proliferation conditions. Glucose capped 

gold nanoparticles have also been studied in this work to enhance cellular uptake of gold 

nanoparticles in cancer cells. The work related to study of efficiency of gold nanoparticles 

in cancer cells is under progress. 

Silver nanoparticles are also reported to show radiosensitization
130

. As a spin-off, silver 

nanoparticle embedded alginate films were found to show enhanced dose under X-ray 

radiation which was recorded using EBT3-GAFchromic films. The silver nanoparticles 

loaded polymeric films are yet to be tested for radiosensitization efficiency in cancer cells. 

These films holds potential for application for radiosensitization of superficial cancer such 

as skin
131

 and uveal
132

 cancer.  
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2 

Material, Methods and Instrumentation 

 

The discussions in this chapter revolves around the materials used as metal precursors, 

reducing agents, stabilizing agent, adsorbants, etc., the synthetic methods and the 

instrumentation techniques used for the characterization as well as application of the 

synthesized products.  

2.1. Materials 

Chemicals in its pure form were used for the synthesis as well as application purposes in all 

the work that are discussed in this thesis. There are two types of nanoparticle synthetic 

approach, top-down and bottom-up
133

. In top-down approach, bulk materials is converted 

into nanomaterials by application physical methods
134

 whereas in bottom-up method, 

chemicals means are used to grow nanoparticles from atoms
135

. Gold and silver metal 

precursors are in the form of metal salts and complexes were used for bottom-up synthesis 

of noble metal nanoparticles. Reducing agents were used based on the application
136

. 

Reducing agents affected the rate of the reactions
137

. Oxidized reducing agents or excess 

reducing agents sometimes served as the stabilizing agent
138

.   

2.1.1. Metal precursors 

Chloroauric acid (HAuCl4) and its sodium and potassium salts are used as metal 

precursors
139

. HAuCl4as well as its salt are strong electrolytes. HAuCl4is used as a metal 

precursor when the reaction is required to be carried out in acidic pH where as in case 
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synthesis of metal nanoparticles in basic pH, sodium and potassium salts of HAuCl4are 

used. Standard electrode potential of 𝐴𝑢𝐶𝑙4
−, given by reduction half-cell reaction, 

𝐴𝑢𝐶𝑙4
− +  3𝑒− → 𝐴𝑢0 + 4𝐶𝑙−      (2.1) 

is reported to be 0.994 V
140

. 𝐴𝑢𝐶𝑙4
− imparts yellow color to the solution due to strong ligand 

to metal charge transfer. 

Silver nitrate (AgNO3) is the main precursor used for the synthesis of silver nanoparticles. 

AgNO3 is a soluble strong electrolyte. In some cases, when silver nanoparticles are required 

to be synthesized using ionizing radiation, silver perchlorate (AgClO4) is preferably used as 

nitrate ions also react with hydrate electron (𝑒𝑎𝑞
− ). Standard reduction potential of Ag

+
/Ag 

half-cell is 0.7996 V. 

2.1.2. Reducing agents 

A reducing agent undergoes oxidation to reduce the other component. A compound must 

have standard reduction potential lower than that of Au or Ag in order to be a reducing 

agent for synthesis of gold or silver nanoparticles, respectively
141

. Different organic and 

inorganic compounds such as amino acids, carbohydrates, carboxylic, nitrile functionalized 

biopolymers, alkali metal hydrides, organic solvents, etc. are used as reducing agents for the 

synthesis of metal nanoparticles.  

2.1.2.1.  Amino acids 

Amino acids are the building blocks of proteins essentially consisting of an amine and a 

carboxylic group. It has been observed in general that the amine group participate in 

complexation of metal whereas the carboxylic group undergoes decarboxylation
142

. It has 

been reported that silver and gold nanoparticles are synthesized using amino acids such as 

tyrosine, tryptophan, etc. 
143-145

. Amino acids are generally used by researchers to 
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synthesized bio-compatible nanoparticles for in-vitro applications
146

. Zwitterionic property 

of amino acids provide a precise control over reaction pH for synthesis of monodispersed 

metal nanoparticles. In acidic as well as zwitterionic form, amine group is protonated which 

restricts the complexation of metal ion. This disrupts the stabilization of metal nanoparticles 

post synthesis. Thus it has been observed that amino acid mediated synthesis of metal 

nanoparticles is best carried out in basic range. 

2.1.2.2. Reducing sugars 

Sugars containing aldehyde groups are known as reducing sugar due to their ability to form 

silver mirror by Tollen‟s reaction.
147

Silver and gold nanoparticles have been often reported 

to be synthesized using monosaccharides as well as polysaccharides.
148, 149

  The advantage 

of using reducing sugars is that the capping formed on the surface of nanoparticles would be 

biocompatible as sugars and its oxidized products are ubiquitous in living organisms. 

Moreover, it has been reported that carboxylate group is present on the surface of 

nanoparticles due oxidation of aldehyde to carboxylic acid group. 
150

  The presence of 

carboxylate group on the surface of nanoparticles imparts a negative charge to the surface of 

the nanoparticle which is aiding in stabilization of the nanoparticles as well as assists in 

adsorption of cationic adsorbates.  

2.1.2.3. Biopolymers 

Biopolymers such as chitosan,
151

 chitin,
152

 alginate,
153

 etc., are known to reduce noble metal 

ions such as silver and gold due to availability of large number of functional group in their 

structure. Moreover, a capping of biopolymer provides stability to nanoparticles solution by 

steric hindrance. Biopolymer capped metal nanoparticles were also found to be 

biocompatible for medical application.
154
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2.1.2.4. Metal hydrides 

Metal hydrides such as sodium borohydride,
155

 lithium aluminium hydride,
156

 etc., are know 

to play an important role in reduction of synthetic chemistry as hydride ions,  released upon 

dissolution of the above salts in water, facilitate reduction of organic compounds or metal 

ions, due high reduction potency of  hydride ions. 

2.1.2.5. Natural acids 

Natural acids such as citric acid,
157

 ascorbic acids,
158

 etc., are potent reducing agents for 

noble metal ions. Natural acid reducing agents are slow reducing agents due to high 

activation energy. They are often used in tandem with fast reducing agents to facilitate slow 

growth of nanoparticles, which increases the possibility of formation of anisotropic 

nanoparticles.
159

 

2.2. Synthetic method 

2.2.1. Chemical reduction method 

Synthesis of metal nanoparticles by reduction of metal ions in aqueous or non-aqueous 

medium using several reducing agents has been done and method is described in the 

respective chapters. In chemical reduction method the initial nuclei formation is induced by 

the reducing agent.
160

 The nuclei formation is followed by a growth phase. The growth can 

result into aggregation in the absence of a stabilizer so to passivate the surface stabilizers are 

used. The reducing agent also acts as a stabilizing agent to avoid aggregation of the 

synthesized nanoparticles in few cases. 

2.3. Instrumentation 

2.3.1. UV-vis absorption spectroscopy 

Absorption measurements were carried out on a Jasco-650 spectrophotometer. The spectra 

were recorded at room temperature using either 0.3 cm or 1 cm quartz cuvette. The 

absorption of the incident radiation by bonding/non-bonding electron represents a high 
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energy (~100 kcal mole
-1

) transition
161

. This corresponds to a high frequency, i.e. low 

wavelength, absorption band which is observed at 200-800 nm in the UV and Visible range 

of detection. In solution, electronic absorption spectra are found with broad, generally 

unresolved bands.  

For a solution of an absorbing substance, an absorptivity ratio at a monochromatic 

wavelength is defined as: 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝑜𝑓  𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡  𝑙𝑖𝑔𝑡 (𝐼0)

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  𝑜𝑓  𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑  𝑙𝑖𝑔𝑡 (𝐼)
        (2.2) 

and this is logarithmically related to concentration and optical path-length by the Lambert 

Beers law
162

: 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒  𝐴 =  log10
𝐼0

𝐼
=  𝜀𝑐𝑙       (2.3) 

where, 𝑐 (mol dm
-3

) is the concentration of solute and 𝑙 (cm) is the distance travelled 

between parallel optical faces of a suitable cell, and 𝜀 is called the molar absorption 

coefficient or molar absorptivity. 

The absorption of UV-Visible radiation corresponds to the excitation of outer electrons. 

There are three types of electronic transition which can be considered: 

2.3.1.1. Transition involving π, σ and n electrons 

Absorption of ultraviolet and visible radiation in organic molecules is restricted to certain 

functional groups (chromophores) that contain valence electrons of low excitation energy. 

The spectrum of a molecule containing these chromophores is complex due to the 

superimposition of rotational and vibrational transitions on the electronic transition giving 

rise to a combination of overlapping lines. The possible electronic transitions of π, ζ and n 

electrons are shown in fig. 2.1. Of the six transitions outlined, only the two lowest energy 
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ones (𝑛 →  𝜋∗ and 𝜋 →  𝜋∗) can be monitored by the UV-visible spectroscopy as the 

absorption peaks for these transitions fall in an experimentally convenient region of the 

spectrum (200-800 nm). As a rule, energetically favored electron promotion will be from the 

highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO), and the resulting species is called an excited state. 

Molar absorptivities from the 𝑛 →  𝜋∗ transition are relatively low, and range from 10 to 

100 dm
3
 mol

-1
 cm

-1
. The 𝜋 →  𝜋∗ transitions normally give molar absorptivities between 

1000 and 10,000 dm
3
 mol

-1
 cm

-1
. The solvent in which the absorbing species is dissolved 

also has an effect on the spectrum of the species. The Peak resulting from 𝑛 →  𝜋∗ the 

transition are shifted to shorter wavelengths (blue shift) with the increasing solvent polarity. 

This arises from an increased solvation of the lone pair, which lowers the energy of the n 

orbital. However, the reverse is observed for the 𝜋 →  𝜋∗ transition i.e. the peak is shifted to 

higher wavelength. This is caused by attractive polarization forces between the solvent and 

the absorber which lower the energy levels of both the excited and the unexcited states. This 

effect is greater for the excited state, and so the energy difference between the excited and 

unexcited states is slightly reduced resulting to red shift. This effect also influences 𝑛 →  𝜋∗, 

but is over shadowed by the blue shift resulting from the solvation of lone pairs. 
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Figure 2.1. A schematic representation of the electronic transitions of π, σ and n 

electrons 

2.3.1.2. Transition involving charge transfer electrons 

Many inorganic species show charge transfer absorption and are called charge transfer 

complexes.
163

 For a complex to demonstrate charge-transfer behavior, one of its components 

must have electron donating properties and another component must be able to accept 

electrons. Absorption of radiation then involves the transfer of an electron from the donor to 

an orbital associated with the acceptor. Molar absorptivity resulting due to the charge 

transition is large (greater than 10,000 dm
3
 mol

-1
 cm

-1
). 

2.3.1.3. Transitions involving d and f electrons 

In metal-ligand complexes, energy splitting of d or f-orbitals takes place. An electron from 

lower ground state to upper excited state may takes place, following the selection rules for 

electronic transition.
164

 

2.3.2. Raman spectroscopy 

Raman spectra were recorded at room temperature using the 514 nm line from the Argon 

ion laser (35-LAP-431-230, Melles Griot), 532 nm line, from a diode pumped solid state 
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Nd
3+

:YAG laser (Cobolt Samba 0532-01-0500-500) M/s Cobolt AB, Sweden and 633 nm 

line, from a He-Ne laser. The laser power used to record the Raman spectrum was ~ 10 mW, 

and the spot size on the sample was ~ 50μ. For the Raman measurements, the sample 

solutions were taken in a standard 1x1cm
2
 cuvette and the Raman scattered light was 

collected at 90° scattering geometry and detected using a CCD (Synapse, Horiba Jobin 

Yvon) based monochromator (Triax550, Horiba Jobin Yvon, France) together with a notch 

filter, covering a spectral range of 200-1700 cm
-1

. Some of the experiments where 

microscopy was required, i.e., in solid samples, Horiba LABRAM HR MicroRaman Setup 

was used and the Raman signal was collected by backscattering.  

Raman spectroscopy named after Sir C. V. Raman is a spectroscopic technique used to 

study vibrational, rotational, and other low-frequency modes in a system. Raman 

spectroscopy is based on inelastic scattering of monochromatic light, usually from a laser 

source. Inelastic scattering means that the frequency of photons in the monochromatic light 

changes upon interaction with a sample. 

2.3.2.1. Origin of the Raman signal 

The Raman effect is based on molecular deformations in an electric field E determined by 

the molecular polarizability, 𝛼. The laser beam can be considered as an oscillating 

electromagnetic wave with the electrical vector,  𝐸. Upon interaction with the sample it 

induces electric dipole moment, 𝑃 =  𝛼 𝐸 which deforms molecules. Because of periodical 

deformation, molecules start vibrating with characteristic frequency, 𝜐𝑚 . 

Amplitude of vibration is called nuclear displacement. In other words, monochromatic laser 

light with frequency 𝜐0 excites molecules and transforms them into oscillating dipoles. Such 

oscillating dipoles emit light of three different frequencies as shown in fig. 2.2. 
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Figure 2.2. Energy level diagram showing the states involved in the Raman signal 

The different light frequencies emitted are: 

2.3.2.1.1. Rayleigh scattering: 

A molecule with no Raman-active modes absorbs a photon with the frequency υ0. The 

excited molecule returns back to the same basic vibrational state and emits light with the 

same frequency υ0 as an excitation source. This type if interaction is called an elastic 

“Rayleigh scattering”.  

2.3.2.1.2. Stokes Scattering: 

A photon with frequency υ0 is absorbed by the Raman-active molecule which at the time of 

interaction is in the basic vibrational state. Part of the photon‟s energy is transferred to the 

Raman-active mode with frequency υm and the resulting frequency of the scattered light is 

reduced to υ0 - υm. This Raman frequency is called Stokes frequency, or just “Stokes”.  
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2.3.2.1.3. Anti-Stokes Scattering: 

A photon with frequency υ0 is absorbed by a Raman-active molecule, which, at the time of 

interaction, is already in the excited vibrational state. Excessive energy of the excited 

Raman active mode is released, the molecule returns to the basic vibrational state and the 

resulting frequency of the scattered light goes up to υ0 + υm. This Raman frequency is called 

Anti-Stokes frequency, or just “Anti-Stokes”.  

About 99.999% of all incident photons in the spontaneous Raman undergo elastic Rayleigh 

scattering. This type of signal is useless for practical purposes of molecular characterization. 

Only about 0.001% of the total incident photons produces inelastic Raman signal with the 

frequencies, 𝜐0  ±  𝜐𝑚 . Spontaneous Raman scattering is very weak and special measures 

should be taken to distinguish it from the predominant Rayleigh scattering. Instruments such 

as notch filters, tunable filters, laser stop apertures, double and triple spectrometric systems 

are used to reduce Rayleigh scattering and obtain high-quality Raman spectra. 

2.3.2.2. Instrumentation 

Raman system typically consists of four major components:  

1. Excitation source (Laser).  

2. Sample illumination system and light collection optics.  

3. Wavelength selector (Filter or Spectrophotometer).  

4. Detector (Photodiode array, CCD or PMT).  

Many different ways of sample preparation, sample illumination or scattered light detection 

were invented to enhance intensity of Raman signal. Some of them are,  

1) Simulated Raman (SR)  

2) Coherent Anti-Stokes Raman (CARS)  

3) Resonance Raman (RR)  
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4) Surface Enhanced Raman Scattering (SERS)  

5) Surface Enhanced Resonance Raman Scattering (SERRS)  

 

2.3.2.3. Surface Enhanced Raman Scattering 

Raman signal from molecules adsorbed on certain metal surfaces can be 5-6 orders of 

magnitude stronger then the Raman signal from same molecules in the bulk volume. The 

intensity of the Raman signal is proportional to the square of the electric dipole moment 

𝑃 =  𝛼𝐸, there are two possible reasons-the enhancement of polarizability, 𝛼, and the 

enhancement of electrical field, 𝐸.  

The enhancement of polarizability may occur because of a charge-transfer effect or 

chemical bond formation between metal surface and molecules under observation. This is a 

so-called chemical enhancement. The enhancement of electric field takes into account 

interaction of the laser beam with irregularities on the metal surface such as metal micro-

particles or roughness profile. It is believed that laser light excites conduction electrons at 

the metal surface leading to a surface plasma resonance and strong enhancement of the 

electric field E. It is also called electromagnetic enhancement. 

In all cases choice of appropriate surface substrate is very important. The most popular and 

universal substrates used for SERS are electrochemically etched silver electrodes as well as 

silver and gold colloids with average particle size below 20 nm. In the present work noble 

metal colloids are used as the substrate and the interaction between the substrate and the 

adsorbed molecule of interest was studied. Results were supported with theoretical 

calculations. 

SERS spectra were recorded at room temperature using the 514 nm line, from a Ar+ ion 

laser (35-LAP-431-230, Melles Griot). In order to record the excitation wavelength-
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dependent SERS spectra, 488 nm (Ar
+
 ion), 532 nm (diode-pumped solid state Nd

3+
:YAG) 

and 633 nm (He-Ne) laser lines were used. The sample solutions were taken in a standard 1 

x 1 cm
2
 cuvette or on glass slides and the Raman scattered light was collected at 180° 

scattering geometry or with a 50X LWD (long working distance) objective and detected 

using a CCD (Synapse, Horiba Jobin Yvon) based monochromator (LabRAM HR800, 

Horiba Jobin Yvon, France) together with an edge filter, covering a spectral range of 200-

1800 cm-1. The spot size on the sample was ~ 0.5 mm in diameter, and the laser power at 

the sampling position was 8 mW, 10.2 mW, 50 mW and 12.7 mW for the excitation 

wavelengths of 488, 514, 532 and 633 nm, respectively. The power density on the sample 

was 8.16, 10.40, 51.0 and 12.95 W/cm
2
 for 488, 514, 532 and 633 nm, respectively. The 

Raman band of a silicon wafer at 520.7 cm
−1

 was used to calibrate the spectrometer, and the 

accuracy of the spectral measurement was estimated to be better than 1 cm
−1

. The block 

diagram of Raman setup is shown in fig. 2.3. 

 

Figure 2.3. Block diagram of Raman system 
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2.3.3. Electron microscopy 

In electron microscopy, a beam of highly energetic electrons is used to examine objects on a 

very fine scale, which gives information about topography, morphology, composition and 

crystallographic information about the arrangement of atoms in a material.
165

 Electron 

microscopes were developed due to the limitations of optical Microscopes, which are 

limited by the physics of light to 500x or 1000x magnification and a resolution of 0.2 

micrometers. In the early 1930's this theoretical limit had been reached and there was a 

scientific desire to see the fine details of the interior structures of organic cells (nucleus, 

mitochondria, etc.). This required 10,000x plus magnification which was just not possible 

using optical Microscopes. The wavelength of an electron is given by the following 

expression developed by de Broglie, 

𝜆 𝑙𝑛 Å = 12.26/√𝑉         (2.4) 

where, 𝑉 is the acceleration voltage of the microscope (High Tension), Å is the wavelength 

in Angstroms (10
-10

 meter). This wavelength is 100000 x smaller than the wavelength of 

visible light. Therefore, the electron microscope has a possibility of showing much smaller 

details. In practice, we are obtaining information of distances up to 0.1nm, where in an 

optical microscope the resolution is limited to 100nm. Electrons are easily obtainable, since 

they are emitted from very hot metal surfaces (conventional guns) or can be pulled out of 

materials at excessive high field strengths (field emission). Moving electrons behave as 

waves, so electrons obey all the optical laws of diffraction, which is only due to the wave-

like behavior of electrons. 
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Figure 2.4. Various types of radiations generated during electron specimen interactions 

Electron Microscopes (EMs) function exactly as their optical counterparts except that they 

use a focused beam of electrons instead of light to obtain image of the specimen and gain 

information of its structure and composition. A stream of electrons is accelerated toward the 

specimen using a positive electrical potential. This stream is confined and focused using 

metal apertures and magnetic lenses into a thin monochromatic beam onto the sample using 

a magnetic lens. The energetic electrons in the microscope strike the sample and various 

reactions can occur as shown in fig. 2.4. The reactions noted on the top side of the diagram 

are utilized when examining thick or bulk specimens (SEM) while the reactions on the 

bottom side are those examined in thin or foil specimens (TEM). 

2.3.3.1. Interaction of electrons with atoms 

The focused electron beam in EM interacts elastically and inelastically with the specimen 

generating various types of radiation. The principal electron signals are secondary electrons, 

backscattered electrons, auger electrons and characteristic X-rays, etc. Backscattered 

electrons are caused by an incident electron colliding with an atom in the specimen which is 
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nearly normal to the incident's path. The incident electron is then scattered backward at 180 

degrees. The production of backscattered electrons varies directly with the specimen's 

atomic number. This causes higher atomic number elements to appear brighter than lower 

atomic number elements. This interaction is utilized to differentiate parts of the specimen 

that have different average atomic number. Secondary electrons are caused by ionization of 

the electron in the specimen atom. An incident electron imparts some of its energy to a 

lower energy electron (usually in the K-shell). This causes a slight energy loss and path 

change in the incident electron. This ionized electron then leaves the atom with a very small 

kinetic energy (5eV) and is then termed a secondary electron. Each incident electron can 

produce several secondary electrons. Production of secondary electrons is very topography 

related. Auger Electrons are produced by the de-energization of the specimen atom after a 

secondary electron is produced. Since a lower (usually K-shell) electron is emitted from the 

atom during the secondary electron process an inner (lower energy) shell now has a 

vacancy. A higher energy electron from the same atom can fall to a lower energy, filling the 

vacancy. This creates an energy surplus in the atom, which can be corrected by emitting an 

outer (lower energy) electron called Auger electron. The latter has a characteristic energy, 

unique to each element from which it is emitted. These electrons are collected and sorted 

according to their energy to give compositional information about the specimen. 

2.3.3.2. Transmission Electron Microscopy (TEM) 

The size and shape of nanoparticles were determined by using a Zeiss-Carl, Libra-120 TEM 

instrument. Specimen for TEM analysis was prepared on Lacey Formvar/carbon-coated 200 

mesh copper grid from Ted-Pella. The 20 μL droplet of the solution was put on the grid and 

put on filter paper to remove excessive solution. The TEM image was taken by air-drying of 

the nanoparticles. Particle sizes were measured from the TEM micrographs and calculated 

by taking average of at least 100 particles.  
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The Transmission Electron Microscope (TEM) was the first type of Electron Microscope to 

be developed and is patterned exactly on the Light Transmission Microscope except that a 

focused beam of electrons is used instead of light.
166

 It was developed by Max Knoll and 

Ernst Ruska in Germany in 1931. Fig. 2.5 illustrates the components of a transmission 

electron micrograph. The virtual Source at the top represents the electron gun for producing 

a stream of monochromatic electrons. This stream is focused to a small, thin, coherent beam 

by the use of condenser lenses 1 and 2. The beam is restricted by the condenser aperture for 

knocking out high angle electrons. The beam of electrons then strikes the sample and part of 

it is transmitted. This transmitted portion is focused by the objective lens into an image. 

The image is passed down the column through the intermediate and projector lenses, being 

enlarged all the way. The microscope column is maintained at very high levels of vacuum to 

prevent scattering of electrons by the atmosphere. The image strikes the phosphor image 

screen and light is generated. The specimen thickness in the range of 50-100 nm is required 

for sample to be transparent to the electrons. An image can be obtained by using the 

transmitted or diffracted beam. In the former case the image is known as bright field image 

having mass thickness contrast due to variations in the density of the elements present in 

different parts of the specimen whereas the latter is known as the dark field image having 

diffraction contrast. The latter arises because of the variation in the intensity of the 

diffracted beam from region to region due to change in the orientation of atomic planes. In 

conventional TEM, an image is obtained by using only one beam whereas in phase contrast 

or HRTEM, using two or more beams, which are allowed to interfere, images are formed. 
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Figure 2.5. Block diagram for imaging and various components of TEM 

2.3.4. Pulse radiolysis  

Pulse radiolysis technique is a sophisticated time-resolved technique used to identify, 

characterize and elucidate the reaction mechanism of the highly reactive intermediates 

involved in various free radical reactions occurring at short time scales. These fast physico–

chemical processes can be monitored by various experimental techniques. One of the most 

popular amongst them is the one based on spectrophotometric methods. In the present work, 

pulse radiolysis technique, using short electron pulses for generating and characterizing the 

free radical and reactive intermediates is used. 
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2.3.4.1. Principle of pulse radiolysis 

 In pulse radiolysis a pulse of high intensity electrons is given to a system to achieve a non-

equilibrium situation in which significant concentrations of transient species is produced in 

a short time interval and these transient species are monitored by following the changes in 

their characteristic properties such as optical absorption,
167

 electrical conductivity,
168

 

electron spin resonance
169

 and diffusion current at a suitably polarized electrode i.e. 

polarography.
169

 In pulse radiolysis there are two basic requirements. First is, it should 

produce very short (i.e. short in relation to the life time of the species under observation) 

pulses of radiation of sufficiently high energy to produce an adequate concentration of 

chemical species and of suitable penetration characteristics to ensure homogeneous 

distribution of the species formed within the irradiated sample. Second is a means of 

observing the chemical changes induced by radiation either optically or by other means. 

The basic arrangement of pulse radiolysis set up is as shown in the following fig. 2.6. 

Sample solutions are irradiated with the help of 7 MeV electron pulse from a linear electron 

accelerator (section 2.3.7.2). Sample solutions are taken in a suprasil quartz cuvette and are 

kept at a distances of 12 cm from the electron beam window, where the beam diameter is 1 

cm. Transient changes in the absorbance of the solution caused by the electron beam pulse 

are monitored with the help of a collimated light beam from a pulsed 450 W Xenon arc 

lamp. The accelerator, the sample cell and the monitoring light source are housed in a 

shielded cave with 1.5 M thick concrete wall and roof. 
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Figure 2.6. Schematic of the pulse radiolysis set up (L: Lens, F: Filter, M: Mirror) 

The monitoring light beam, after passing through the sample cell is directed to the detection 

equipment through a tunnel in the wall by making use of fused silica lenses and mirrors 

coated with aluminum on the front surface. The light beam is finally focused on the entrance 

slit of a monochromator, on the exit slit of which a photomultiplier is fixed. Photomultiplier 

signal is fed into a storage oscilloscope from which traces are recorded on X-Y recorder or 

transferred to a computer. Details of the linear accelerator and kinetic spectrophotometer are 

given in the following sections. 

2.3.4.2. Linear Electron Accelerator (LINAC) 

An accelerator is the main component of the pulse radiolysis technique. Its function is to 

impart high energy to ions, mostly electron in radiation chemistry, and then direct them 
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through the experimental medium. The most commonly used pulsed sources are linear 

electron accelerators, Van de Graff accelerators and Febetrons.
167, 170, 171

 In the present set 

up of pulse radiolysis technique, linear electron accelerator (fig. 2.7) has been used as the 

source of 7 MeV energy electron pulses (Obtained from Forward Industries, U.K., formerly 

known as Radiation Dynamics and Viritech Ltd).
172 

 

Figure 2.7. Schematic of Linear Electron Accelerator (LINAC) 

In the electron gun the tungsten electrode in the form of a pellet is continuously heated by 

electrons emitted from the filament of the gun kept at -6 KV (DC) with respect to the 

cathode. Then the cathode is switched for 2 μs duration at an amplitude of -43 KV with 

respect to the anode, thus generating 2 μs pulses of electrons of energy 43 KeV which are 

focused by electromagnetic lenses into a deflector chamber and then into a corrugated 

cylindrical waveguide. Synchronously a travelling RF field in 2 μs pulse widths produced 

by a 3 GHz, 1.8 MW peak power magnetron is fed to the waveguide. The electrons 

produced in the electron gun assembly, entering in correct phase of the RF field, are 

accelerated in vacuum (10-8 mbar) to 7 MeV by the time it reaches the other end of the 
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waveguide. Accelerated electrons are focused by electromagnetic coils to produce a well-

defined uniform beam of 2 mm diameter which comes out of the waveguide through a thin 

titanium window. It is feasible to get electrons of pulse widths varying from 5 ns to 2 μs 

time duration and peak currents ranging from 1000 to 70 mA. To get nanosecond electron 

beam pulses, a deflector chamber comprising of two parallel copper plates are incorporated 

between the electron gun and corrugated waveguide. The upper plate is kept at +10 KV 

(DC) voltage and the lower plate is biased at 2 KV (DC), so that -43 KeV electrons emitted 

from the electron gun are kept deflected and collected by a water-cooled beam catcher. 

During the deflection period of 2 μs the beam modulator delivers a pre-selected nanosecond 

pulse which pulls down the potential of the upper plate from +10 KV to that of the lower 

plate. Thus both plates become equi-potential for a short duration and electrons enter the 

corrugated waveguide for the acceleration. The first pulse from the pulse generator of the 

accelerator is used to trigger a sequential delay pulse generator (SDPG), which then 

sequentially actuates an electromechanical shutter control unit, a xenon arc lamp power 

supply with pulser unit to boost the analyzing light intensity for monitoring the fast events 

and triggering of the oscilloscope. Finally the electron beam is fired from LINAC on to the 

sample solution. 

2.3.4.3. Kinetic Spectrophotometer 

In the present set up the monitoring as well as characterization of the transient species 

formed on pulse radiolysis is done by the absorption technique. It consists of (i) analyzing 

light source, (ii) optical components like electromechanical shutter, light filters, lenses and 

mirrors, monochromator and photomultiplier or photodiode detector and (iii) data 

acquisition system consisting of oscilloscope, computer and printer. 
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2.3.4.3.1. Analyzing light source 

For monitoring weak absorption signals lasting for very short duration, the light source 

should be intense and stable to give sufficient signal to noise (S/N) ratio. It should have 

effective output range covering as wide spectral range as possible. Continuous light sources 

are not suitable for monitoring fast events because of their low intensity. Hence pulsed light 

sources are used, here light intensity is enhanced 10- 200 times the steady level depending 

on the wavelength region for short time duration. In the present pulse radiolysis set up a 450 

W Xenon arc lamp (OSRAM model XBO 450) is used. The arc lamp is operated by a 

regulated DC power supply which is switched initially at 100 V DC with a 20 kV pulse. 

Then onwards the lamp operates on a steady 25 A and 18 V supply. The steady arc lamp is 

electrically pulsed for only for 3 ms by the pulser power supply, during which current 

supply to the lamp is boosted to 400 A. This pulsing boosts the light output by 20-70 times 

depending on the optical region of detection. Normally the light intensity is steady for 

around 100-150 μs, during which the transient absorption measurement are done accurately. 

The second pulse from the SDPG activates the pulser unit of this arc lamp to boost the 

analyzing light intensity (fig. 2.7). When an event is to be monitored after 100 μs from the 

electron pulse, the analyzing lamp is used in the continuous mode without boosting. 

2.3.4.3.2. Electromechanical shutter 

In order to minimize the photodecomposition of the sample solution and also to protect the 

photomultiplier tube (PMT) from fatigue due to continuous illumination from the light 

sources, an electromechanically shutter is placed between the lamp and the sample holder 

(fig. 2.7) In the present set up, an electromechanical shutter from JML optical industries 

INC., Rochester, New York; operated by shutter drive timer is used. The shutter is opened 

just prior to the boosting of the analyzing light and remains open until all the other events 

viz. boosting of light, arrival of the electron pulse and transient events are over. Normally 
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the shutter opening time is set at 80 ms. Shutter control unit is actuated first, by the SDPG 

(fig. 2.7). 

2.3.4.3.3. Sample cuvette 

A square (1 cm x 1 cm) quartz cell is placed on a aluminum cell holder such that its 

geometry is the same every time it is removed or replaced and the collimated light beam 

from the arc lamp passes through it such that it is at a right angle to the electron beam 

falling on the cell. Precautions are taken to align the optics in such a way that the electron 

beam and light beam cross each other inside the cell exactly at right angles and the light 

beam passes entirely through the cell contents. 

2.3.4.3.4. Monochromator 

Analyzing light beam after passing through the sample cell is focused on the entrance slit of 

a high intensity grating monochromator (Kratos Model GM 252, with Grating Model No 

GMA 252-20) which can be used in the 180-800 nm range, with dispersion of 3 nm per mm. 

Slit width of this monochromator can be continuously varied from 0.01 to 6.0 mm. 

2.3.4.3.5. Detector 

At the exit slit of the monochromator a photomultiplier tube (PMT) (Hamamatsu model R-

955) is fixed. It has a uniform spectral response in the 180-900 nm regions. A 5-stage PMT 

biasing circuit suitable for nanosecond recording was used. The negative high voltage 

required for PMT cathode is obtained from a regulated 0-3000 V, 3 mA DC power supply 

(ECIL Model HV 4800 D). The PMT output current is converted to voltage signal by a load 

resistor connected across its anode and ground. With a load resistor 500 ohms, the overall 

rise time of detection is 75 ns. Thus, only the events of duration much longer than this time 

period can be studied by using the detector. 
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2.3.4.3.6. Back off device 

There is a constant DC output of PMT (𝐼0) due to the incident light before the arrival of the 

electron pulse. Thus for monitoring small absorption changes over a background of large 

monitoring pulse on an oscilloscope, this background light level should be compensated for 

which a back-off device is required. An automatic DC compensation unit is used for this 

purpose to record digitally and display 𝐼0 after the electron pulse. DC compensation is 

possible up to 1999 mV though generally the working negative DC level is maintained 

between 800-1000 mV. 

2.3.4.3.7. Transient digitization 

The output voltage from PMT is fed into the vertical amplifier of the oscilloscope (Larsen 

and Toubro 4072, 100 MHz or Tektronix TDS 220, 100 MHz). The time base of the storage 

scope is triggered externally by a signal (derived from the accelerator) synchronous with the 

electron beam pulse. For recording 100 ns time scale events, a delay sweep facility available 

on the scope is used. Due to its limitations, the SDPG in this case cannot adjust the pre-

trigger in ns time scale. 

2.3.4.4. Transient Absorption Measurements 

The PMT output voltage V developed across a suitable anode resistor is directly 

proportional to the anode current which in turn, at fixed values of the photocathode 

potential, is directly proportional to the intensity of the monochromatic light incident on the 

photocathode. When, as a result of action of electron pulse on the sample solution in the 

cell, transient species formed capable of absorbing light at a given wavelength are produced, 

the intensity of light transmitted through the cell is given as: 

𝐼 = 𝐼0𝑒
−𝜀𝑐𝑙           (2.5) 

where, 𝐼0 is the intensity of light transmitted just prior to electron pulse, 𝑐 is the molar 

concentration of the species formed in the sample, 𝜀 is the molar extinction coefficient and 𝑙 
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the length of the light-path through the cell contents. Because of the proportionality between 

𝑉 and 𝐼, the PMT output voltage just after and prior to pulsing are related as 

𝑉 = 𝑉0𝑒
−𝜀𝑐𝑙           (2.6) 

As the concentration of the transient species produced by the electron pulse will change with 

time due to various chemical processes, 𝐼 and hence 𝑉 will be time-dependent. It is this 

time-dependence of 𝑉 that is monitored with an appropriate digital oscilloscope and 

subsequently processed to get the kinetic information. The quantity 𝜀. 𝑐. 𝑙 called the optical 

density or absorbance is also time-dependent. From the experimental quantities, 𝑉 and the 

absorbance (𝐴) of the transient species at any given time can be calculated using the 

following equation: 

𝐴 = log
𝑉0

𝑉
           (2.7) 

At any instant of time after pulse, a plot of the absorbance vs. wavelength reflects the 

absorption spectrum of the species present in the system at that instant of time. 

2.3.4.5. Dosimetry for Pulse Radiolysis 

Dosimetry for pulse radiolysis differs from the dosimetry of the conventional steady-state 

radiolysis (γ-radiations of 
60

Co) as pulse radiolysis involves high dose rate. In pulse 

radiolysis experiments thiocyanate dosimeter is commonly used to measure the absorbed 

dose per pulse. It is an aerated aqueous 0.01 M potassium thiocyanate solution. Upon 

irradiation with the electron pulse, 𝑒𝑎𝑞
−  and H atom are scavenged by the dissolved oxygen 

and 𝑂𝐻● radical oxidizes 𝑆𝐶𝑁− ions to produce (𝑆𝐶𝑁)2
●− radical according to the following 

reactions 2.8 and 2.9. 

𝑆𝐶𝑁− + 𝑂𝐻● →  𝑆𝐶𝑁● +  𝑂𝐻−      (2.8) 

𝑆𝐶𝑁− + 𝑆𝐶𝑁● ⇄  (𝑆𝐶𝑁)2
●−       (2.9) 
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The species (𝑆𝐶𝑁)2
●− formed has strong absorption in the visible region. The radiation dose 

is estimated from the maximum absorbance of (𝑆𝐶𝑁)2
●− radical at 475 nm. G value for this 

species is reported to be 3.3 per 100 eV of the absorbed dose and the extinction coefficient 

(ε) of this radical is reported to be 7600 dm
3
 mol

-1
 cm

-1
 at 475nm. G value is doubled in 

𝑁2𝑂 saturated solution. From the measured absorbance, the absorbed dose per pulse (D) is 

computed from the following equation: 

𝐷 =
Δ𝑂𝐷

𝐺 .𝜀 .𝑙
× 𝑁 × 1.602 × 10−19 𝐺𝑦       (2.10) 

Where, 𝑁 is the Avogadro number. Substituting the value for 𝐺. 𝜀 for (𝑆𝐶𝑁)2
●− at 475 nm, 

the above expression (2.10) can be written in simplified way as: 

𝐷 = Δ𝑂𝐷 × 385 𝐺𝑦        (2.11) 

Generally, the maximum dose obtained from a 50 ns pulse is 16 Gy and that for a 2 μs 

pulses is about 120 Gy. For estimation of the extinction coefficient of the transient species 

studied, experiments were carried out at lower doses. 

2.3.5. Atomic force Microscopy (AFM) 

Atomic force microscopy (AFM) is a technique where the surface morphology is mapped by 

a cantilever with a tip of atomic dimensions. The interaction of the tip with the surface is 

crucial for the mapping. When the tip comes closer to the surface, the close-range attractive 

forces come into play which causes deflection of the tip, whereas upon going further closer 

to the surface, the tip experiences repulsion which also causes deflection of the tip. A laser 

beam is focused on the cantilever and its reflection is detected in a position sensitive 

photodiode detector. The deflection of the tip is measured by the extent of deflection in the 

position of laser spot on the photodiode.
173

 In fig. 2.8, a schematic representation of the 

working principle of AFM is shown. A piezo-electric driver positions the tip at a fixed 
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distance from the sample, depending on the feedback from the photodiode. There are two 

modes of operation of AFM, namely contact and non-contact. In contact mode, the tip is 

kept at a fixed distance from the sample. The deflections are registered on the tip as it goes 

away or comes closer to the surface, due to varying force on the tip. These deflections are 

used to map the surface. In non-contact mode, the tip is oscillated in its natural frequency. 

Upon coming closer to the sample surface, the frequency of the tip is changed due to 

interaction. The photodiode then signals the piezo-electric driver to move away from the 

surface to restore its natural frequency of oscillation. The deflections observed in 

photodiode w.r.t to the surface in X-Y plane is plotted in a 3D space to obtain AFM image. 

 

Figure 2.8. Schematic representation of components of atomic force microscope (AFM). 

In this work, AFM from A.P.E. Research, Italy, model no. A-100 has been used. 
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3 

Synthesis and characterization of pH sensitive gold nanoparticles for 

application in radiosensitization 

 

6.1. Background 

As it was discussed in earlier chapters, nanotechnology has tremendous popularity among 

recent works as it has opened up a large number of opportunities for finding new materials 

with tunable properties. Nanomaterials are often used in diagnostics, sensing and catalytic 

applications owing to their unique and interesting properties.
174-180

 

It is known that spatial movement of electrons in the orbitals is the source of the 

characteristic optical property in metal nanoparticles, which has been earlier discussed in 

section 1.3.1. This motion is quantum mechanical in nature. The LSPR imparts size 

dependent characteristic color to the nanoparticles.
181

 

Understanding of thermodynamics of nanoparticles
182

is very important for stabilization of 

the nanoparticles in the dispersing medium. In the nanometric dimension, surface energy is 

much higher than the bulk. As a result, the particles tend to agglomerate in order to reduce 

available work energy of the system or the Gibbs free energy. The critical criterions which 

govern the agglomeration or aggregation of nanoparticles are surface change 

density,
183

electrical double layer thickness
184

and ionic strength.
185

Double layer thickness of 

any colloidal system in polar solvent is largely dependent upon surface charge 

density
186

which depends upon pH of the surrounding medium as well as the chemical nature 

of the adsorbed species.
187

 Higher ionic strength also reduces the double layer thickness. 



 

 

 

68 
 

Higher double layer thickness leads to lower interaction among the nanoparticles which 

lowers the tendency of agglomeration in the colloidal system.  

Gold nanoparticles (GNPs)are an important subject of investigation for researchers who are 

focused in designing probes and vehicles for bio-nano-technological applications
188

.The size 

of nanoparticles (<100nm) is comparable to those of the various important biomolecules 

involved in physicochemical cycle of the cell. As a result effective interaction of 

nanoparticles with the essential macro biomolecules
189

 affects the physicochemical 

pathways. Thus, synthesis of new materials which holds potential to enter the physico-

chemical cycle due to their analogous dimensional property has become an important topic 

of investigation among researchers as this phenomenon may accelerate or decelerate the 

process. Moreover, properties such as biocompatibility, rich surface chemistry andunique 

optical properties have made GNPs a good tool for imaging, diagnosis, therapy, bio-sensing 

and drug delivery
190

. Synthesis of GNPs involves a lot of optimization to obtain a desired 

property which has been discussed in chapter 2.  

As discussed in section 1.3.2., radiosensitization property is also another application 

oriented aspect of GNPs apart from surface plasmon. Gold atoms have a high absorption 

cross-section for high energy radiation such as X-ray or gamma rays owing to its high Z.
191, 

192
More over GNPs also show auger electrons production on irradiation with high energy 

photons along with a major emission of photoelectrons.
193

In order to cure cancer, irradiation 

of affected tumor cells by high energy photons is performed to kill the cancerous cells is 

performed which is known as radiotherapy. But upon irradiation the normal peripheral cells 

also get killed as a collateral damage. In order to reduce the death of normal cell in 

comparison to cancer cells, GNPs are used as radio-sensitizers which are often specifically 

transported to the cancer cells. Upon irradiation, the GNPs produce low range 

photoelectrons that deposit all their energy in the vicinity, which leads toincrease in the 



 

 

 

69 
 

mortality of target to non-target cells in the cancer patient’s body.
194

In order to attain such a 

result, selective transport of GNPs to the target cells is required. Tumor or cancer cells are 

formed as a result of abnormal cell growth in the body (see section 1.3.2.2.1.). Due to rapid 

unorganised growth of cancerous tissue, the vascular system, i.e., the blood vessels are not 

well-developed in the tumor. This leads to gradual decrease oxygen concentration gradient 

across the radial cross-section of the tumor, from outer layer to the core. The drop in oxygen 

level in the core of the tumor is so alarming that the cells are no longer able to perform 

aerobic respiration. Thus, the inner core cancerous cells carries out anaerobic respiration and 

produces lactic acid and two molecules of ATP per molecule of glucose as a product. This 

lactic acid is distributed between intra and extracellular region
195

 at equilibrium. The above 

processes lead to drop in pH in the vicinity of tumor cells. As a result, a gradient of 

decreasing pH is formed between normal cells and tumor cells. It is also reported that pH 

reduction can also be due to dissociation of ATP.
196, 197

In order to attain specificity of 

targeting GNPs towards cancer cells for effective application in radiotherapy, GNPs are 

required to be made responsive towards varying pH by functionalization of the gold surface 

with pH sensitivegroups.
198

One such strategy can be to design such a functionalization on 

the GNPs that upon reduction of pH, as it occurs in cancerous cells in comparison to normal 

cells,  the surface charge on GNPs is reduced. This may lead to controlled and slow 

adsorption of GNPs at the cellular interface which is analogous to the interface of polar and 

non-polar medium
199

.It is known that like dissolves like. A polar medium can solubilize a 

charged species such as a charged GNP. Upon neutralization of the surface charge on the 

GNP, the polar medium is no longer able to solubilize it. The best way to stabilize the GNP 

would be either agglomeration or disposal of the GNP to the nearest non-polar zone. This in 

a system containing two liquids, one polar and another non- polar, such a scenario is 

possible. The interface of polar to non-polar liquid experiences a transition in polarity. Thus, 
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it is probable that the GNP is transported to the interface and get stabilized in the non-polar 

medium. Similar phenomenon is often observed in case of selective extraction of GNPs 

from aqueous medium to non-polar medium by an extractant.
200

Cell membranes in 

biological systems can also be considered as an interface between polar aqueous vascular 

system lined by outer hydrophilic part of cell membranes and inner hydrophobic lipids 

layer. In this work, a similar biomimetic interface has been used to study the accumulation 

of synthesized GNPs. 

Citrate method
201

 of preparation is one of the most popular method for preparation of GNPs 

which the procedure requires high temperature in order to attain activation energy. The 

GNPs obtained by the above method are not pH sensitive as the citrate capping is labile. 

Another useful method to prepare GNPs involves reduction by borohydride
202

 which is also 

not pH sensitive. Again two-phase method of synthesis of GNPsproduces uniform sized 

GNPs.
203

 But the by-product or the reagents involved in these techniques make the GNPs 

unsuitable for biological applications. In order to synthesize biocompatible GNPs with pH 

sensitive properties it is wise to look for organic compounds that participate in various 

physic-chemical redox reactions
204

.Thus,use of such a compound would serve the purpose 

as both its oxidized and reduced form are accepted in the body.
205, 206

 This idea has often the 

researchers towards using biomolecules for synthesis of GNPs. 

In this chapter, the synthesis of spherical GNPs by reduction of chloroauric acid by l-

tryptophan (Trp), an essential amino acid, is discussed. Surface functionalization of the pH 

sensitive GNPs was attained by the adsorption of oxidized Trp product on the surface of 

GNPs. The pH of the aqueous medium containing dispersed GNPs was varied to control the 

surface charge, in order to study the extent of agglomeration of nanoparticles at different pH 

as well as the extent of accumulation of nanoparticles at polar – non polar liquid-liquid 

interface.    
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6.2. Experimental 

3.2.1. Materials 

Gold chloride hydrate (Sigma- Aldrich), l-tryptophan (Fluka AG), sodium dodecyl sulphate 

(Sigma, USA), sodium acetate (Polypharm, India),glacial acetic acid (SDFCL), 

phosphatidyl choline (Phospholipon 90G) and benzene (Spectrochem, India)were used as 

received. All the experiments were performed in Millipore purified water. 

3.2.2. Synthesis and characterization of gold nanoparticles 

Synthesis of GNPs was carried out by the reduction of chloroauric acid by Trp in aqueous 

medium at room temperature. Reaction conditions were controlled by addition of stabilizer 

sodium dodecyl sulphate (SDS) and buffer solutions. The synthesized GNPs were 

characterized by UV-Vis absorption spectroscopy (JASCO V-650 spectrophotometer), 

infrared spectroscopy (Shimadzu IRAffinity-1, FTIR) and transmission electron microscopy 

(Ziess, Libra 12). Proposed reaction mechanism was confirmed by gas chromatography 

(Shimadzu GC 2014). The interaction of Trp and GNPs was studied by steady-state 

fluorescence spectroscopy (F-4500, Hitachi) whereas inter-particle interaction was studied 

by measurement of degree of accumulation of GNPs at polar non-polar liquid-liquid 

interface using UV-vis absorption spectrometry. 

3.3. Results and discussion 

3.3.1. Study of synthesis of GNPs using UV-Visible absorption spectroscopy  

UV-Vis absorption spectroscopy
207

 is one of the most reliable yet fundamental technique 

which is often used to predict the shape and size of GNPs. Moreover a quantitative 

measurement of concentration of GNPs within experimental, technical and instrumentation 

limits can also be obtained using UV-vis absorption spectroscopy. UV-Vis spectroscopy is 
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widely used for characterization and agglomeration studies of GNPs.0.5mL of 10 mM 

chloroauric acid (HAuCl4)solution to 2 mL millipore water in a 5 ml volumetric flask. To 

this 1mL of 5 mM Trp solution was added and the total volume was made up to 5 ml. The 

formation of GNPs was indicated by the visual changes in the color of the solution from 

yellow to light pink to violet within 1 h which was also confirmed by UV-Vis spectroscopy 

(fig. 3.1.a) by the observation of LSPR of the GNPs at 570 nm. The appearance of LSPR at 

a slightly higher wavelength than 520 nm, is an indication of unstable GNPs which are 

prone to aggregation. The gold sol started precipitating after 40 min. The pH of the solution 

when measured after GNP formation was 4.0.  
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Figure 3.1. UV-vis absorption spectrum of GNPssynthesised in aqueous medium by the 

reaction of 1 mMHAuCl4 with 1 mM Trp (a) in absence of any stabilizer (b) in presence of 

1mM SDS. 

In another experiment, 0.5mL of 10mM chloroauric acid solution and 0.5mL of 10 mM SDS 

solution was added to 2mLmillipore water in a 5 ml volumetric flask, followed by addition 

of 1mL of 5 mM Trp solution. The final volume was made upto 5 ml immediately. The 

color of the solution changed from yellow to pink to orange to wine red in 1 h. After 5 
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minutes of addition of Trp solution to the solution of chloroauric acid and SDS, the solution 

turned light pink. After 20 minutes that a sudden change of color occurred from light pink to 

deep wine-red color. UV-vis absorption spectrum of the resulting GNP solution which is 

wine red in color, exhibited a LSPR at 541 nm (fig. 3.1.b). The above prepared GNPs 

precipitated in about2-3 days. 

The above results indicate that the oxidized Trp is unable to stabilize GNPs at ambient pH 

of the reaction mixture. Again, Trp along with SDS, which is a widely used stabilizer, fails 

in stabilizing GNPs at the ambient pH. This led to the investigation of the reason behind the 

precipitation of GNPs. DLVO theory
208

explains the theoretical basis of stabilization of 

nanoparticles on the basis of two opposing forces namely, repulsive coulombic force 

acquired by the nanoparticles because of the surface charge associated with the adsorption 

charged chemical species on nanoparticles surface and attractive Van der Waal’s force. The 

surface charge on the GNPs can be varied with a certain limit by altering the pH of the 

medium. This idea implemented in the following experiment. 

The reduction of HAuCl4 was carried out in a buffered medium. In a buffered medium, due 

to the presence of weak acid and its associated salt which is a strong electrolyte, small 

change in pH due to addition of acid or base externally is negated and the pH of the system 

is maintained.   Thus, all the solutions made in this experiment were prepared in buffered 

medium such that the final buffer strength of each solution was 10mM.In order to study the 

effect of pH on the formation of GNPs, initially a pH window of 3 to 7 was chosen. Five 

reaction sets were prepared at varying pH from 3 to 7 by using acetate buffer. Acetate buffer 

was chosen based on its characteristic low ionic strength and compatible pH range 

corresponding to physiological pH. Final concentration of HAuCl4 and Trp in each reaction 

set was 1mM. All UV-Vis absorption spectra required for the experiment were measured in 

a 0.3 cm pathlength cuvettewhich is shown in fig. 3.2. 
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Figure 3.2. Photographs and UV-vis absorbance spectrum of GNPssynthesised by the 

reaction of 1mM HAuCl4 with 1mM Trp in aqueous medium at varying pH range of 3 to 7 
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after (a) 1 minute, (b) 5 minutes, (c) 25 minutes, (d) 30 minutes, (e) 35 minutes , (f) 45 

minutes and (g) 1 day of the onset of the reaction. 

Addition of water to make up the volume in a 5 ml volumetric flask just after addition of 

Trp to HAuCl4, marked the onset of the reaction. At pH 3 and 4, the solution turned pinkish 

just within 1 minute of the reaction. A steady increase inintensity was observed with time in 

the above case as shown in fig. 3.2.a.The plasmon band appeared at around 580nm for both 

the solution sets. In both cases, since the initiation of the reaction, the solution was turbid 

visually. The observation points towards the propensity of the GNPs towards instability and 

precipitation.  After about 40 min, the GNPs started precipitating. At pH 5, the color of the 

solution turned to pale yellow colour (fig. 3.2.b), followed by yellow and then slowly turned 

into wine red colour after 25 minutes (fig. 3.2.c). The LSPR at pH 5, appeared at 550 nm 

after 25 minutes. The deviation of LSPR is not as much in the case of pH 3 and 4.At pH 6 

and 7, pale yellow color appeared in the solution only after 5 minutes(fig. 3.2.b), followed 

by the appearance of slight pink color after 25 minutes (fig. 3.2.c) but became prominent 

only after 30 minutes(fig. 3.2.d) from the onset of the reaction.It was observed that the color 

of solutions in all the sets intensified between 35 min to 45 min  which is shown in fig. 3.2.e 

and f.Thus, the rate of reaction as observed visually as well as by increase in intensity of 

LSRP at 𝜆𝑚𝑎𝑥 in the UV-vis absorption spectrum, was found to be dependent upon the pH of 

the medium. After 1 day, all the GNPsexcept those formed at pH 6 and 7 (fig. 3.2.g), were 

found to have precipitated. Thus, the stability of the colloids was found to be dependent on 

pH of the medium.In order to eliminate any influence of Au(III) blank or Trp black on the 

pH dependent absorption spectrum of GNPs, HAuCl4 and Trp solutions were studied 

independently at the above reaction condition by UV-vis absorption spectroscopy. 

Chloroauric acid blank or Au(III) blank solution was prepared at different pH (fig. 3.3.a). 

Similarly, Trp blank solution was prepared at different pH (fig. 3.3.b). In Au(III) blank 
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solution (fig. 3.3.a), it was observed that the ligand to metal (L-M)  charge transfer band of 

HAuCl4 shifted its position with change in pH
209

 which is also reported by other groups due 

to partial replacement of chloride ions by hydroxyl ions at higher pH. In Trp blank solution, 

only the peak intensity of π→ π* band and n→ π* band varied with change in pH (fig. 

3.3.b). 

Figure 3.3. Photographs and UV- vis absorption spectrum of solution of (a) 1 mM Trp in 

and (b) 1 mM HAuCl4 in aqueous medium at varying pH range of 3 to 7. 

Trp has pK1 and pK2at 2.83 and 9.39 respectively with isoelectric point at 5.89. Isoelectric 

point is defined as the pH at which any molecule exhibits overall charge neutrality. It was 

observed in fig. 3.2. that the rate of formation of reaction sets at pH 3 and 4 showed a 

striking difference from that of reaction sets 5, 6 and 7. Red color appears in the reaction 

sets at pH 3 and 4 within 1 minutes of onset of the reaction (fig. 3.2.a). Appearance of red 

color is the indication of formation of GNPs which has been discussed earlier. After 20 

minutes, the above solutions were found to turn slightly hazy and turbid (fig. 3.4.). 
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Figure 3.4. Photographs and UV- vis absorption spectrum of GNPs synthesised by the 

reaction of 1mM HAuCl4 with 1mM Trp in aqueous medium at varying pH range of 3 to 7 

after (a) 10 minutes, (b) 15 minutes and (c) 20 minutes.  

After 25 minutes of the onset of the reaction, color of the solutions started to turn violet with 

increase in visible turbidity (fig. 3.2.c). The GNPs formed at pH 3 and 4 were found to 

precipitate after 1 day (fig. 3.2.g). In reaction sets at pH 5, 6 and 7, the color of the solutions 

turned pale yellow after 5 minutes (fig. 3.2.b). Out of the above solution sets, the color of 

the reaction set at pH 5 turned red by 25minutes (fig. 3.2.c). The color of the reaction sets at 

pH 6 and 7 turned red after 30 min(fig. 3.2.d). Reaction set at pH 5 was found to precipitate 

after a day (fig. 3.2.g) whereas reaction sets at pH 6 and 7 were found to retain color after a 

day. It was validated experimentally that Trp is unable to reduce HAuCl4 below pH 3 and 

above pH 9.  

It is known that, 

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝑘  𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑛     (3.1) 

where n is the order of the reaction and k is the rate constant
210

.Since, the concentration of 

HAuCl4 and that of Trp is kept same in all the sets, such asynchronous change of color in 
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the solutions during synthesis of GNPs at varying pH can be due to pH dependent change in 

the structure or complex formation. Moreover, the precipitation of the GNPs solution may 

be due to the reduction of negative surface charge due to adsorption of H
+
 ion at lower 

pH.
183, 187
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Figure 3.5. Structure of Trp at varying pH (a) acidic form, (b) zwitterionic form and (c) 

basic form. 

In fig.3.5., the different forms of Trp are shown. Trp exhibits three different structure at 

various pH ranges. Below pH 2.83, Trp exists in its acidic form which has two acidic 

protons (fig. 3.5.a). Moreover, the lone pair on NH2 is blocked. Above pH 2.83, zwitterionic 

form containing both 𝑁𝐻3
+ and 𝐶𝑂𝑂−of Trp (fig. 3.5.b) begins to appear. At the isoelectric 

point, i.e., pH 5.89, Trp completely exists in its zwitterionic form. Above isoelectric point, 

the alkaline form of Trp begins to appear (fig. 3.5.c) and above pH 9.39, it exists completely 

in basic form. At pH 3 and 4, Trp exists as a mixture of the acidic and the zwitterionic form 

of Trp (fig. 3.5.a and b) where amine group is protonated, which is unable to form complex 

with Au (III) ion. As a result, GNPs are formed directly. This may be the reason behind the 

instability of GNPs prepared at pH 3 and 4. In the later sections, it has been shown that 

Infrared study provides the evidence of direct binding of Trp to GNPs through amine group 
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and gas chromatographic study shows that Trp reduces HAuCl4 via decarboxylation step as 

predicted by Zaheer et al
211

. 

At pH 6 and 7, Trp exists as a mixture of zwitterionic form and basic form (fig. 3.5.b and c). 

In its basic form, the amine group of Trp is free to donate its lone pair for the formation of a 

complex between Au (III) and Trp, which explains the formation of initial yellow color of 

the reaction solution as in reaction sets at pH 6 and 7 as shown in fig. 3.2.b. After the 

formation of GNPs, the amine group of oxidized Trp species attaches to the GNPs and 

stabilizes the GNPs in aqueous solution at the pH of the buffer. At pH 5, Trp exist more in 

the zwitterionic form. Thus, in this case, yellow color disappears faster (fig. 3.2.c) due 

weaker complexation with Au(III) than that in the case of pH 6 & 7 (fig. 3.2.e). Again, inthe 

presence of protonated amine group, oxidized Trp does not attach itself to the GNPs leading 

to agglomeration with time at pH 5. 

The above discussion clearly indicates that the formation of stable GNPs by reduction of 

HAuCl4 by Trp, occurs only in presence of a mixture of both zwitterionic and basic form. 

The basic form of Trp is responsible for the formation of yellow color complex (fig. 3.2.d 

and e) which slowly under goes reduction to GNPs whereas the zwitterionic form of Trp 

takes active part in reduction via decarboxylation. From the above experiments, it was 

evident that the GNPs formed at pH 6 were most stable. 

In order to do further studies associated with the pH sensitive property of GNPs, the GNPs 

solution prepared at pH 6 was centrifuged at 10000 rpm for 5 min and the supernatant was 

decanted. The red coloured residue was washed with millipore water to remove unreacted 

reagents, followed by re-centrifugation and decantation. This step was repeated thrice so as 

to achieve maximum removal of reactants, buffer and other by-products. The residue, thus 

obtained was then dispersed in fresh acetate buffer solutions of strength 10 mM made in 
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millipore water by sonication in a sonicator bath for 3 minutes. The concentration of GNPs 

in the redispersed solution was three times ofthat in the GNPs solution obtained at pH 6 as 

mentioned above. This redispersed stock solution was further utilized for other 

experiments.Upon25 times dilution of the above solutionin buffer medium,it was observed 

that the GNPs at pH 5, 6 and 7 were stable but those with pH 3 and 4 had precipitated after 

one daywhich is shown in fig. 3.6. 
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Figure 3.6. (a) UV-vis absorption spectrum and (b) photograph of redispersed GNPs 

solution in buffered medium with pH varying in the range of 3 to 7, recorded after 1 day of 

redispersion. 
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Redispersed solution of GNPs was prepared in pH 6, since at this pH the buffer capacity of 

acetate buffer found to be the highest.This experiment was not carried out at pH higher than 

7, since the buffer capacity detoriates drastically on drifting away from the pKa value of the 

acetate buffer used. However, the redispersed GNPs were found to be stable in phosphate 

buffer solution of pH higher than 7. This aggregation and subsequent precipitation of GNPs 

may be attributed to the adsorption of H
+
 ions on the GNPs surface at pH lower than 5 

which leads to neutralization of the surface charge of GNPs. The formation of stable GNPs 

in the pH range of 6 to 7 may be due to anchoring of the oxidised Trp species via the amine 

group on the GNP surface. 

3.3.2. Study of functional groups on GNPs using infrared spectroscopy 

The presence of oxidised Trp species on the surface of GNPs was confirmed by the study of 

vibrational spectra of Trp and oxidized Trp stabilized GNPs by Fourier Transform Infrared 

(FTIR) technique.Upon comparison of the observed peaks in Trp
212

with that in the oxidised 

species indicates that, NH2(νsym) at 3400 cm
-1

 is suppressed, aromatic CH (νsym) from 3003 

to 2353 cm
-1

 is also suppressed and COO
-
 peaks at 1571 and 1408 cm

-1
 are retained, which 

is shown in fig. 3.7. 
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Figure 3.7. Infrared spectrum of (a) Trp and (b) oxidised Trp stabilized GNPs dried after 

redispersion in pH 6. 

Theseobservations points out that oxidised Trp moeity undergoes drastic structural change 

in its aromatic skeleton along with disappearance of N-H bonds of NH2 group from its 

structureand COO
-
 groups are present on the GNPs which is imparting negative polarity to 

the surface at higher pH. Earlier it was predicted that NH2 may have participated in 

complexation and COOH may have undergone decarboxylation. The above observations 

from FTIR studies completely contrsdicts our earlier predictions. Presence of COO
-
 groups 

on the GNPs surface is also reported in literature in case ofGNPs synthesised by glutamic 

acid reduction.
213

 This points out that not all COO
-
 undergo elimination and NH2 group may 

lead to partial polymerization of Trp
205

 on the surface of GNPs. Thus, the infrared 

spectroscopy of Trp blank and oxidised Trp stabilized GNPs has releaved a great deal about 

the structural change of tryptophan moeity at the surface og GNPs and the stability of GNPs 

at pH 6 and above. 
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3.3.3. Study of interaction of Trp with GNPs using steady-state fluorescence 

spectroscopy 

The interaction of Trp with the GNPs was further confirmed by study of quenching of 

steady state fluorescence of Trp by the addition of GNPs solution synthesized at pH 6, to a 

solution of Trp. To 3 mL of 10
-4

 M Trp, incremental volumes of GNPs, prepared at pH 6, 

was added and its steady-state fluorescence spectrum recorded from 300 to 450 nm after 

excitation at 290 nm. The characteristic fluorescence of Trp is observed at 355 nm upon 

being excited at 290 nm, which was found to diminish with incremental addition of oxidized 

Trp stabilized GNPs, is shown in fig 3.8.  
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Figure 3.8. Fluorescence spectrum of 0.1 mM Trp excited at 290 nm with incremental 

addition of oxidized Trp stabilized GNPs. Fluorescence intensity at 355 nm vs. volume of 

GNP solution added (Inset). 
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This shows that the GNPs interact with Trp molecules and quenches fluorescence shown by 

Trp. This further proves the statement that Trp molecules adhere to GNPs in such a manner 

that results in effective decay of excited state of the aromatic moiety by non-radiative 

processes.
214

 

UV-visible absorption spectroscopic measurements were carried out in order to ascertain the 

oxidation of Trp by HAuCl4 (fig.3.9.). Comparison of the UV-vis absorption spectrum of 

10
-3

 Moxidised Trp with that of the unoxidised Trp showed that the n→ π* peak shifted 

from 271 to 254 nm and the valley between n→ π* and π → π* peak shifted from 239 nm to 

234 nm. Again the UV-vis absorption spectrum of the neat Trp showed a sharp peak at 275 

nm due to n→ π*  transition. However, the above UV-vis absorption spectrum showed 

drastic change after the addition of HAuCl4, which is in line with the work reported by Iosin 

et. al.
205

It is reported that due to the strong electron donating nature of the nitrogen atom of 

the indole moeity
214

 of Trp,Au
3+

 to Au
0
can be reduced by Trp. 
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Figure 3.9. UV- Vis absorption spectrum of (a) l-tryptophan blank solution, (b) 

chloroauric acid blank solution and (c) oxidised tryptophan formed after 40 min of reaction 

between chloroauric acid and l-tryptophan. 

3.3.4. Study of morphology of GNPs using transmission electron microscopy 

TEM image of the oxidised Trpstabilized GNPs syhtesized at pH 6showed that the GNPs 

are highly monodispersed and spherical, as shown in fig. 3.10. The average diameter of the 

GNPs was found to ~40 ± 1 nm. 
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(a) (b) 

Figure 3.10. Transmission electron micrograph of oxidisedTrp stabilized GNPs with an 

average size of 40nm (a) at higher magnification (b) at lower magnification. 

3.3.5. Validation of reaction mechansim by gas chromatograpy 

In order to provide more evidence related to the reaction of Trp with HAuCl4, gas 

chromatography experiments were carried out. The reduction reaction of HAuCl4 by Trp in 

buffered medium at pH 6 was used for the study of evolved gases to study the reaction 

mechanism. A 5 mL volumetric flask was taken, whereas the concentration of buffer 

solution at pH 6 was maintained at 10mM. To it HAuCl4 was added. Then the volumetric 

flask was corked and Trp solution was injected under air tight condition. The final 

concentration of Au(III) and Trp in solution was 1mM. After 40 min, 2mL of supernatant 

gas was sampled out for analysis of CO2 by gas chromatography. Another reaction set, 

devoid of HAuCl4 was taken as blank in GC measurements. As the equilibrium parameters 

were not determined, yield of carbon dioxide was not calculated. But nevertheless, the GC 

results showed that the oxidation of Trp proceeds via a decarboxylation mechanism, which 

is shown in fig. 3.11. 
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Figure 3.11. Gas chromatograph for the reaction between 1 mM Trp and 1 mM HAuCl4 in 

acetate buffer solution at pH 6of concentration of 10 mM performed in corked volumetric 

flask (sample)of volume 5 mL. 2 mL of supernatant gaseous phase (aliquot) is extracted by a 

pressure syringe from sample (a), standard (b) and blank (c) was used for GC measurement 

and their relative intensities were compared for detection as well as quantitative estimation. 

Quantitative estimation revealed that 635 ppm (v/v) of CO2 was liberated during the 

reaction. As the solution sets were not N2 bubbled, it can be assumed that the solutions were 

CO2 saturated. Gas chromatographic study has revealed that during the reaction between 

Trp and HAuCl4, CO2 gas gets evolved.Thus,the GNPs synthesized in this work proceeds 

via the mechanism proposed by Zaheer et al.
211
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3.3.6. Study of response of GNPs in simulated extra-cellular environment  

As the synthesis of GNPs in this study involved usage of zwitterionic molecule Trp, pH 

dependent variation in the stability of synthesized GNPs was observed (fig. 3.2.g). It was 

also found that the re-dispersed GNPs precipitated below pH 6 (fig. 3.6.) which pointed out 

towards the pH-sensitive behavior of the oxidized Trp products adsorbed on the GNPs 

surface. In order to study the possibility of utilization of this property for extraction GNPs 

from aqueous solution toan interface, another experiment was performed. Five solution sets 

of 3 mL each containing 25 times diluted re-dispersed GNPs in buffer solutions of pH 3, 4, 

5, 6 and 7were taken and to all the solutions, 2mL of benzene was added. After this, the 

solutions were shaken till they became completely turbid. Then each solution set was 

allowed to settle until both the phases were completely separated. The above process of 

shaking and resettling was repeated thrice for each set. 1mL of the lower aqueous phase was 

then extracted from each set without disturbing the other phase to record the UV-Vis 

absorption spectrum to determine the concentration of GNPs, remaining in the aqueous 

phase. 

It was observed that the color of the lower aqueous layer slowly became less intense and 

GNPs accumulated at the water- benzene interface. It is reported that GNPs must be well 

stabilized by a surfactant to be able to be extracted into the organic phase.
203

 But if the 

surface charge
183

onthe nanoparticles is reduced, the nanoparticles tend to agglomerate due 

to increased inter-particle interaction promoted by reduced double layer thickness. Upon 

reducing pH of the aqueous layer, surface charge density of the GNPs is reduced due to 

neutralization of surface charge by H
+
 ion and the nanoparticles precipitate with time as 

shown in fig. 3.6. The observed accumulation of the GNPs at the interface at low pH is to be 

noted as an interesting phenomenon. This could be due to the increase in the available 

surface area between polar and non-polar phase while shaking. The GNPs with low surface 
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charge at lower pH were stabilized by accumulating at water-benzene interface. The 

solution sets at pH 3 to 7 showed steadily decreasing accumulation with increasing pH, as 

shown in fig.3.12, which is evident from the absorption spectrum of aqueous layer showing 

an increasing trend in optical density at 𝜆𝑚𝑎𝑥 with increasing pH. 
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Figure 3.12. Absorbance spectrum and (b) photograph of aqueous phase containing 

redispersed GNPs in different buffered medium with pH varying from 3 to 7, recorded after 

equilibrating for three times. 

The comparison of the extent of accumulation of the GNPs at the interface to that of 

precipitation at varying pH (fig. 3.6.) as shown in fig. 3.13., it was found that the interface 

accumulation process is much faster compared to the precipitation as the former process 

depends only on the surface charge on the nanoparticles at equilibrium condition. But the 
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precipitation process is slower as it depends both on surface charge and rate of 

agglomeration.
184

Assuming the double layer thickness to be constant in GNPs as buffer 

strength is kept constant, the reduction of the surface charge GNPs increases collisional 

interaction between the particles leading to increased rate of agglomeration. At lower pH 3 

and 4, H
+
 ion neutralizes the negatively charged surface of GNPs leading to higher rate of 

agglomeration and so the nanoparticles agglomerate and precipitate. At pH 5 and above, rate 

of agglomeration of GNPs is not as much as that in pH 3 and 4, so very little precipitation is 

observed. 
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Figure 3.13. Absorbance at 543 nm (bottom) of (a) redispersed GNPs solution in buffered 

medium atvarying pH from 3 to 7, recorded after 1 day, (b) aqueous phase containing 

redispersed GNPs in different buffered medium with pH varying from 3 to 7, recorded after 

equilibrating for three times with benzene layer and (c) aqueous phase containing 

redispersed GNPs in different buffered medium with pH varying from 3 to 7, recorded after 

equilibrating for three times with benzene layer containing phosphatidyl choline. 
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Earlier studies on cancer, by J.R. Griffiths,
197

showed that extracellular fluids of tumours 

have lower acidity due to diffusion of lactic acid, produced in the tumour cells, to the 

periphery across the plasma membrane. Due to the presence of intermediate lipid layer in 

plasma membranes, transport of lactate ion is barred. As a result, the extracellular fluid in 

the tumours are found to be slightly acidic in comparison to normal tissue. Moreover, 

plasma membrane can be considered as an interface between polar extracellular fluid and 

the non polar, outer lipid layer of plasma membrane. In the above experiment, it was 

demonstrated thatthe accumulation of GNPs at polar- non polar liquid liquid interface 

increases with decreasing pH. Thus, oxidised Trp stabilized GNPs can act as a potential 

vehicle for targeting tumour cells due to its pH sensitive property. Moreover, the 

accumulation of GNPs in tumour cells can be used for radiosensitization. 

Natural cell membranes are made up of phospholipid bilayer.
215

 Phosphatidyl choline 

vesicles are often used to simulate cell membrane conditions.
216, 217

 Therefore, in order to 

further substantiate the above observation,regarding the accumulation of GNPs at the polar- 

non polar liquid-liquid interface, phosphatidyl choline is used to construct an interfacial film 

at water-benzene interface just above CMC.
218

 Phosphatidyl choline dispersed in benzene 

just above CMC,formeda saturated surface film which is analogous to the interface between 

extracellular and intracellular fluid in human vascular system. It was observed that GNPs 

accumulated differently at the polar non polar interface containing phosphatidyl choline as 

shown in fig. 3.14.  

 

 



 

 

 

94 
 

 

 

 

 

 

 

 

 

Figure 3.14. Photograph of the solution sets containing an interfacial film of phosphatidyl 

choline formed between benzene and buffered aqueous phase containing GNPs with pH 

varying from 3 to 7. (b) Absorption spectrum of aqueous phase containing redispersed GNPs 

in different buffered medium with pH varying from 3 to 7, recorded after stirring for 20 min.  

The GNPs dispersed in buffered aqueous systems at pH varying from 3-7, showed a 

different trend in extent of interfacial accumulation of GNPs as shown in fig. 3.13.c  unlike 

that shown in fig. 3.13.b.In this experiment, redispersed GNPs were diluted 10 times and all 

UV-visible measurements were carried out in a 0.3 cm pathlength cuvette. Here it was 

assumed that GNPs accumulate in between the non-polar portions of phosphatidyl choline 

present in the benzene phase and not in between the zwitterionin polar head groups, similar 

to the findings of Tatur et. al.
219 

Trp exists in our bodies in form of peptides as well as plasma free amino acid.
220

But 

according to the theory of absorption of proteins, absorption of proteins in our alimentary 

canal takes place in two forms- (a) as free amino acids and (b) as oligopeptides.
221

Recent 
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studies have shown that Trp and its metabolites 5-hydroxytryptamine or serotonin is present 

in blood in micro molar (μM) concentrations.
220, 222, 223

Thus, Trp can be used for the 

synthesis of biocompatible GNPs fit for in-vivo applications. 

3.3.7. Study of radiosensitization efficiency of GNPs in gliomas cell lines 

GNPs synthesized by reduction of Au
3+

 ions by tryptophan at pH 6 were used for the 

purpose of studying radiosensitization efficiency in cancer cell lines. Cytotoxicity study by 

Sulforhodamine B colorimetric assay method was done in human malignant glioblastoma 

(U-251MG), human cervical cancer (SiHa) and human transformed keratinocyte (HaCaT) 

cell lines as reported elsewhere.
224

 It was found that GNPs were ton-toxic in the 

concentration of 10
-3

 M of Au. GI50 (Growth inhibition 50%) was found to be 2x10
-7

, 3x10
-

9
 and 1x10

-26
 M for U-251MG, SiHa and HaCaT cell lines, respectively for a known drug, 

Adriamycin (Doxorubicin). Under the same conditions, the above cell lines did not show 

any reduction in growth, indicating non-cytotoxicity by the GNPs. Moreover, MTT assay
225

 

was performed in presence and in absence of 
60

Co-γ irradiation in glioma cell line, U-

87MG. It was observed that GNPs show a reduction in survival fraction of U-87MG to a 

maximum 5 %, in presence of 2 Gy radiation, as shown in fig. 3.15. 
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Figure 3.15. MTT viability assay of U87-MG in absence (blue) and in absence of 2 Gy dose 

of 
60

Co-γ radiation (red) after addition of varying concentration of GNPs in U-87MG cell 

lines. 

The observation of slight radiosensitization effect by GNPs in presence of 
60

Co-γ radiation 

may be due to low absorption cross-section for photoelectric absorption of photon and 

subsequent emission at energies of the gamma rays (1.1732 and 1.3325 MeV). The 

phenomenon of radiosensitization was further explored in chapter 4 with silver 

nanoparticles in presence of low energy ionizing radiations. 

3.4. Conclusion 

Trp is used to reduce Au
3+

 to Au
0
 via pH dependent decarboxylation pathway. GNPs that 

are synthesized at pH 6 are most stable with negative surface charge, imparted by COO
-
 

group attached to the adsorbed oxidized Trp species. pH plays a very important role not only 
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in the synthesis of GNPs but also in controlling the colloidal stability and surface charge of 

GNPs. The novelty of the synthesis is the non-requirement of surfactants to stabilize the 

colloidal system as the oxidized product of the reducing agent acts as a stabilizer. Lowering 

of pH leads to reduction of the surface charge on GNPs which eventually accumulates at the 

polar- non polar liquid-liquid interface. This phenomenon suggests that the GNPs can be 

regarded as a potential radio-sensitizer that would accumulate at the intra-cellular and extra-

cellular fluid interface of acidic hypoxic cancerous cells. Moreover, in-vitro assays of 

radiosensitization efficiency of GNPs in gliomas showed slight reduction in survival 

fraction indicating the viability of GNPs for further radiosensitization studies. 
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4 

Synthesis and characterization of gold / silver nanoparticles loaded 

polymeric film for sensing and dosimetric applications 

 

4.1. In-situ synthesis of gold nanoparticles loaded polymeric films 

4.1.1. Background 

Gold nanoparticle (GNP) substrates are widely used for trace level detection of organic 

molecules by surface enhanced Raman scattering (SERS) technique
226, 227

. Noble metal 

nanoparticles exhibit unique optical property where free electrons present on the surface of 

the nanoparticle oscillate collectively
38

 upon excitation by an electromagnetic radiation of a 

specific wavelength which is dependent on the size
228

, shape
229

 and dielectric constant
230

 of 

the material. The above resonance condition is called surface plasmon resonance. The 

surface plasmon creates a near field
231

 in proximity to the surface of the nanoparticle. When 

two or more noble metal nanoparticles come closer to each other, the near field of each 

nanoparticle interact or couple giving rise to a resultant enhanced electric field at the 

junction of the particles
232

. The above junction is often referred as hot-spot
233

. Any molecule 

in the vicinity of the above hot-spot is most likely to experience enhanced electric field 

which may polarize its electron cloud. The molecule may ultimately stabilize by scattering 

back the absorbed energy. The changes in the near field of the coupled plasmon are recorded 

in far-field in the form of UV-vis optical absorption
234

 and SERS
235

. Designing of substrates 

made up of GNPs or silver nanoparticles (AgNPs) which would absorb analytes in its hot-

spots to show SERS signal at low concentration has been the aim of researchers working in 
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the field of SERS sensing
236

. SERS substrates can be either in the form of solution as well as 

solid. Both have their own advantages and disadvantages. Noble metal nanoparticles in 

solution are very sensitive to addition of analytes, as it often induces agglomeration 
237, 238

 

leading to generation of hot-spots. As a result, very low concentrations of analyte can be 

detected in solutions containing noble metal nanoparticles. Most commonly known GNPs 

and AgNPs can be prepared in solution by citrate
239

 and borohydride
240

 method. Most noted 

drawback of these solutions is that the solutions tend to agglomerate if the temperature and 

pH conditions are not maintained
241

. Solid substrates on the other hand are generally 

synthesized by electrochemical deposition 
242, 243

 of noble metals on rough surfaces or by 

chemical vapor deposition
244

. The above substrates can be stored for long time without any 

changes as well as can be carried to outdoors for on-site detection using hand-held Raman 

spectrometer
245

. The detection limits of the solid substrates are observed to be 

comparatively higher than their solutions counter-parts as the metal nanoparticles are 

immobilized on a solid matrix which reduces the control over agglomeration of particles 

upon adsorption of analytes. Thus, it can be said that solution based SERS substrates are 

suited for low concentration detection whereas solid SERS substrates are suited for on-site 

detection
246

. 

Recently, SERS substrates were developed by immobilizing GNPs in a filter paper
247

.Silver 

nanoparticles can also be coated on the surface of glass for SERS sensing
238

. But such a 

coating requires sophisticated handling as scratch on the surface can remove the layer of 

silver nanoparticles. The aim of this work was to synthesize GNPs in a solid matrix where 

plasmonic nanoparticles are not dislodged from the matrix. Polymeric matrixes were one of 

the most important choices. Very few reports are available where polymeric films are used 

to immobilize GNPs for application in SERS sensing
248

. The polymer used in this study is 

sodium alginate. Sodium alginate is a biopolymer obtained from brown algae. Alginic acid 
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is a biopolymer consisting of alternating units of α-L-guluronic acid (G) and β-D-

mannuronic acid (M)
249

. Sodium replaces the acidic proton in the carboxylic groups of the 

alginic acid and makes the biopolymer highly soluble in water. Cross-linking of alginate 

polymer is one of the simplest methods of cross-linking. Addition of sodium alginate 

solution drop-wise in Ca
2+

 or Ba
2+

 solution leads to cross-linking of alginate as bivalent 

metal ion binds to two adjacent carboxylic groups present on the skeleton of the polymer. 

The above cross-linked structure is well explained by “egg-box model”, where cavities are 

created for sorption of metal ions by residual carboxylic groups
250

. Alginate biocomposites 

can be obtained in the form of beads
251

 or films
252

 depending on the application. GNPs were 

also synthesized in alginate anisotropic structures for sensing applications
253

. There are 

reports where mixtures of bivalent calcium ion and trivalent ferric ions have been used to 

cross-link alginate
254

. Ferric ions strongly bind alginate and have one free valency which 

can be used for extraction of anions
255

. In this work, monovalent tetrachloroaurate ions were 

added to cross-linked alginate films for adsorption via replacement of Ca
2+

 or Fe
3+

ions or 

both. The Au
3+

 ions loaded in the films by sorption were further reduced by glucose to 

synthesize GNPs in-situ. The GNP loaded films were then used for detection of crystal 

violet (CV), a dye and a fungicide, using SERS. 

4.1.2. Experimental Section 

4.1.2.1. General Materials and Methods: 

Gold (III) chloride hydrate (99.995% trace metal basis), sodium alginate (synthetic), crystal 

violet (90.0%), poly-vinyl pyrollidone (PVP, avg mol wt 40,000), n-hexane (95%), calcium 

nitrate (99%), ferric chloride (97%) and D-glucose (99.5%) were obtained from Sigma-

Aldrich and were used as received. Hydrochloric acid (30%) was obtained from Merck. All 

the experiments were performed in Millipore purified water. 
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4.1.2.2. Synthesis of GNP loaded alginate films: 

2% (w/v) sodium alginate solution and 8% (w/v) PVP solution were mixed in the ratio of 

9:1 by volume at 25ºC. 20 ml of the above mixture was stirred for half an hour followed by 

addition of 1 ml n-hexane while stirring vigorously. The above mixture was spread on a 

perfectly flat petri-dish with an internal diameter of 9 cm and air-dried to form a robust 

transparent film. Dried film was removed later from the petri-dish using a pair of forceps. 

The above water-soluble film was cut into pieces of dimension: 1 cm x 1 cm. All the cut 

films were washed in acetone and air-dried in order to remove any organic impurities. The 

above films were added to cross-linking solution consisting of 0.1M Ca
2+

 and 0.1M Fe
3+

 

ions in various ratio by volume while stirring for 2 hours. The each of the above water 

insoluble cross-linked films were dipped in 1 ml of 3x10
-3

 M HAuCl4 solution for 1 day. 

Au
3+

 containing cross-linked alginate films were immersed in 5 ml of 0.05 M D-glucose 

solution in a 10 ml volumetric flask and heated in a boiling water bath for in-situ reduction 

of Au
3+

 to GNPs. Red coloured GNP loaded alginate films were further used for SERS 

detection of CV. 

4.1.2.3. Instrumentation details: 

The absorption spectra of the solutions, used in this work, were recorded using UV-vis 

absorption spectrophotometer (JASCO V-650). The Raman spectra of solid CV and SERS 

spectra of the solutions were recorded using 632 nm laser line from a He-Ne laser. The 

sample solutions were taken in a standard 1×1 cm
2
 quartz cuvette and the Raman scattered 

light was collected at 180° scattering geometry and detected using a CCD (Synapse) based 

monochromator (LabRAM HR800, Horiba JobinYvon, France) together with an edge filter. 

The spot size on the sample was ~0.5 mm in diameter, and the laser power at the sampling 

position was 10 mW for the excitation wavelengths of 632 nm. The Raman band of a silicon 
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wafer at 520 cm
-1

 was used to calibrate the spectrometer, and the accuracy of the spectral 

measurement was estimated to be better than 1 cm
-1

. Transmission electron microscope 

(TEM) images and selective area electron diffraction (SAED) patterns for the samples were 

taken on JEOL 1200 EX Microscope operated at an accelerating voltage of 200 kV. Fourier 

transform infrared (FT-IR) spectra were recorded using Shimadzu FT-IR instrument. 

4.1.3. Results and Discussion: 

Robust water-soluble alginate (Alg) films were immersed in cross-linking solution after 

washing in extrapure acetone. This washing is acetone is necessary to remove organic 

impurities present on the surface. Solubility of sodium alginate in acetone is much lower 

than that in water. Five washed Alg films were dipped in 20 ml of cross-linking solutions 

comprising of mixture of 0.1 M Ca(NO3)2 and 0.1 M FeCl3 in the ratio of 1:0, 3:1, 4:1, 5:1 

and 6:1. The above cross-linked films were further immersed in 1 ml of 3x10
-3

 M Au
3+

 

solution to study the extent of absorption of Au
3+

 by the films by recording the UV-vis 

absorption spectra at regular interval for 1 day. The absorption maximum of AuCl4
-
 appears 

at ~ 310 nm for 3x10
-3

 M HAuCl4. As the concentration of Au
3+

 was decreased, the 

absorption maximum was found to be blue shifted. This may be due to the overlap of more 

intense 220 nm peak and less intense 310 nm peak of HAuCl4. UV-visible absorption 

spectra of a series of different concentrations are shown in fig. 4.1.a. Calibration curve for 

quantitative detection of concentration of HAuCl4 can be obtained by plotting absorbance 

vs. concentration at a specific wavelength. Fitting of the above curve were fitted with least 

square fit method
256

. The coefficient of determination (R
2
) for each fit at different 

wavelength predicts the accuracy of the method (fig. 4.1.b)
256

. From fig. 4.1.b, it can be seen 

that R
2
 is lower in the range 300 to 345 nm due to overlap of 220 nm peak. At 350 nm, the 

R
2
 value is 0.99973, which indicates that determination of concentration of HAuCl4 can be 

carried out with minimal error at this wavelength. The absorbance of the supernatant in the 
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above cases at 350 nm vs. time is shown in fig. 4.1.c. More than 60% decrease in 

absorbance was observed in case of the cross-linking solution containing Ca
2+

 and Fe
3+

 in 

the molar ratio of 1:0 and 5:1. Based on the above observation, films cross-linked with 0.1 

M Ca(NO3)2were considered for further experiments and the film was assigned name „Ca-

Alg‟ film. Similarly, films cross-linked with 0.1 M Ca(NO3)2 and 0.1 M FeCl3 in the ratio 

5:1, were considered for further experiments and called „Ca-Fe-Alg‟ film. 
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Figure 4 .1. UV-vis absorption spectra of different concentrations of HAuCl4,, (b) 

Coefficient of determination (R
2
) for varying wavelength obtained from fitting of 

absorbance vs. concentration of HAuCl4 solutions at fixed wavelength, and (c) Absorbance 

of the supernatant of the cross-linked films with Ca
2+

 to Fe
3+

 content (molar ratio) of 1:0, 

3:1, 4:1, 5:1 and 6:1 immersed in a solution of 3x10
-3

 M Au
3+

 recorded at regular intervals. 
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The images of the transparent film, cross-linked film, Au
3+

 loaded cross-linked film and 

GNP loaded cross linked films are shown in fig. 4.2. It can be seen that cross-linking of the 

film only in Ca
2+

 turns transparent film into translucent white colour, whereas in presence of 

Fe
3+

, the film turns light yellow (fig. 4.2.b). Absorption of Au
3+

 imparts a yellowish tinge to 

all the cross-linked films (fig. 4.2.c). Further in-situ reduction of Au
3+ 

absorbed in the films 

by D-glucose turns the films reddish due to formation of GNPs as shown in fig. 4.2.d. The 

extent of cross-linking of alginate matrix of the films depends upon the charge density of the 

cross-linking ion. Surface charge density of Fe
3+

 is higher than that of Ca
2+

. Brus et al. has 

demonstrated that cross-linked alginate polymer with higher surface charge density on 

cross-linking cation show higher extent of chemical exchange due to carboxylic groups
257

. 

Thus, Fe
3+

 may contribute more towards increasing the adsorption of AuCl4
-
 by chemical 

exchange, in comparison to Ca
2+

.  
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Figure 4 .2. Photograph of (a) uncross-linked dried transparent alginate film, (b) cross-

linked alginate films, (c) Au
3+

 loaded cross-linked alginate films, and (d) GNP loaded 

alginate films. 

GNPs loaded Ca-Alg and Ca-Fe-Alg are designated as Au/Ca-Alg and Au/Ca-Fe-Alg films 

respectively. The extent of GNPs lost in Au/Ca-Alg and Au/Ca-Fe-Alg films were further 

measured by recording the supernatant of the reduction reaction by glucose in boiling water 

bath for 3 minutes as shown in fig. 4.3. In case of Au/Ca-Alg and Au/Ca-Fe-Alg films, 

leached out GNPs showed LSPR at 526 nm and 550 nm respectively, as shown in fig. 4.3. 

Moreover, the absorbance of GNPs in case of Au/Ca-Alg films were found to be lower than 

that of Au/Ca-Fe-Alg films indicating that extent of retention of GNPs is better in case of 
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the former. The LSPR of Au/Ca-Fe-Alg films appeared at a higher wavelength than that of 

Au/Ca-Alg films.  

 

Figure 4 .3. UV-vis absorption spectra of leached GNPs during reduction of Au
3+

 in Ca-

Alg and Ca-Fe-Alg films by 0.05 M glucose for 3 minutes in boiling water bath. 

The above supernatant solutions, whose UV-vis absorption spectrum is shown in fig. 4.3, 

were used for recording TEM image as shown in fig. 4.4. It can be seen in fig. 4.4.a, that 

particles of size ~10 nm are clustered together. Around the particles a dark shadow is also 

observed which may be due to the capping of alginate. The selected area electron diffraction 

(SAED) pattern shown in the inset of fig. 4.4.a shows that the pattern corresponding to 

Au(0)
258

. Sharp diffraction pattern indicate that the particles are fairly crystalline. In fig. 

4.4.b, a cluster of particles of size ~5 nm is observed. The particles are in close proximity to 

one another compared to particles observed in fig. 4.4.a. This suggests that in case of 

Au/Ca-Fe-Alg (fig. 4.4.b), there is a possibility of plasmon coupling which may show lead 

to observation of SPR band at higher wavelength. The above inference is supported by the 

UV-vis absorption spectra of Au/Ca-Fe-Alg as shown in fig. 4.3. The presence of strong 
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plasmon coupling also suggests that the hotspots generated in Au/Ca-Fe-Alg film may be 

useful for SERS based sensing
259

. 
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Figure 4 .4. Transmission electron microscopy (TEM) image of (a) Au/Ca-Alg and (b) 

Au/Ca-Fe-Alg nanocomposite extracted from the supernatant obtained during reduction of 

Au
3+

 loaded Ca-Alg and Ca-Fe-Alg films by glucose. 

In order to study the interaction of GNPs with alginate, vibrational spectra of Au/Ca-Fe-Alg 

films was compared with that of sodium alginate. FT-IR spectra of Au/Ca-Fe-Alg films and 

sodium alginate shown in fig. 4.5, showed no appreciable difference in the vibrational bands 

of the two samples mentioned above, which indicates that incorporation of GNPs in the 

alginate matrix does not alter chemical structure of alginate
260

. The above observation 

further clarifies that the nature of interaction of alginate and GNPs is not chemical in nature. 

Thus, the GNPs loaded in the alginate films can be used for adsorption of other molecules 

for sensing applications. 

 

Figure 4 .5. FT-IR spectra of sodium alginate and GNP loaded cross-linked alginate 

films 
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Au/Ca-Alg and Au/Ca-Fe-Alg films were used to record SERS spectra of CV. For the above 

purpose, 10µl of 10
-5

 M CV was drop casted on the films. None of the films showed SERS 

spectra. This may be due to loss of GNPs from the surface of the films during reduction of 

Au
3+

 adsorbed in the films by 0.05 M glucose for 3 minutes. As a result, GNPs are present 

beneath the layers of cross-linked alginate. The above observation was also encountered by 

Mele E. et al.,
253

 where GNPs were not found on the surface of the anisotropic alginate 

biocomposites.  In order to remove a layer of alginate, the films were immersed in 0.2 M 

HCl for a fixed interval of time. Au/Ca-Alg films showed no SERS signal whereas Au/Ca-

Fe-Alg film showed SERS signal. The SERS signal was found to increase with increasing 

etching time up to 3 minutes and then decreased was observed as shown in fig. 4.6. The 

above observation indicates that etching up to 3 minutes exposes GNPs present beneath the 

layer of cross-linked alginate (fig. 4.6.a, b and c). Further etching might have released GNPs 

from the pores of the alginate films, which had led to lowering of the SERS intensity as 

shown in fig. 4.6.d and e. Thus, acid-etched Au/Ca-Fe-Alg films were observed to be the 

best substrates for SERS. 
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Figure 4 .6. SERS spectra of 10µl of 10
-6

 M SC drop casted on Ca-Fe-Alg films etched for 

(a) 1 min, (b) 2 min, (c) 3 min, (d) 4 min and (e) 5 min. 

Raman spectrum of CV is well studied in literature
261

. Raman spectra of CV in solid form as 

well as in aqueous solution, recorded at 632 nm excitation, is shown in fig. 4.7.a and b, 

respectively. Raman spectrum of aqueous solution of 10
-4

 M CV (fig. 4.7.b) shows 

vibrational bands at 441, 602, 670, 765, 803, 913, 1171, 1299, 1389 and 1614 cm
-1

 which 

correspond to 435, 605, 628, 767, 803, 915, 1170, 1299, 1390 and 1582 cm
-1

 peaks of CV as 

observed by Canamares et al.
261

 Raman spectrum of solid CV (fig. 4.7.a) also shows a good 

match with the reported values.
261

 

 

Figure 4 .7. Raman spectra of (a) solid CV and (b) 10
-4

 M CV at 632 nm excitation 

recorded for 1s and 10s respectively.  

For SERS based detection of CV, acid-etched Au/Ca-Fe-Alg films were used as substrate. 

10 µl of varying concentrations of CV were added to each etched Au/Ca-Fe-Alg films prior 

to recording of SERS signal for 1 second under 632 nm excitation. In fig. 4.8, SERS signal 
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of varying concentration of CV on Au/Ca-Fe-Alg films is shown. SERS spectrum of 10
-6

 M 

CV adsorbed on etched Au/Ca-Fe-Alg film excited at 632 nm showed vibrational bands 

corresponding to that of CV reported earlier.
261

 Strong bands were observed at 455, 470, 

1205, 1399 and 1651 cm
-1

 which correspond to C-C-C bending, C-N-C bending, C-C-C 

asymmetric stretching, ring/methyl bending and benzene 8a mode
261

, respectively. Other 

medium intensity bands were observed at 791, 831, 944 and 1618 cm
-1

 which corresponded 

to 10a, 17b, 17a and 8b modes of benzene
261

, respectively. Weaker bands at 556, 591, 636, 

697, 760, 791, 867, 966, 1252, 1369, 1420, 1473, 1510 and 1566 cm
-1

were also observed. 

 

Figure 4 .8. SERS spectra of (a) 10μM, (b) 1 μM, (c) 100 nM, (d) 10 nM and 1 nM CV 

drop casted on acid-etched Au/Ca-Fe-Alg films excited at 632 nm. 

In order to establish a method to determine concentration of CV detected by SERS using 

etched Au/Ca-Fe-Alg film, SERS intensity at 455, 470, 1205, 1399 and 1651 cm
-1

 which 

corresponds to strong peaks, were plotted with respect to varying concentration of CV as 

shown in fig. 4.9. It can be seen that the SERS intensity of peaks at 455, 470, 1205 and 1651 

cm
-1

 first increases and then decreases. The increase of SERS intensity may be attributed to 
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monolayer adsorption of CV at a concentration of 10
-6

 M. In fig. 4.8, similar observation 

was made. It was observed that upon lowering the concentration of CV from 10
-5

 to 10
-6

 M 

SERS intensity slightly increased (fig. 4.8.a and b). Upon further lowering the concentration 

of CV to 10
-7

 M and lower, SERS signal was found to decrease owing to sub-monolayer 

occupation of CV on the surface of GNPs (fig. 4.8.c, d and e). 

 

Figure 4 .9. SERS intensity of different concentrations of CV adsorbed on etched Au/Ca-

Fe-Alg films at (a) 455, (b) 470, (c) 1205, (d) 1399 and 1651 cm
-1

. 

Since fig. 4.9 do not show a linear trend, a suitable calibration curve cannot be obtained. 

Thus, this method can only qualitatively detect CV in aqueous solution up to a concentration 

of 10
-8

 M or 10 nM. 
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4.2. Synthesis of alginate capped silver nanoparticles for loading in alginate film 

4.2.1. Background 

The premise of using gold nanoparticles loaded alginate films as a SERS substrate has 

already been discussed in section 4.1.1. The possibility of use of silver nanoparticles in 

place of gold nanoparticles is promising considering the low cost of silver in comparison to 

gold. Moreover, in-situ synthesis of silver nanoparticles in alginate films is not feasible. The 

method of loading of 𝐴𝑢3+ ions into alginate matrix cross-linked with 𝐶𝑎2+ and 𝐹𝑒3+ ions, 

was based on the fact that alginate polymer has multidentate 𝐶𝑂𝑂− groups which bind to 

bivalent and trivalent cations for crosslinking. Silver ion is a monovalent cation which 

would weaken the structural integrity of 𝐶𝑎2+ or 𝐹𝑒3+ion-crosslinked alginate film leading 

to its dissolution. It is advisable to dope AgNPs in alginate matrix and then cast dried to 

form films, which can be further cross-linked by 𝐶𝑎2+ and 𝐹𝑒3+ions. It was observed that 

AgNPs made by citrate or borohydride tend to aggregate. In order to disperse AgNPs in 

alginate solution, AgNPs were required to be synthesized using chemically compatible 

capping agent. Thus, sodium alginate was the obvious choice.  

In this work, AgNPs were reduced by sodium alginate in aqueous medium. The synthesized 

AgNPs were further dispersed in alginate solution and cast dried for fabrication of soluble 

AgNPs loaded alginate film. The dried films were cross-linked using calcium ions to form 

stable films which were further used to SERS sensing and dosimetric applications studied 

using EBT3 Gafchromic films (Radiochromic films). 
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4.2.2. Experimental Section 

4.2.2.1. General Materials and Methods: 

Sodium alginate, silver nitrate (AgNO3, 99.0%), polyvinylpyrrolidone (PVP, 40, 000 M.W.) 

and calcium nitrate (CaNO3, 99.0%) were purchased from Merck. All the experiments were 

performed in Millipore purified water. 

Dosimetric studies were performed using Gafchromic EBT3 film (International Specialty 

Products, Wayne, NJ) which comprises of a radiation sensitive active layer of 28 μm 

thickness, with one 125 μm matte-polyester layer for mechanical adhesion of the radiation 

sensitive layer.  

4.2.2.2. Synthesis of AgNP loaded alginate films: 

Alginate capped silver nanoparticles (AgNP) were synthesized through reduction of 20 mM 

silver nitrate solution by 1% (w/v) sodium alginate solution at 60°C under alkaline 

conditions (pH 10).
262

 Thereafter, 20 mM Ag nanoparticle stock was cooled to room 

temperature before carrying out further experiments. 2 ml of 20 mM Ag nanoparticle stock 

solution was added to a mixture of 7 ml 2.25% sodium alginate solution and 1 ml 8% PVP 

solution while stirring. After 30 minutes of continuous stirring, the homogenous viscous 

solution of Ag nanoparticles in alginate matrix was poured into a glass Petri dish of 7 cm 

internal diameter and dried under IR lamp. During the process of drying, the petri dish was 

shaken gently to homogenize the solution. Ag nanoparticles loaded alginate (AgNP-Alg) 

film was peeled of using a pair of forceps after complete drying. Twenty pieces of AgNP-

Alg films of dimension 1 cm x 1 cm, were dipped in to 20 ml of 0.2 M CaNO3 solution 

while stirring slowly for cross-linking. Cross-linked AgNP-Alg films were washed with 

water and were stored in water for further experiments.   
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4.2.2.3. Instrumentation details: 

Instruments used for UV-vis absorption spectroscopy, Raman and SERS studies are same as 

mentioned in section 4.1.2.3. In addition to the above, in this work, SERS spectra were 

recorded using the 514 nm line from an Ar
+
 ion laser (35-LAP-431-230, Melles Griot). The 

spot size on the sample was  approximately 0.5 mm in diameter, and the laser power at the 

sampling position was 10 mW for the excitation wavelengths of 514 nm. Atomic force 

microscopy (AFM), model no. A-100, A.P.E. Research Italy, was used for determination of 

size of alginate capped AgNPs by contact mode. Thickness of the film was measured using 

precision thickness gauge (Hanatek Instruments, UK). The 6 and 10 MV X‑rays with 

flattening filter (WFF) and flattening filter free (FFF) beams from TrueBeam medical 

electron linear accelerator (Varian Medical System, Inc., Palo Alto CA) were used for 

dosimetric study using EBT3 Gafchromic films in this work. All irradiations were 

performed with ISO wide spectrum series namely W80, W110, W150 and W200 with mean 

energy of 57 keV, 79 keV, 104 keV and 137 keV respectively. 

4.2.3. Results and discussion: 

4.2.3.1. UV-vis absorption study 

The progress of synthesis of AgNPs in alginate matrix is studied using UV-vis absorption 

technique. The surface plasmon peak appearing at ~400 nm is indicative of formation of 

silver NPs.
263

 After dissolution of sodium alginate at 60°C, AgNO3 solution is added to 

obtain 20 mM final concentration of Ag
+
 ions. Aliquots of 50 μl were taken from the 

reaction mixture and volume was made up to 1 ml. The UV-vis absorption spectrum of the 

above solution was recorded in a 3 mm path length cuvette with respect to time to monitor 

the progress of reaction which is shown in fig. 4.10. 
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Figure 4 .10. UV-vis absorption spectra of AgNP-Alg reaction mixture to monitor the 

progress of reaction with respect to time at pH 10 recorded in 3 mm quartz cuvette. 

UV-vis absorption spectrum of uncross-linked dried AgNPs loaded alginate (AgNPs-Alg) 

film of dimension 1cm x 1cm was dissolved in 2.5 ml water was recorded in a 3 mm cuvette 

as shown in fig. 4.11. In fig. 4.11, it can be clearly seen that the position of plasmon peak of 

AgNPs has not shifted. This indicates that no significant inter particle association has taken 

place in AgNPs-Alg films.  
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Figure 4 .11. UV-vis absorption spectrum of AgNPs in 1 cm x 1 cm uncross-linked AgNP-

Alg film 

4.2.3.2. Morphology of AgNPs and thickness of AgNPs-Alg films 

A layer of the synthesized alginate capped AgNPs was formed on silicon wafer surface by 

spin coating. The AgNP size distribution analysis using AFM was shown in figure 4.12. The 

average size of the AgNPs deposited in polymer film was found to be 10 nm (within ± 1 nm 

variation). 
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Figure 4 .12. (a) AFM image of the alginate capped AgNPs. The height profile of the 

selected region 1 is shown in (b).  
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The thickness of the dried cross-linked AgNP-Alg film was 170 ± 07 µm. 

4.2.3.3. SERS based sensing by AgNPs-Alg films 

Varying concentration of two model dyes, crystal violet (CV) and rhodamine 6G (R6G) was 

drop casted on AgNPs-Alg film. SERS spectra of dye loaded films were recorded at 514 nm 

excitation as shown in fig. 4.13.  
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Figure 4 .13. SERS spectra of different concentrations of (a) CV and (b) R6G dye loaded 

on AgNPs-Alg film excited at 514 nm 

The SERS spectra of CV
261

 and R6G
264

 corresponded to the reported SERS spectra. The 

detection limit as obtained case of sensing of CV is 10
-8

 M which is comparable to the 

results obtained from Au/Ca-Fe-Alg films shown in fig. 4.8.  In case of detection of R6G, a 

detection limit of 10
-10

 M (sub-nanomolar) was obtained, which may be attributed to higher 

Raman scattering cross-section of R6G in comparison to CV. Moreover, in fig. 4.13, 

intensity peaks were observed for 10
-8

 concentration of R6G, which may be due to 

monolayer coverage of adsorbate.
238

 

4.2.3.4. X-ray dose-enhancement by AgNPs-Alg films 

Silver nanoparticles have been recently reported as a potential radiosensitizer.
265

 The 

mechanism of radiosensitization by nanoparticles of high Z elements has been discussed in 

previous chapters. The prospect of using AgNPs-Alg film for radiosensitization is quite 
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promising considering the cost of silver as well as the ease of synthesis in comparison to the 

Au/Ca-Fe-Alg film. In order to measure the dose enhancement, by AgNPs-Alg film, 

radiochromic films named EBT3 Gafchromic films were used as dosimeters. It is known 

that upon exposure to ionizing radiation, EBT3 three films show linear change in colour 

which can be detected by flatbed color scanners (Epson Expression 10000XL, EPSON UK). 

At first, the EBT3 films were exposed to different amount of dose ranging from 0 cGy to 

500 cGy. The corresponding colour changes in irradiated EBT3 films were recorded to plot 

the calibration curve of intensity vs. dose. AgNPs-Alg films were then placed on EBT3 

films in close contact, at a distance of 100 cm, facing the X-ray source mentioned in section 

4.2.2.3. A schematic representation of the above arrangement is shown in fig. 4.14. 

 

Figure 4 .14. A schematic representation of the arrangement of AgNPs-Alg films on EBT3 

films facing the X-ray source. 

Upon exposure to X-rays various extent of dose enhancement was observed depending on 

the energy of X-ray used. Maximum dose enhancement was observed for X-ray energy of 

57 keV. Dose enhancements of 29, 23, 14 and 3% was observed for 57, 79, 104 and 137 

keV X-ray, respectively. It can be seen that with increasing X-ray photon energy, the dose 

enhancement decreased, indicating lower interaction of X-ray with AgNPs leading to lower 

extent of photoelectron emission giving rise to lesser effect on the radiation sensitive layer 

of EBT3 films. In section 1.4.2.1.1., we have discussed the dependent of photoelectric 
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absorption as well as emission with energy of gamma or X-rays. Thus, the above results, 

indicate that the interaction of X-ray with AgNPs is mainly photoelectric in nature. 
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Figure 4 .15. Raman spectra of EBT3 films excited at 632 nm. 

Unlaminated radiochromic films were exposed to a dose of 100cGy of 57 KeV X-ray in 

absence and in presence of AgNPs-Alg films. Raman spectrum of unexposed unlaminated 

radiochromic films showed signature peaks corresponding to C=C stretch and C≡C stretch 

at 1446 and 2063 cm
-1

 respectively.
266, 267 Raman spectra of the above films revealed that the 

presence of silver nanoparticles lead to enhancement in peak intensities at 1446 and 2063 

cm
-1

 respectively, occurring due to polymerization of diacetylene monomers. 

4.3. Conclusion 

In this work, two types of synthesis of noble metal nanoparticles alginate films were 

discussed. Gold nanoparticles (GNPs) could be reduced in-situ where as silver nanoparticles 

AgNPs were externally reduced and introduced into the alginate films. Lowest concentration 

of CV that was detected by this method is 10 nM or ~4 ppb. CV is reported to be toxic as 

well as carcinogenic above a dose of 1 ppb.
268

 Both the films were found to show excellent 
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SERS based sensing which makes both Au/Ca-Fe-Alg and AgNPs-Alg films as a potential 

substrate for SERS detection. AgNPs-Alg films were further used for studying dosimetric 

enhancement using EBT3 films for potential application in radiosensitization.  
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5 

Synthesis and characterization of AgNPs and AgCl/AgNPs for detection of 

sildenafil citrate  

 

In this chapter, we have discussed about two types of synthesis of silver nanoparticles and 

their application in detection of a drug molecule, sildenafil citrate (SC). Both types of 

nanoparticles can be used for detection of SC by SERS, yet the informations obtained from 

both the methods are majorly different, which has been discussed in this chapter. 

5.1. Detection of sildenafil citrate by AgNPs 

5.1.1. Background 

Herbal medicines
269

played an important role in human health before manufactured 

medicines came in the market. Plant extracts, which are often used as food preservatives
270

, 

dietary supplement
271, 272

 or herbal medicines
273-275

 in different countries, are a mixture of 

various organic compounds.
276

 Characterization of each component of a plant extract to 

evaluate its medicinal value for the purpose of quality control is tedious and time 

consuming. Quality control of herbal medicines
277

 is difficult owing to challenges 

encountered due to lack of substantial research data, expertise and appropriate control 

mechanism
278

 is reported by World Health Organization (WHO)
279

. Moreover, herbal 

medicines are available as over-the-counter (OTC) drugs and they are considered to be 

bereft of any side-effects.  

In reality, the case is a little different. Herbal medicines available to treat erectile 

dysfunction (ED) claim to contain natural ingredients such as Panax ginseng
280

,Tribulus 

terrestris
281

,Yohimbine
282

, etc. Apart from the above ingredients, these medicines are 
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reported to contain very low concentration of synthetically manufactured sildenafil citrate 

(SC)
283

 and its analogues
284

, which are widely used to treat ED
285

 and pulmonary 

hypertension
286

.People suffering from ED often resort to these OTC drugs, on being unable 

to be vocal about the problem to the physician
287

, because of the social stigma
288

 associated 

with this problem. In such a case, quality checkof the above OTC drugs is imperative to 

assess the health risks involved with these drugs by available analytical techniques.  

SC is a selective phosphodiesterase type 5(PDE-5) inhibitor
285

. PDE-5 binds specifically to 

cyclic guanosine monophosphate (GMP) and disrupts nitric oxide
289

 release which is 

essential for vasodilation in smooth muscles for penile erection. SC is the first synthetic 

effective cure for ED. 1n 1998, FDA approved its usage under the brand name Viagra. This 

drug was prescribed to more than 130 million patients worldwide. Post marketing, many of 

the side effects of the drugs were reported. Fatal cardiovascular events due to myocardial 

infarction in patients under organic nitrate medication upon consumption of SC were 

reported
290

. 

Several analytical techniques such as high pressure liquid chromatograpy (HPLC)
291, 292

, 

mass spectrometry
291

,voltametry
293

,spectrofluorimetry
294

, etc. are reported for detection of 

SC in herbal OTC drugs with detection limit as low as 50pg/ml
292

. Applicability of any 

technique can be judged on the basis of its detection time and detection limit
295

. 

Surface enhanced Raman scattering (SERS) is a fingerprinting technique 
296

where Raman 

spectrum of a molecule present in trace concentration can be recorded. Molecules adsorbed 

on the surface of plasmonic nanoparticles experience near field 
231

 due to plasmonic 

oscillation upon excitation at resonance condition. When near field of two or more 

plasmonic nanoparticles interact due to agglomeration, an enhanced localized electric field 

is generated at the confluence. This junction with enhanced localized electric field is called 
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hot-spot 
259

. This enhanced electric field generated upon excitation of the agglomerated 

assembly of plasmonic nanoparticles at the resonance frequency polarizes the molecules 

adsorbed on the surface of the nanoparticles, which is eventually expressed as SERS 

spectrum in far-field
297

. In this work, we have brought forward a surface enhanced Raman 

scattering based methodology, which is, for detection of SC in aqueous medium with low 

detection limit, low detection time and high selectivity.  

5.1.2. Instrumentation details 

Jasco V-650 UV-visible spectrophotometer was used for acquiring the absorption spectra of 

experimental solutions. Raman and SERS spectra were recorded using the 514 nm line from 

an Ar
+
 ion laser (35-LAP-431-230, Melles Griot). The Raman spectrum of solid SC was 

recorded using the 514 nm laser line. A sample of solid SC, in powder form, was taken on a 

glass slide and Raman scattering light was collected at back scattering geometry with a 50X 

LWD (long working distance) objective. For the SERS spectra, the sample solutions were 

taken in a standard 1 × 1 cm
2
 quartz cuvette and the Raman scattered light was collected at 

180° scattering geometry and detected using a CCD (Synapse) based monochromator 

(LabRAM HR800, Horiba Jobin Yvon, France) together with an edge filter. The spot size 

on the sample was ∼0.5 mm in diameter, and the laser power at the sampling position was 

10mW for the excitation wavelengths of 514 nm. The Raman band of a silicon wafer at 520 

cm
−1

 was used to calibrate the spectrometer, and the accuracy of the spectral measurement 

was estimated to be better than 1 cm
−1

. Transmission electron microscopy images (TEM) of 

nanoparticles were acquired by using a Ziess, Libra 12 instrument. 
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5.1.3. Experimental Section  

5.1.3.1.  Chemicals  

Silver nitrate (AgNO3, 99.9999%), sildenafil citrate (≥98%) and sodium citrate tribasic 

dihydrate (≥98%) were obtained from Sigma-Aldrich and were used as received. All the 

experiments were performed in Millipore purified water. 

5.1.3.2. Method of synthesis of AgNPs        

Silver nanoparticles (AgNPs) were synthesized by reduction of aqueous solution of AgNO3 

by sodium citrate 
298

, similar to modified Turkevich method
299-301

 for synthesis of gold 

nanoparticles. In brief, 100 ml of 1 mM AgNO3 solution was heated near to its boiling point 

and then 2 ml of 1 % (w/v) sodium citrate solution was added to it. The above mixture was 

stirred and further boiled for 5 minutes till a greenish yellow solution was obtained. The 

final volume of the mixture was made upto 100 ml in a volumetric flask and was allowed to 

cool. This aqueous stock solution of AgNPswas used to perform further experiments. UV-

visible absorption spectrum of the above solution was recorded. 

An aqueous stock solution of 10
-3

 M of SC was prepared. Systematic dilution of the stock 

solution of SC was done to obtain solutions of different concentrations, the lowest being 10
-

10
 M. Different concentrations of SC solution were added to AgNPs solution and then UV-

visible absorption and SERS measurements were performed. Effect of pH on the SERS 

spectra was studied on 10
-6

 M SC in AgNPs solution by systematic addition of HCl or 

NaOH to optimize maximum SERS intensity condition. HCl or NaOH was added to the 

experimental mixture only after specific concentration of SC has been added to the AgNPs 

solution in all experiments.SERS spectra were also recorded at varying time interval after 

addition of SC to AgNPs solution to ascertain minimum time interval for maximum 

intensity of SERS spectra. After optimization of pH and time interval, concentration 
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dependent study of SERS of SC on AgNPs was performed to obtain detection limit of the 

methodology. 

TEM image of AgNPs stock solution and 10
-6

 M SC on AgNPs solution was recorded to 

check the agglomeration in AgNPs upon addition of SC. 

5.1.4. Results and Discussion         

5.1.4.1. UV-Visible spectrophotometry: 

AgNPs were synthesized by reduction of AgNO3 by sodium citrate at near boiling 

temperature in aqueous medium. The synthesized AgNPs showed absorption maxima at 430 

nm (surface plasmon band) as shown in fig. 5.1.a. pH of the AgNPs stock solution was 

found to be ~6.5.Sodium citrate reduces AgNO3 as well as stabilizes AgNPs by adsorption 

of citrate ion on the surface.
299-301

 No change in absorption spectra was obtained upon 

addition of 10
-5

 M or 6.670μg/ml of SC to AgNPs solution. Upon changing the pH of the 

solution from 6.5 to 2.0 by addition of HCl, a distinct shift in plasmon peak was observed, 

which is shown in fig.5.1.b. Similar shift in absorption spectra was observed upon addition 

of 10
-6

 M or 0.667μg/ml of SC to AgNPs solution and subsequent lowering of pH from 6.5 

to 2.0, is shown in fig. 5.1.c.Upon changing the pH of blank AgNPs solution from 6.5 to 

2.0, plasmon peak almost disappeared which is shown in fig. 5.1.d. Carboxylate (COO
-
) 

groups of citrate ion, present on the AgNP surface, get protonated upon lowering the pH of 

AgNPs stock solution to 2.0
302

and the negative charge on AgNPs
298

is reduced, which leads 

to agglomeration of AgNPs. pKa values of SC are reported to be 7.10 and 9.84
303, 304

 

corresponding to tertiary amide of piperazine moiety and secondary amide of pyrimidinone 

moiety, which indicates that SC exist as a positively charged moiety below pH 7.10. SC gets 

adsorbed on the surface of AgNPs by ionic interaction with citrate ions at pH 2.0, thereby 

preventing complete agglomeration of AgNPs as shown in fig 5.1.d. Extent of 
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agglomeration in AgNPs progresses as the concentration of SC is reduced from 10
-5

 M to 

10
-6

 M, which is evident from shift in plasmon band from 482 to 489 nm and also from 

appearance of a shoulder at 634 nm, as shown in fig. 5.1.b and c.
305

This clearly indicates 

that agglomeration is brought about by increased ionic strength of the solution due to 

addition of 10
-2

 M HCl in order to attain pH 2. As a result, at low concentration of SC, i.e., 

10
-6

 M, a shoulder appears in fig. 5.1.c due to plasmon coupling 
306

. 
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Figure 5.1. UV-Vis absorption spectra of (a) AgNPs solution at pH 6.5, (b) 10
-5

 M SC on 

AgNPs solution at pH 2.0, (c) 10
-6

 M SC on AgNPs solution at pH 2.0 and (d) AgNPs 

solution at pH 2.0. 

TEM image of as synthesized AgNPs and AgNPs in presence of 10
-6

 M SC was recorded to 

confirm agglomeration in AgNPs upon lowering the pH from 6.5 to 2.0, which is shown in 

fig. 5.2.a and b. 
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Figure 5.2. Transmission electron microscopy (TEM) image of (a) AgNPs solution at pH 

6.5 and (b) 10
-6

 M SC on AgNPs solution at pH 2.0. 

5.1.4.2. Comparative study of the experimetal and theoretical Raman spectra of 

SC: 

Density functional theory (DFT) calculations with B3LYP functionality and 6-31G* basis 

set were carried out to optimize structural geometry with minimum energy and to compute 

the theoretical Raman spectrum of SC, as shown in fig. 5.3.a. Raman spectrum of solid SC 

was recorded at 514 nm excitation, as shown in fig. 5.3.b. Peaks in the solid SC Raman 

spectrum were assigned to the corresponding vibrational modes in the SC molecule by 

consideringthe theoretical Raman spectrum as a reference. The vibrational assignments are 

given in table 5.1. 

Table 5.1. Assignment of vibrational modes of SC by comparison of peaks of 

experimental and theoretical Raman of SC (fig. 5.3). 

Calculated Raman 

shift /  cm
-1

 

Experimental 

Raman shift / cm
-1

 

Experimental SERS 

/ cm
-1

 

Modes of vibration 

1582 1580 

1578 C=C stretching 

 (ring III) 

1562 1565 1557 C=N stretching  
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(ring II) 

1525 1529 

1525 C=C stretching  

(ring I and II) 

1479 1486 

1483 ring breathing 

(ring I and II) 

1402 1404 

1397 ring distortion 

(ring I and II) 

 

SC molecule consists of a substituted pyrazolo-pyrimidinone ring (ring I and II), a 

substituted phenyl ring (ring III) and a methylated piperizine ring (ring IV) connected to 

each other. Bond structure and geometry optimized structure of SC is given in scheme 5.1.a 

and b respectively. The strong Raman bands at 1580, 1565, 1529, 1486, 1404 and 1238 cm
-1 

are assigned to phenyl C=C stretch (str), C5=N4 str, C8=C9 str, ring I breathing, phenyl ring 

distortion (dis) and phenyl ring breathing. All the above 6 bands are characteristic bands for 

fingerprinting among which 1580 cm
-1

 band is the strongest in intensity
307

. All the analytical 

quantification can be done using 1580 cm
-1

 as the reference band. Raman bands below 1100 

cm
-1

, which corresponded to breathing vibrations of ring I, II and III, were not considered 

for fingerprinting as their intensity was found to be low. 
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Scheme 5.1. (a) Bonding structure and (b) geometry optimized structure of SC. Color 

scheme for carbon, nitrogen, oxygen, sulphur and hydrogen is grey, blue, red, yellow and 

white, respectively. 

 

 

1200 1300 1400 1500 1600

(b) 

1
5

8
0

1
5

6
5

1
5

2
9

1
4

8
6

1
4

0
41
2

3
8

1
5

8
2

1
5

6
2

1
5

2
5

1
4

7
9

1
4

0
2

1
2

4
0

 

 

In
te

n
s

it
y

 

Raman Shift / cm
-1

1
2

3
0

(a) 

 

Figure 5.3. Theoretical Raman spectrum of SC and (b) experimental Raman spectrum of 

solid SC recorded at 514 nm excitation. 
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5.1.4.3. Surface enhanced Raman scattering study of SC: 

In order to investigate the maximum intensity condition for measurement of SERS spectra, 

pH of the solution of 10
-6

 M SC in AgNPs solution was varied from 10.0 to 2.0, by addition 

of HCl or NaOH, prior to recording of SERS spectra. It is quite evident from fig. 5.4. that 

SERS intensity of the above solutions improve as the pH is lowered from 10.0 to 2.0. The 

reason for the above phenomenon is explained earlier (vide supra). In order to obtain most 

intense spectra, all the further SERS experiments were carried out at pH 2.0. 
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Figure 5.4. SERS spectra of 10
-6

 M SC in AgNPs solution at pH 2.0, 5.0, 7.0, 9.0 and 

10.0. 

Upon addition of 10
-6

 M SC to AgNPs solution, SERS spectra were recorded at different 

time intervals starting from the time of addition of HCl to bring down pH to 2.0, which is 

shown in fig. 5.5.a. SERS intensities at 1580 cm
-1

 in the above spectra were plotted with 

respect to time in minutes as shown in fig. 5.5.b. The data obtained in the fig. 5.5.b were 

best fitted using 1
st
 order exponential growth kinetics. It was observed, SERS intensity 

achieved saturation after about 10 minutes. All spectra in further experiments were thus 
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recorded after 10 minutes of addition of HCl to SC and AgNPs solutions. Based on the 

above information, one can safely consider this method as very fast. 

1200 1300 1400 1500 1600 1700

20

1
5

8
0

1
5

6
2

1
5

2
6

1
4

8
5

1
4

0
0

1
2

3
2

 

In
te

n
s

it
y
 

Raman shift / cm
-1

ti
m

e
 /

 m
in

0

(a)

 

0 5 10 15 20

@ 1580 cm
-1
 

 

 

In
te

n
s

it
y

 

Time / min

(b)

 

Figure 5.5. (a) SERS spectra for 10
-6

 M SC in AgNPs solution at different time intervals 

after   addition of HCl. (b) SERS intensity at 1580 cm
-1

w.r.t. time in minutes, data as 
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acquired from fig. 5.5.a. Red line is indicative 1
st
 order exponential growth fitting of the 

data points. 

The effect of concentration on SERS spectra by varying the concentration of SC in AgNPs 

solution was investigated. The concentration of SC was reduced from 10
-4

 to 10
-7

 M in 

AgNPs solution at pH 2.0 and SERS spectra were recorded at an exposure of 60 s under 

excitation of 514 nm, is shown in fig.5.6.a. Maximum SERS intensity was observed in the 

spectrum of 10
-6

 M SC in AgNPs. This phenomenon can be attributed to monolayer 

adsorption of SC on AgNPs
308

. Higher concentration of SC shows lower SERS intensity 

owing to self absorption
308

.On further lowering of the concentration of SC, sub monolayer 

adsorption of SC lead to lowering of SERS intensity. In order to investigate concentrations 

of SC lower than 10
-7

 M, exposure time for recording of SERS spectra was increased to 120 

s. SERS spectrum of 10
-7

 M to 10
-11

 M SC added to AgNPs solution were recorded under 

514 nm excitation at 120 s exposure is shown in fig. 5.6.b.Comparison of experimental 

Raman and SERS spectra of SC as shown in fig. 5.3.b and 5.6.a.iii, respectively, revealed 

that both the spectra show a very good mutual correspondence, with a constant difference of 

3-5 cm
-1

 (table 5.1). This indicates that SERS enhancement observed above is purely 

electromagnetic 
309

 in nature.  
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Figure 5.6. SERS spectra of (a) (i) 10
-4

 M, (ii) 10
-5

 M, (iii) 10
-6

 M and (iv) 10
-7

 M SC in 

AgNPs solution recorded at 514 nm excitation under 60 s exposure and (b) (i) 10
-7

 M, (ii) 
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10
-8

 M, (iii) 10
-9

 M, (iv) 10
-10

 M and (v) 10
-11

 M SC in AgNPs solution recorded at 514 nm 

excitation under 120 s exposure. 

In order to determine the linearity range for detection of SC by the method discussed above, 

SERS intensity at 1578 cm
-1

, most intense characteristic peak of SC corresponding to phenyl 

C=C stretching in SC, was plotted with respect to –log of concentration of SC, which is 

shown in fig. 5.7.a and b. For the concentration of SC from 10
-4

 M to 10
-6

 M, a monotonic 

increase in intensity of SERS signal was observed as shown in fig. 6 (a). Again, for the 

concentrations of SC from 10
-7

 M to 10
-10

 M, a monotonic decrease in SERS signal was 

observed as shown in fig 5.6.b. An ambiguity in concentration quantification may arise due 

to the observed monotonic increase in SERS intensity below 10
-6

 M which is the monolayer 

concentration
310

and for concentrations below 10
-7

 M, where a monotonic decrease in SERS 

intensity is observed, as shown in fig. 5.7.a and b, respectively. This can be resolved by 

recording two SERS spectra of SC in AgNPs solution, with a specific concentration of SC 

and a ten times diluted concentration of the same. By observing the trend whether 

decreasing or increasing, the concentration of SC can be quantified.  



 

 

 

139 
 

4 5 6 7

0

1

2

3

4

5

 

 

R
e

la
ti

v
e

 I
n

te
n

s
it

y
 

- log [SC]

(a)

 

7 8 9 10

1

2

3

4

LOD

(b)

 

 

R
e

la
ti

v
e

 I
n

te
n

s
it

y

- log [SC]

LOQ

 

Figure 5.7. SERS intensity of (a) 10
-4

 M to 10
-7

 M and (b) 10
-7

 M to 10
-10

 M SC for 1578 

cm
-1

 peak w.r.t. –log [SC] as acquired from fig. 6 (a) and (b). [SC] stands for concentration 

of SC added to AgNPs solution. Red dashed line is indicative of the linear curve fitting of 



 

 

 

140 
 

the data points. LOQ and LOD stands for limit of quantitation and limit of detection 

respectively. 

OTC drugs for ED contain extracts of ginseng, L-arginine, Yohimbine, etc. There are 

reports of Raman spectroscopic quantification of various ginseng extracts. Chinese ginseng 

shows characteristic peak at 980 cm
-1

 whereas, American and Korean ginseng show 

characteristic peak at 1600 cm
-1

 in dispersive Raman spectroscopy
311

. SERS study of 

ginseng is yet not reported. L-arginine is another natural component of Herbal OTC drugs 

used to treat ED. Raman and SERS study of L-arginine shows that there is no interference in 

1580 cm
-1

 characteristic region of SC
312

. Moreover, SERS study of SC is being done at pH 

2.0, whereas, L-arginine shows SERS at pH 9.0. Yohimbine, another drug used to treat ED, 

shows vibrational peak at 1571 cm
-1

 in Raman spectrum
313

 which is closer to 1580 cm
-1

 

peak of SC. This interference may be removed by chromatographically separating SC from 

Yohimbine matrix. The SERS based methodology discussed in this work is very reliable in 

terms of qualitative analysis due to its fingerprinting property. 

5.1.4.4. Qualitative and quantitative analysis: 

Analytical techniques used for detection and quantification of SC such as UV-Visible 

spectrophotometric method
314

,mass spectrometry
292

, voltametry
293

, potentiometry
315

 and 

spectrofluorimetry
294

 are reported with linear range of detection from 1.250 to 25.000μg/ml, 

0.125 to 40.000 ng/ml, 29to 320 ng/ml, 6.6 to 600.0μg/ml and 0.004 to 25.000μg/ml, 

respectively. Separation techniques used for separation of SC from drug matrix such as 

HPLC
291

, micellar electrokinetic chromatography
316

, adsorptive stripping
293

, polymeric 

membrane
315

 and surfactant mediated methods
294

 are reported. Qualitative detection limitor 

limit of detection (LOD)
317

 of 50 pg/ml for electrospray positive ionization (ESI)-mass 

spectrometry (MS)
292

is the lowest. Qualitative SERS analysis of SC by hand held Raman 
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spectrometer is reported.
318

 Recently, quantitatively detect SC by SERS technique 

werereported
319-321

 with LOD as low as 1μg/ml.
322

 

In this work, we could achieve a very low LOD, utilizing a very popular citrate reduced 

AgNPs sol 
299

 and pH dependent control of adsorption of SC, unlike other reported methods 

319-322
. Two linearityranges,10

-4
 to 10

-6
 M (66.7 to 0.667 μg/ml) in order of increasing SERS 

intensity with decreasing SC concentration and 10
-7

 to 10
-9

 M (66.7 to 0.667ng/ml) in order 

of decreasing SERS intensity with decreasing SC concentration, which is shown in fig.5.7.a 

and b, respectively, were observed. LOD is 10
-10

 M or 66.7 pg/ml for SC whereas, limit of 

quantitation (LOQ) is 10
-9

 M or 0.667ng/ml for SC using SERS based detection method as 

discussed in this work, as shown in fig. 5.7.b. LOD is defined as the minimum concentration 

of an analyte that can be detected but not necessarily quantitated whereas LOQ is the 

concentration of analyte greater than or equal to the minimum concentration on the 

calibration curve
317

. 

5.1.4.5. Potential application in quality control: 

SC is effective in doses of 25, 50 and 100 mg, depending upon the extent of ED in a subject. 

Upon dissolving a tablet or a capsule containing at least 25 mg of SC in 1000 ml, the final 

concentration stands out to be 25 μg/ml, which is within the higher linearity range shown in 

fig.5.7.a. SC metabolizes through P450 3A4 pathway
323

. Potent inhibitors of P450 3A4 

pathway such as cemitidine, erythromycin or drugs such as amiodarone, digoxin, diltiazem, 

losartan, nifedipine, atorvastatin, cisapride, etc. which metabolizes through P450 3A4 

pathway, reduces the clearance of SC and increases the plasma concentration of SC
323, 324

. 

Moreover, subjects with severe renal impairment, also reduces clearance of SC from human 

body
323, 324

. OTC drugs with concentration of SC lower than 1 mg per capsule or tablet, may 

increase plasma concentration of SC through accumulation due to reduced clearance as 
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discussed above. In such a case, detection and quantification of SC in concentration range 

lower than 1 μg/ml can be carried out in the lower linearity range as shown in fig.5.7.b. 

OTC drugs with SC adulteration are a potential threat to subjects under nitrate medication 

owing to sildenafil nitrate hypotension interaction
325-327

 which leads to synergistic decrease 

in blood pressure 
328

.  The above discussion emphasizes on the necessity of development of 

a quality control method to check SC adulteration in OTC drugs. 

5.2. Detection of Sildenafil citrate by AgCl/AgNPs 

5.2.1. Background 

Researchers indulge in hybrid plasmonic devices investigation of their interesting energy 

conversion
329-331

 and sensing applications
330, 332

, worldwide. As discused earlier, plasmonic 

noble metal nanoparticles (NMNPs) exhibit a unique optical property known as localized 

surface plasmon resonance (LSPR)
333

 which is very specific to the size
334

, intra-band 

transition
79

 and dielectric function of the metal nanoparticle
335

 as well as that of the 

medium
335

. Moreover, two or more NMNPs, especially gold and silver, upon approaching 

each other, their near-fields
336

 tends interact, which results in generation of an enhanced 

electric field at the junction, known as hotspot.
79, 337

 The above mentioned near-field 

interaction is known as plasmon coupling. For example, UV-vis absorption spectra is a 

manifestation of near-field interaction in the far-field 
79

 This forms the basis of use of 

gold
338

 and silver
339

 nanoparticles in colorimetric sensing. Often assembly
340

 or 

disassembly
341

 of NMNPs is associated with a visual colour change. Colorimetric sensing is 

often used to detect drugs
342

, dyes
343

, pollutants
344

 and ions
341

 using NMNPs. Lately, copper 

nanoparticles (CuNPs) were found to show colorimetric response to sulphide ions
345

, due to 

conversion to non-plasmonic CuS. This is an example of chemical transformation of the 

nanoparticles leading to colour change. Another facet of application of plasmonic coupling 
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is surface enhanced Raman scattering (SERS). Raman scattering of molecular vibrations 

directly depends upon the square of electric field intensity
337

. The informations that can be 

extracted from SERS has been discussed earlier.
108, 337, 346-350

 

Inter-particle coupling observed in hybrid nanoparticle dimers is similar to plasmonic 

coupling,  and has potential application in single molecule SERS sensing.
351

 The role of 

non-plasmonic materials such as graphene
352, 353

, titanium dioxide
354, 355

, zinc oxide
356, 357

, 

aluminium oxide
358

, cadmium selenide
359

,etc. towards electric field enhancement in hybrid 

nanoparticle dimers have also been explored. Recently, it was demonstrated that the inter-

particle electron transfer occurs in hybrid nanostructures in which silver clusters has been in 

reduced graphene oxide (rGO) electrodes which increases the sensitivity of detection of 4-

nitrobenzene thiol. The above phenomenon is not only for SERS based sensing but also for 

electrochemical applications
360

. Photo induced enhanced Raman spectroscopy (PIERS) is 

also observed in hybrid nanostructures,
361

 where UV pre-treated TiO2 nanoparticles 

sensitized in vicinity of gold nanoparticles show enhanced SERS signal.
361

 Plasmonic 

nanoparticles is reported to induce charge separation where NMNPs act as photsensitizers in 

semiconductor nanoparticles. There are few reports related to the interaction of silver 

nanoparticles (AgNPs) with silver chloride nanoparticles (AgCl NPs)  which has revealed 

that AgCl NPs act as a photocatalyst whereas AgNPs act as photosensitizer. It is known that 

AgCl has an indirect band gap of  3.25 eV
362

 or 381 nm where the conduction band is 

present 0.09 eV above the Fermi level.
363

 Here, AgNPs were found to serve as a photo-

sensitizer which provides electron to conduction band even at energies much lower than 

3.25 eV. This prospect has been well utilized and studied for potential photocatalytic 

applications
363, 364

. The implication of AgCl on SERS of molecules adsorbed on AgNPs is 

yet to be investigated. 
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In this work, AgCl/Ag nanoparticle dimers (NPDs) were synthesized and its potential 

application in SERS sensing was explored. Ag/AgCl NPD was isolated in a non-aqueous 

medium as an intermediate by Chen et al. where AgNPs were synthesized from AgCl in 

ethylene glycol medium.
365

 In this work, the premise of synthesis of AgCl decorated AgNPs 

in aqueous medium has been explored. Synthesis of non aqueous solvents has been avoided 

as they tend to have their own vibrational bands in the region 200-2000 cm
-1

 which is the 

finger-printing region. Sildenafil citrate (SC) was chosen as a suitable adsorbate whose 

detection is important for quality control of herbal medicines.
366

 It is known that SC has two 

possible donor N-atom available to bind with AgNPs. SERS of SC on silver dendritic 

nanostructures was demonstrated by Meng Lv et al
319

.The molecules with N-donor centres 

bind selectively to the surface of AgNPs is recently reported.
111

 The aim of the work 

involves the synthesis of AgCl/Ag NPD, in aqueous medium, which is crucial for 

photocatalytic applications
367

 as there are speculation revolving around the role of eaq
-
 

during photocatalysis in aqueous medium. A systematic study of addition of varying 

concentration of SC in presence of a fixed concentration HCl to AgNPs leading to the 

synthesis of AgCl/Ag NPD, is shown in this work. Detailed SERS study at varying 

excitation wavelength gave crucial information regarding the chemical processes occurring 

on the surfaces of AgCl-NPs and AgNPs, upon illumination. Moreover, a pulse radiolysis 

study of SC under reducing condition aided in establishing the mechanism of light induced 

surface reactions observed in the case of SC on the AgCl/Ag NPD. 

5.2.2. Instrumentation details 

UV-vis absorption spectroscopy, Raman spectroscopy and transmission electron microscopy 

(TEM) has be done by using the instruments mentioned in section 5.1.2.  The pulse 

radiolysis kinetic spectrophotometric detection setup of energy 7 MeV was used in this 

study and the data analysis protocols have been discussed by Kapoor et. al.
368

 Briefly, the 
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samples were irradiated in a suprasil quartz cuvette of dimension 1 cm x 1 cm, kept at a 

distance of 12 cm approximately from the electron beam window. The beam diameter is 

approximately 1 cm. Electron pulses of 50 ns were used. 10
-2

 M KSCN solution (aerated) 

was used for dosimetry, and the (SCN)2
●-

 radical was monitored at 475 nm. The absorbed 

dose per pulse was calculated
1
 assuming Gε[(SCN)2

●-
] = 2.6x10

-4
 m

2
 J

-1
 at 475 nm. 

Absorbed dose was of the order of 14 Gy per pulse. 

The radiolysis of water produces reactive free radicals, hydrated electrons (eaq
-
), OH radicals 

and H atoms, and molecular products H2O2 and H2, as per the stoichiometry
1, 369

 shown in 

reaction (5.1) 

H2O⇝eaq
-
(0.28), 

●
OH(0.28), 

●
H(0.06), H2(0.05), H2O2(0.07), H3O

+
(0.27)  (5.1) 

where the numbers in parentheses represent the radiolytic yields expressed in terms of G-

values which is defined as the quantity of species formed per Joule of energy deposited at 

pH 7 in μmol J
-1

. For studying the eaq
-
 reaction, 

●
OH radicals were scavenged by addition of 

tert-butanol (reaction 5.2) 

●
OH +(CH3)3COH → H2O + 

●
CH2(CH3)2COH      (5.2) 

5.2.3. Experimental Section 

5.2.3.1. Chemicals 

Silver nitrate (AgNO3, 99.9999%), sildenafil citrate (≥98%) and sodium borohydride 

(NaBH4, 99.99%) were obtained from Sigma-Aldrich and were used as received. 

Hydrochloric acid (30%) was obtained from Merck. All the experiments were performed in 

Millipore purified water. 
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5.2.3.2. Synthesis of silver nanoparticles: 

Silver nanoparticles (Ag NPs) were synthesized by reduction of silver nitrate by sodium 

borohydride as described by Creighton et. al
370

. Drop wise addition of 10 mL AgNO3 (1 

mM) solution was done to 30 mL of 2 mM NaBH4 (0-5°C) with slow stirring. The AgNPs 

solution, thus formed was yellow in colour and was found to be stable at room temperature 

for several weeks. The AgNPs synthesized were at pH~9. The above synthesized AgNPs 

solution was stored at 8 °C for 24 hours before conducting any further experiment and was 

marked as AgNP stock. 

5.2.3.3. Synthesis of silver chloride decorated silver nanoparticles: 

The above Ag NP stock solution was diluted three times with Millipore water and then to 

the above diluted AgNPs solution, different concentrations of sildenafil citrate (SC) were 

added followed by addition of conc. HCl while stirring vigourously, so that the 

concentration of chloride ion is 0.03 M in the final solution. 

5.2.4. Results and Discussion: 

5.2.4.1. UV-vis absorption study 

UV-vis absorption spectra of synthesized AgNPs were recorded in a cuvette of pathlength 3 

mm after 1 hour and 24 hours from the onset of the reduction of AgNO3 by NaBH4
141

 which 

is shown in fig. 5.9.a and b. The reduction of Ag
+
 ion by NaBH4 is summarized in chemical 

equation 5.3. 
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Figure 5.8. UV-vis absorption spectra of Ag NPs recorded after (a) 1 h and (b) 24 h of 

reduction, at ambient conditions (pH~9) measured in 3 mm path length  quartz cell. 

nAg
+
 + nBH4

-
 + nH2O → Agn

0
 + B(OH)3 + 7/2 n H2    (5.3) 

After 24 hours of the onset of the reduction reaction, UV-Vis spectrum of AgNPs was found 

to show no further change. The LSPR band of AgNPs appears at 390 nm after 1 hour of the 

onset of the reduction reaction, along with an appearance of a slight shoulder at 417 nm (fig. 

5.9.a). After 24 h, the LSPR band of Ag NPs evolved into a sharp and symmetrical peak at 

391 nm (fig. 5.9.b) indicating that the Ag NPs obtained are spherical and monodispersed.
207

 

The fate of AgNPs after chlorination by conc. HCl was studied in the absence of SC. The 

absorption spectrum of AgNPs in presence of 0.03 M HCl was recorded (fig. 5.9.a). The 

above figure showed that the absorbance of AgNPs at 394 nm reduced with time. Total time 

taken for the reduction of the absorbance was 35 minute. The reduction in absorbance may 
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be due to oxidation of AgNPs to AgCl. The above reaction mixture also contained Na
+
 and 

NO3
-
 ion. HCl

371
 is reported to be a stronger acid than HNO3

141
. As a result. the reaction of 

NaNO3 with HCl, yielded HNO3 as per equation 5.4: 

NaNO3 + HCl → NaCl + HNO3       (5.4) 

Moreover, dil. HNO3 is an oxidising agent
372

 which would Ag
0
 on AgNPs to Ag

+
 as per 

equation 5.5: 

Agn
0
 + 4/3 n HNO3 → nAgNO3 + 1/3 n NO + 2/3 n H2O     (5.5) 

Since, the solubility product of AgCl
373

 is very low, i.e., in the order of 10
-10

, AgNO3 and 

NaCl would react to give insoluble AgCl and soluble NaNO3. This accounts for the 

disappearance of LSPR upon addition of HCl to AgNPs solution. 
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Figure 5.9. Absorption spectra of Ag NPs recorded in (a) absence of SC and in presence 

of (b) 10
-4

 M, (c) 10
-5

 M and (d) 10
-6

 M SC in presence of conc HCl (0.03 M) in a 10 mm 

quartz cell at specific time intervals. Inset: for fig. (b)-(d), shift of absorption maxima of 

coupled plasmon peak with time (min). 

In presence of SC, the addition of conc. HCl has other effects apart from chlorination of 

AgNPs.  It was observed in fig. 5.9.(b-d), that after addition of conc. HCl to a solution of SC 

and AgNPs, a red shifted peak appeared. This peak was found to shift towards higher 

wavelength along with further reduction in LSPR peak intensity of AgNPs, which was 

observed at 394 nm, with time. In order to understand the above observation, the different 

processes taking place simultaneously in the above-mentioned systems, must be taken into 

consideration. Firstly, after addition of HCl, the ionic strength of the medium increased, 

which in turn reduced the double layer thickness around AgNPs
374

. This process led to the 
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coalescence of AgNPs to form larger particles. This observation was further confirmed later 

from TEM study (vide infra). Secondly, after addition of HCl, the pH of the medium gets 

lowered to 1.52. This results in attaining of positive charge by SC molecules upon 

protonation which gets adsorbed on the AgNPs surface via ionic interaction with negatively 

charged AgNP surface
375

 which has a capping of borate ions. The reported pKa values of SC 

are 7.10 and 9.84
303, 304

 due to tertiary amide of piperazine moiety and secondary amide of 

pyrimidinone moiety respectively. Thirdly, AgNP agglomerates are formed which shows 

red-shifted LSPR, formed as a result of thinning the double layer. The red-shifted LSPR 

appeared due to plasmon coupling. In case of fig. 5.9.b and c, it is observed that 

agglomeration of particles take place, after to the addition of conc. HCl to the solution of 

AgNPs and SC (10
-4

 and 10
-5

 M),. In case of 10
-4

 M SC on AgNPs, the red-shifted LSPR 

(plasmon coupled) appeared at 525 nm just after 1 minute of the addition of conc. HCl, 

which is stabilized after about 13 minutes at 549 nm (fig. 5.9.b). Similarly, for 10
-5

 M SC on 

AgNPs, the red-shifted LSPR (plasmon coupled) first appeared at 533 nm, which was 

further stabilized after 13 minutes at 565 nm (fig. 5.9.c). The observed red-shift in coupled 

plasmon peak upon changing the concentration of SC from 10
-4

 to 10
-5

 M, on AgNPs, may 

be due to the higher degree of interaction between AgNPs as the capping of SC becomes 

less dense upon decreasing the concentration of SC in the solution. This observation is 

further confirmed by TEM studies (vide infra). Fourthly, HCl reacts with AgNPs to form 

layer of AgCl around them. The shift in absorption maxima of the red-shifted LSPR peak 

with time as shown in inset of fig. 5.9.b and c, pointed towards the slow agglomeration 

process. The sudden decrease in absorbance of LSPR peak at 394 nm, within 1 minute, was 

also observed which indicated that the rate of agglomeration of AgNPs is faster than 

formation of AgCl as shown in fig. 5.9.b and c. Further agglomeration continued upto 13 

minutes. 
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In fig. 5.9.d, in presence of 10
-6

 M SC, the reduction in LSPR peak absorbance at 394 nm 

was not drastic in comparison to that in presence of 10
-4

 and 10
-5

 M of SC (fig. 5.9.b and c). 

This indicated that as the concentration of SC was reduced to 10
-6

 M, the extent of 

adsorption of SC was lowered in comparison to the above two cases, which led to lesser 

extent of agglomeration of AgNPs. This was also evident from the appearance of red-shifted 

coupled plasmon peak closer to the LSPR (394 nm) of AgNPs after 1 minute of addition of 

10
-6

 M SC in presence of 0.03 M HCl. In the above case, the coupled plasmon peak 

appeared at 491 nm which stabilized finally at 605 nm (fig. 5.9.d). The total shift in coupled 

plasmon is drastic (114 nm) in this case as compared to the above two cases (10
-4

 and 10
-5

 

M SC). Another important observation was that in fig. 5.9.b and c, a slight shoulder 

appeared at ~350 nm which may be the direct band gap transition of AgCl. Direct band gap 

transition of AgCl is reported to appear at 241 nm or 5.13 eV
376

. The band structure is 

calculated based on bulk parameters, as a result, the direct band gap transition may be 

shifted in nanometric dimensions. There was also a possibility of assisted indirect band gap 

transition by AgNPs
377

.The observed absorbance of partly AgCl on AgNPs in presence of 

10
-5

 M SC is lower compared to 10
-6

 M SC (fig. 5.9.b and c). But in fig. 5.9.b, no trace of 

partially formed AgCl on AgNPs was observed in the absorption spectrum, in presence of 

10
-4

 M SC. The above observation indicated that lower concentration of SC favoured the 

formation of AgCl on AgNPs. Moreover, non-appearance of partially formed AgCl on 

AgNPs in the UV-visible absorption spectra of AgNPs in absence of SCwas observed, 

which is shown in fig. 5.9.a. The above discussion suggested that SC played an important 

role in stabilization AgCl in nanometric dimension. 

5.2.4.2. TEM and SAED study of SC-AgNPs-HCl systems 

TEM study of the above systems shed more light on the morphological details of AgNPs. 

AgNPs formed by the reduction of Ag
+ 

using sodium borohydride were observed to be 3-8 
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nm in size, which is shown in fig. 5.10.a. Addition of HCl (0.03M) to a solution 10
-4

 M SC 

and AgNPs, led to coalescence of AgNPs in the high ionic strength of the medium, which 

led to formation of larger AgNPs of 15-20 nm in size, which is shown in fig. 5.10.b. It can 

be clearly seen that particles are fairly spherical and agglomeration only occurs after 

addition of SC. Spherical shape of any particle is indicative of minimum surface energy, 

achieved as a result of efficient capping
378

. SC served as the capping agent. Similarly, in a 

solution of SC (10
-5

 M) and AgNPs, in presence of HCl, larger AgNPs of size 20-50 nm are 

also observed which is shown in fig. 5.10.c. The above AgNPs were found to be less 

spherical in shape as compared to those shown in fig. 5.10.b. This may be due to reduced 

extent capping of AgNPs by lower concentration of SC, i.e., 10
-5

 M, that in the case shown 

in fig. 5.10.a. Moreover, a slightly extent of agglomeration was also observed in fig. 5.10.b. 

Upon further lowering of concentration of SC to 10
-6

 M, which was added to AgNPs, 

followed by the addition of HCl (0.03 M), no further agglomeration of AgNPs (fig. 5.10.d) 

was observed. Instead, isolated dimers of AgNPs were observed. Neither AgNPs are 

effectively stabilized in 10
-6

 M SC nor was agglomeration induced in AgNPs, which is 

unlike the above cases (fig. 5.10.b and c). It was observed from the TEM image shown in 

fig. 5.10.d, spherical AgCl nanoparticles (vide infra) were formed along with every AgNPs.  

This was observed even for larger AgNPs (size > 50 nm). A work reported by Chen et al. 

where AgNPs were synthesized from AgCl, provided the essential clue which led to the 

inference discussed above. The reaction intermediate Ag/AgCl NPD were obtained in 

ethylene glycol medium
365

. They have reported two types of particles with different contrast 

in the TEM study. The particles with darker shades corresponded to AgNPs whereas lighter 

shade corresponded to AgCl NPs. 

Selective area electron diffraction (SAED) pattern were also recorded along with TEM 

images , in oder to fetch addition information for identification of crystal lattice of Ag and 



 

 

 

154 
 

AgCl (vide infra). In fig. 5.10.d, AgCl/Ag nanoparticles dimers (NPD) were observed to 

have formed upon chlorination of AgNPs in presence of weaker capping by SC. Again, the 

AgCl nanoparticles as formed in the above case were stabilized by 10
-6

 M SC. In absence of 

SC, upon HCl addition to AgNPs, led to the formation of larger non spherical AgNPs, which 

is shown in fig. 5.10.e.  
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Figure 5.10. Transmission electron microscopy (TEM) image of (a) Ag NPs (stock 

solution), AgNPs in presence of (b) 10
-4

 M, (c) 10
-5

 M, (d) 10
-6

 M SC and in (e) absence of 

SC, after addition of 0.03 M HCl. Inset in fig. d, shows magnified TEM image of AgCl/Ag 

nanoparticle dimer with lattice fringes corresponding to 400 and 440 planes of Ag and 

AgCl, respectively. 

The SAED patterns of various combinations of AgNP and SC in presence of HCl further 

substantiated the UV-vis absorption and TEM data. The SAED pattern of AgNPs solution in 

absence of SC as well as HCl showed two prominent spots corresponding to 200 and 111 

plane of Ag
379

 which is shown in fig. 5.11.a. In presence of SC, AgNP solution with 0.03 M 

HCl showed spots and rings which are characteristic of both Ag and AgCl,
380

 which is 

shown in fig. 5.11. (b-d). In fig. 5.11.b and c, planes corresponding to Ag lattice showed 

more prominent spots and rings with slight contribution from that of AgCl. In fig. 5.11.d, 

the contribution of lattice of both Ag as well as AgCl was significant. The above 

observations were further consolidated the observation made in fig. 5.10.d as well as in fig. 

5.9.d. In fig. 5.11.e, the degradation of AgNPs by HCl in the absence of SC was recorded in 

which the lattice planes corresponding to both Ag as well as AgCl were observed 

(e) 
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(e) 

 

Figure 5.11. Selected area electron diffraction (SAED) patterns of (a) Ag NPs (stock 

solution), AgNPs in presence of (b) 10
-4

 M, (c) 10
-5

 M, (d) 10
-6

 M SC and in (e) absence of 

SC, after addition of 0.03 M HCl. 

The observations made from UV-vis absorption, TEM and SAED study together forms a 

definite idea about the morphology of the particles. SC acted as a stabilizer for larger 

AgNPs and sometimes for AgCl NPs (fig. 5.10.b, c and d), formed due to the coalescence or 

chlorination of the stock AgNPs (fig. 5.10.a) in presence of 0.03 M HCl. It was observed 

that upon reduction of the concentration of SC from 10
-4

 to 10
-6

 M, the AgNPs became less 
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spherical. In presence of 10
-6

 M SC, AgNPs were weakly stabilized, which led to its 

chlorination, forming AgCl-NPs (fig. 5.10.d). AgCl-NPs were also stabilized by SC which 

was evident from its spherical shape. Both AgNPs and AgCl-NPs were present adjacent to 

each other, leading to formation of a hybrid Ag/AgCl NPD. At higher concentrations of SC 

(> 10
-6 

M), SC effectively screened AgNPs from chlorination (fig. 5.10.b and c) by Cl
-
 ion. 

Although the SAED patterns of AgNPs in presence of 10
-4

 and 10
-5

 M SC showed the 

presence of AgCl (fig. 5.11.b and c). The possibility of partial chlorination of surface of 

AgNPs
375

 cannot be negated. In a work reported by Sloufova et. al,  the effect of chlorinated 

sites on AgNPs towards SERS signal 
375

 was studied and the deviation of surface enhanced 

resonance Raman scattering (SERRS) from SERS signal may be due to higher contribution 

of chemical enhancement was attributed to formation of AgCl on the surface of AgNPs.  

5.2.4.3.  Computational study of conformers of SC by DFT 

In order to acquire structural information of SC from the vibrational spectra of different 

concentration of SC adsorbed on the surface of AgNPs as well as AgCl/Ag NPD, Raman 

spectra of solid SC as SERS spectra of SC on AgNPs solution were recorded and the data 

was compared with the Raman spectra obtained from computational methods. Pyrazolo[4,3-

d]pyrimidin-7-one (PPO), with methyl, propyl and 2-ethoxy-5-(4-methylpiperazin-1-

yl)sulfonylphenyl groups at 1st, 3rd and 5th positions, respectively, constitutes the structure 

of sildenafil.  Again , there are four nitrogen atoms at positions 1, 2, 4 and 6 in SC. SC 

shows amine-imine tautomerism among two tautomers, 4H-PPO and 6H-PPO, where a H-

atom maybe bonded to N-atom at 4
th

 and 6
th

 position, respectively. , There is also a 

possibility of ketamine-iminol tautomerism which results in an „enol‟ tautomer. Thus, SC 

has three possible conformers which are termed as  4H-PPO, 6H-PPO and Enol as shown in 

fig. 5.12.a, b and c, respectively. The geometry optimization was performed for the three 

tautomers of SC, namely 4H-PPO, 6H-PPO and enol, by density functional theory (DFT) 
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with B3LYP functional and 6-31+G(d,p) basis set. The structural arrangements of 

conformers of SC are discussed below. 

a. 6H-PPO tautomer of SC: 

The geometry optimization of 6H-PPO tautomer led to computation of theoretical Raman 

spectra (fig 5.13.c), which matched well with the experimental Raman spectra of solid SC 

recorded at 632 and 514 nm (fig. 5.13a and 5.13b). The dihedral angle, Ψ between phenyl 

ring at 5
th

 carbon and the pyrazole ring i.e. ∠N(4)-C(5)-C(1‟)-C(6‟), was obtrained to be 5°. 

b. 4H-PPO tautomer of SC: 

Theoretical Raman spectra as computed from the optimized geometry of 4H-PPO tautomer, 

did not match well with the experimental Raman spectra of solid SC recorded at 514 and 

632 nm(fig. 5.13.d).The dihedral angle, Ψ of 55° was obtained. 

c. Enol tautomer of SC: 

Theoretical Raman spectra as computed from the optimized geometry of enol tautomer, did 

not match well with the experimental Raman spectra of solid SC recorded at 514 and 632 

nm (fig. 5.13.e). 

d. Ag-6H-PPO and Ag-4H-PPO complex: 

In order to investigate the reason behind the anomalous behaviour behind the surface 

enhanced Raman scattering (SERS) spectra of 10
-6

 M SC on AgNPs, a complex of Ag-6H-

PPO was geometry optimized using DFT (Unrestricted B3LYP functional and GEN basis 

set) to obtain theoretical Raman spectra. The obtained computed Raman spectrum did not 

match with that of the experimental SERS spectra of 10
-6

 M SC on AgNPs recorded at 632 

nm (fig. 5.16), thus eliminating the possibility of charge-transfer complex formation 

between SC and AgNPs in aqueous solution. 

The geometry optimized structures of SC conformers are also shown in fig. 5.12.(a-c). 6H-

PPO was found to be the most stable conformer. 
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Figure 5.12. Structural formula and geometry optimized structures different conformers of 

sildenafil citrate (SC) namely (a) 4H-pyrazolo[4,3-d]pyrimidin-7-one (4H-PPO), (b) 6H-

pyrazolo[4,3-d]pyrimidin-7-one (6H-PPO) and (c)pyrazolo[4,3-d]pyrimidin-6-en-7-ol 

(enol) are shown. Colour code of atoms: hydrogen (white), carbon (grey), nitrogen (blue), 

oxygen (red), and sulphur (yellow). 

5.2.4.4.  Raman spectra of solid SC and assignment of modes of vibration 

Raman spectra of solid SC, recorded at excitation wavelengths of 514 and 632 nm, showed 

high mutual match which is shown in the fig. 5.13.a and b. The strong Raman spectrum 

bands at 1578, 1562, 1529, 1403 and 1238 cm
-1

 were observed.  The bands at 1578, 1562, 

1529, 1403 and 1238 cm
-1 

were assigned to phenyl C-C-C stretch (asymstr), C5=N4 str, 
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C8=C9 str, phenyl C-C-C stretch (symstr) and ring breathing modes. Raman bands of 

medium intensity at observed at 1484 and 1270 cm
-1

 were assigned to alkyl CH2 scissoring 

and N1-N2 str. The Raman bands of weak intensity observed at 1700, 1442, 1169, 1098, 

1052, 992, 925, 817, 739, 650 and 565 cm
-1

 were assigned to C7=O str, N-CH3 bend, phenyl 

CH wagging (out-of-plane), phenyl CH wagging (in-plane),  alkyl C-O bend (ethoxy group),  

N4-C5-N6 bending, phenyl ring breathing, ring breathing (ring II,III), ring bend (ring I,II), 

ring breathing (ring I,II, III) and ring distortion (out of plane) modes, respectively. The 

assignment of bands observed in Raman spectra of solid SC (fig. 5.13.a and b) was done by 

comparing with the computed Raman spectrum of 6H-PPO which is shown in fig. 5.13.c. 

The above assignments corroborated  to the reported values
307

. According to the above 

observations, SC exists majorly as 6H-PPO tautomer in the ground states, although slight 

contributions from 4H-PPO (fig. 5.13.d) and Enol (fig. 5.13.e) conformers may not be 

negated. A detailed comparison of the Raman bands in the computed spectra of SC and 

Raman spectrum of solid SC is provided in table 5.2 (vide infra). Recording of the Raman 

spectrum of aqueous solution of SC was not possible due to low solubility of SC which led 

to very poor signal to noise ratio in the Raman spectrum of a saturated solution of SC (10
-3

 

M), probably due to low Raman scattering cross section. 
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Figure 5.13. A comparison of Raman spectra of (a) solid SC excited at 632 nm, (b) solid 

SC excited at 514 nm, (c) 6H-PPO tautomer of SC (theoretical), (d) 4H-PPO tautomer of 

SC (theoretical) and (e) Enol tautomer of SC (theoretical). Intensity magnified Raman 

spectra are overlaid on the corresponding Raman spectra for the region 350-1200 cm
-1

. 

5.2.4.5.  SERS spectra of different concentrations of SC adsorbed on AgNPs in 

presence of 0.03 M HCl 

The SERS spectra of SC (10
-4

, 10
-5 

and 10
-6 

M) adsorbed on Ag NPs in presence of 0.03 M 

HCl were monitored. In fig. 5.9.(b-d), the UV-vis absorption spectra of the above solutions 

are shown. It was observed that only in presence of 0.03 M HCl, SERS spectra of maximum 

intensity was observed for the above solutions, which may be attributed to efficient 

adsorption of positively charged protonated SC molecule as well as associated AgCl 

induced agglomeration phenomenon, which is reported by Sloufova et. al. 
375
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Figure 5.14. A comparison of Raman/SERS spectra of (a) 10
-4

 M SC adsorbed on AgNPs 

excited at 632 nm, (b) 10
-5

 M SC adsorbed on AgNPs excited at 632 nm, (c) 10
-6

 M SC 

adsorbed on AgNPs excited at 632 nm, (d) 10
 -4

 M SC adsorbed on AgNPs excited at 514 

nm, (e) 10
-5

 M SC adsorbed on AgNPs excited at 514 nm, (f) 10
 -6

 M SC adsorbed on AgNPs 

excited at 514 nm, and (g) solid SC excited at 514 nm. 

The SERS spectrum of 10
-4

 M SC adsorbed on Ag NPs were almost indistinguishable 

recorded at 632 (fig. 5.14.a) and 514 nm (fig. 5.14.d) excitations. Moreover, the above 

spectra also matched reasonably with the Raman spectrum of solid SC (fig. 5.14.g). This 

implies that the presence of AgNPs closer to SC (10
-4 

M) molecule imparted almost no 

effect on the peak positions in the SERS spectra (fig. 5.14.a and d). Thus, it can be said that 

the observed signal enhancement in the above case, is mainly due to the electromagnetic 

effect with negligible contribution from metal-ligand charge transfer. Moreover, a good 
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match of the above SERS spectra with the solid SC Raman spectrum shows that SC exists in 

6H-PPO form on the Ag NPs surface. The assignment of the SERS bands is shown in table 

5.2.   

Table 5.2. Assigned Raman bands as observed in experimental Raman and SERS of SC 

under 514 and 632 nm excitation by comparing with the computed vibrational modes in 6H-

PPO and 4H-PPO tautomers of SC. Rings in SC moiety are designated as RI, RII, RIII and 

RIV as shown in fig 5.12.a and b. Vibrations specific to 6H-PPO and 4H-PPO are 

designated by # and †, respectively. Strong, medium and weak peaks are denoted by s,m and 

w respectively. The short notations str, sym, asym, wag, sci, bend, dis and twi stands for 

stretching, symmetric, asymmetric, wagging, scissoring, bending, distortion and twisting, 

respectively. 

 

Sl. 

No. 

Experimental  
Computed 

Vibrational Modes Solid 

 

SERS 

 

6H 4H 

514 

nm 

632 

nm 

514 

nm 

632 

nm 

X 

0.97 

X 

0.97 

1. 1700w 1703w   1698 1671 RII: C7=O str 

2.  1605w  1620s 1593 1593 RIII: C2‟-C3‟-C4‟asym str, C5‟-

C6‟-C1‟ asym str, C-H wag. 

3. 1578s 1584s 1574s 1580s 1566 1573 RII: N4-C5 str
#
, C5-N6 str

†
. 

RIII:C1‟-C2‟-C3‟asymstr,C4‟-

C5‟-C6‟ asym str 

4. 1562s 1567s 1559s 1563s 1547 1561 RI: N1-C8 str
#
 

RII:N4-C5 str
#
,N6-H wag

#
,C5-

N4-C9 asym str
†,‡

,N4-H wag
†
. 

RIII:C3‟-C4‟-C5‟ asym 

str
#,†

,C4‟-C5‟-C6‟ asym str,C-H 

wag. 

5. 1529s 1533s 1521m 1525m 1509 1531 RI:C8-C9 str,C3-C str
#
.  

RII:N6-H wag
#
,C5-N6 str

†
,N4-H 

wag
†
. 

6. 1484m 1490m 1481m 1482m 1458 1488 

 

RIII:Terminal H-C-H Sci
#
 (C2‟-

O-CH2-CH3), H-C-H Sci
† 

(C2‟-
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1475 

O-CH2-CH3), C-H wag
†
. 

RI: N1-CH3H-C-H sci. 

7. 1461w 1469w 1447w  1427 

1435 

1444 RI: H-C-H sci
#,†

 (C3-CH2-CH2-

CH3),CH3 bend
#,†

(N1-CH3). 

RII:N6-H wag
#
. 

8. 1442w 1445w 1425w  1412 

 

1424 RI:CH3 bend
#,†

 ( N1-CH3). 

RII:N6-H wag
#
,N4-H wag

†
. 

9. 1403s 1407s 1394s 1392s 1385 

 

 

 

1377 

 

RIII: C1‟-C6‟-C5‟ sym str,C2‟-

C3‟-C4‟ sym str,C(4‟,5‟)-H wag, 

terminal CH3 bend (C2‟-O-CH2-

CH3). 

RI:terminal CH3 bend
†
( C3-CH2-

CH2-CH3), N2-C3 str
†
. 

10. 1270m 1275m 1265m  1247 

 

1301 

 

RI:N1-N2 str, H-C-H wag (N1-

CH3), N4-H wag
†
. 

1279 

 

1275 

 

RII: N6-C7 str. 

RII: C2‟-O str
†
, C(3‟,4‟)-H wag

†
. 

1270 1270 O=S=O asym str
†
. 

 1262 C5-C1‟ str (RI and RII)
†
 

RII:N4-H wag
†
. 

RIII:C6‟-H wag
†
. 

11. 1238s 1242s 1226s 1233s 

 

1222 

 

1240 RI: CH2 wag (C3-CH2-CH2-

CH3), Breathing
†
. 

RII: N6-H wag
#
, N4-H wag

†
, 

Breathing
†
. 

RIII: Breathing, C(3‟,6‟)-H wag
†
. 

13. 1098w 1101w 1097w  1066 

1076 

 RIII: C(3‟,4‟)-H wag
#
 in-phase. 

14. 1052w 

1038w 

1059w 

1043w 

1036w  1036 

1021 

 RIII: Alkyl C-O str
#
 (C2‟-O-

CH2-CH3). 

15. 992w 997w        

982 

985 RII: N4-C5-N6 bend. 

16. 925w 930w 918w 916s 912 905 RIII: Terminal C-H wag
#
(C2‟-O-

CH2-CH3), Breathing, C6‟-H 

wag
†
 (out-of-plane). 

17. 817w 819w 808w 811s 801 

 

798 RII:Breathing. 

RIII: Terminal C-H wag(C2‟-O-

CH2-CH3), Breathing. 

18. 739w 739w  732w 701 714 RI: Ring bend (out-of-plane). 

RII:N6-H wag
#
 (out-of-plane), 

Ring bend (out-of-plane). 

19. 650w 652w 641w 649m 636 638 Ring breathing (RI, RII and RIII) 

20. 565w 564w 546w  550 563 Ring dis (RI, RII and RIII) 
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The overall intensity of the SERS spectra, at 514 nm excitation, increased upon lowering the 

concentration of SC from 10
-4

 (fig. 5.14.d) to 10
-6

 M (fig. 5.14.f) which may be due to the 

monolayer coverage of SC on Ag NPs
310

. The above observation was quantified by 

comparing the observed intensities at 1226 and 1574 cm
-1 

in all the above SERS spectra (fig. 

5.14.d, e and f) which is shown in fig. 5.15. Upon lowering the concentration of SC below 

10
-6

 M led to observation of SERS spectra with lower intensity due to sub monolayer 

formation (10
-7

 M SC). The SERS spectrum of 10
-6

 M SC adsorbed on Ag NPs in presence 

of 0.03 M HCl, recorded at 514 nm excitation (fig. 5.14.f. ) was found to match reasonably 

with the Raman spectrum of solid SC (fig. 5.14.g). Similarly, the SERS spectrum of SC (10
-

6 
M ) on Ag NPs recorded at 632 nm excitation (fig. 5.14.c) was expected to match well with 

the solid SC Raman spectrum, similar to that under 514 nm excitation. The intensities of the 

band at 1234 and 1580 cm
-1

 in the SERS spectra of the above system under 514 and 632 nm, 

were also compared (fig. 5.15.a). 
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Figure 5.15. (a) The intensity of SERS peaks at 1226 and 1574 cm
-1

 as shown in fig. 5(d-f) 

and that of peaks at 1234 and 1580 cm
-1

 as shown in fig. 5.14.(a-c). 

(b) SERS intensity of anomalous peaks at 1178, 1217, 1290, 1376 and 1620 cm
-1

 as shown 

in fig. 5.14.(a-c). 

It was interesting to note that the Raman peaks of SC below 1000 cm
-1

in fig. 5.14.c, which 

were very weak in case of solid SC (fig. 5.14.g) as well as in the SERS spectrum of 10
-4

 M 

SC (fig. 5.14.a), gained in intensity in comparison to the characteristic peak at 1578 cm
-

1
(table 5.2). The SERS peaks of high intensity at 1620, 1580, 1392, 1376, 1290, 1233, 1217, 

1178, 916, 811, 530 and 442 cm
-1

 were observed in fig. 5.14.c. Bands at 1563, 1525, 649 

and 420 cm
-1

 were found to be of medium intensity (fig. 5.14.c). The SERS bands of weak 

intensity were observed at 1442 and 732 cm
-1

 (fig. 5.14.c). The assignments of the SERS 

bands are listed in table 5.2. Some of the SERS bands, such as 1580, 1563, 1525, 1482, 

1392, 1233, 1217,916, 811, 649, 530 cm
-1

 were observed in the case of solid (fig. 5.14.g) as 

well as for the SERS spectra of 10
-5

 and 10
-6

 M of SC on AgNPs at an excitation wavelength 

of 514 nm (fig. 5.14.e and f). Some additional Raman bands were observed in the case of 

SERS of 10
-5

 and 10
-6

 M SC on AgNPs with 632 nm excitation at 1620, 1376, 1290, 1217 

and 1178 cm
-1

. The intensity of the above bands was found to increase upon decreasing 

concentration of SC, which is shown in fig. 5.15.b. Coincidentally, the formation of 

AgCl/Ag NPD was observed at lower concentration of SC (vide supra) by TEM and SAED 

study. Moreover, few low energy bands were also observed in the range of 400 to 600 cm
-1

, 

which were absent in the computed Raman spectrum of 6H-PPO form of SC (fig. 5.13.c). 

The assignment of the above additional bands was carried out after further investigations by 

other parallel experiments (vide infra). In order to rule out contributions from the laser 

intensity to the above observations, SERS spectra of 10
-6

 M SC on AgNPs in presence of 

0.03 M HCl was carried out at varying laser intensity. There are reports of surface reactions 



 

 

 

173 
 

on silver electrodes at high laser power.
381

 The above observations were found to be 

independent of any contributions from laser intensity. Again the contribution of laser energy 

was also validated by energy dependent SERS spectra. Thus, the SERS spectrum of 10
-6

 M 

SC on AgNPs, recorded at 785 nm excitation, was found to be similar to that at 514 nm 

excitation and dissimilar to that at 632 nm excitation. The observation was attributed to the 

energetical closeness of wavelength of excitation laser (632 nm) to the coupled plasmon in 

AgCl/Ag NPD as shown in fig. 5.9.d. Additionally, the incorporation of polarizer at parallel 

and perpendicular orientation with respect to the polarization of laser excitation source 

while recording the SERS spectra of 10
-6

 M SC on AgNPs both at 514 and 632 nm 

excitations, resulted in reduction of overall SERS intensity upon changing the polarization 

of the polarizer from parallel to perpendicular orientation. The above observation ruled out 

the effect of depolarization of surface enhanced Raman scattered photons
382

 in the above 

system. Computed Raman spectra of Ag-SC complex which was discussed in section 

5.2.4.3.d. is shown in fig. 5.16. The Raman spectrum of Ag-SC complex and SERS 

spectrum of 10
-6

 M SC on AgNPs excited at 632 nm did not match. Thus the possibility of 

charge transfer complex formation between AgNPs and SC is significantly reduced. 
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Figure 5.16. A comparison of (a) SERS spectrum of 10
-6

 M SC on AgNPs, 0.03 M HCl 

excited at 632 nm and (b) theoretical Raman spectrum of Ag-6H-PPO complex. 

The observed new peak at 1620 cm
-1

, as shown in fig.5.14.c, resembled the peak at 1595 

cm
-1

 in case of theoretical Raman spectra of 4H-PPO, as shown in fig. 5.13.d. The above 

resemblance hinted towards the protonation of N-atom in ring II at 4
th

 position (fig. 5.12.b). 

This consolidated the consideration of prospect of possible reaction of SC on the surface of 

AgCl/Ag NPD. AgCl/AgNP nanocomposites are often reported to be used as photocatalyst 

where AgNPs would supply electrons to the conduction band of AgCl upon excitation at 

energies below band gap energy of AgCl
363

, as per our earlier discussion in section 5.2.1. It 

is known that the LSPR of any material is decided by the bulk plasma frequency of the 

material
79

, ωsp, which is again dependent on the density of free electron, N. The bulk plasma 

frequency of any material is given by the following equation (5.6): 
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ωsp =  
Ne2

m e ε0(ε∞ +κεm )
       (5.6) 

where, me is the rest mass of an electron, ε0 is the permittivity in vacuum, ε∞ is the dielectric 

constant of the metal, εm is the dielectric constant of the dispersing medium and κ is the 

shape factor of the particles. It is known fot spherical particles, the value of κ is 2. AgCl do 

not exhibit any LSPR band
383

 due to defieciency of electrons in the conduction band. It has 

been reported that the UV-vis absorption spectra of Ag/AgCl nanocomposite is due LSPR of 

AgNPs
377

. Under visible light excitation, strong LSPR of AgNPs may create electron hole – 

pairs in adjacent AgCl-NP
363, 377

. This may result in observation of LSPR of AgCl- at a 

frequency lower than that of AgNPs, due to the fact that the electron density of free electron 

in conduction band of AgCl-NP is comparatively lower than that of Ag-NP. There is also a 

possibility of coupling of plasmons of AgNP and AgCl-NP in AgCl/Ag NPD (fig. 5.10.d) 

which may be polarized in a direction parallel to the principal axis of the NPD
351

. From the 

UV-vis absorption spectra of AgCl/Ag NPD (fig. 5.9.d), it was observed that the red-shifted 

coupled LSPR band appears at 605 nm (2.04 eV). Excitation of AgCl/Ag NPD at 632 nm 

(1.96 eV), led to creation of electron-hole pairs which would polarize the coupled surface 

plasmon. This polarized plasmon may possibly promote interfacial electron transfer from 

the surface of AgCl/Ag NPD to SC molecule for protonation of 6H-PPO at 4
th

 N-atom in 

ring II. Moreover, the enhancement of the vibrational modes below 1000 cm
-1

 in the SERS 

spectra (5.14.c)  may be due to the electric field associated with electron-hole pair which is 

analogous to reported enhanced SERS spectrum in presence of external electric field
384

. A 

parallel experiment was carried out to study the electron transfer reaction of SC essentially 

to assign the unexplained peaks as observed in fig. 5.14.c. In a reported work, Stafford et al. 

has shown that TiO2-assisted degradation of 4-chlorophenol involved direct electron transfer 

reactions whereas radiolytic degradation of the same involved hydroxyl radicals.
367

 For the 
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above discussed aim, a pulse radiolysis study of aqueous solution of SC was carried out 

under reducing condition to understand the eaq
-
reactions associated with SC as per earlier 

discussion in section 5.2.2. 

It is proposed based on earlier reports
385

 that the SC molecule may react with e
-
aq in aqueous 

medium under reducing conditions to generate radicals at 5
th

 and 7
th

 position in ring II (fig. 

5.12.b) along with fast protonation of nitrogen at 4
th

 position and oxygen attached to 7
th

 

carbon of ring II, respectively. Similar, observations were made for guanine molecule which 

is structurally similar to SC.
385

 Moreover, geometry optimizations by DFT for SC molecule 

also pointed towards the above discussed possibility by taking the Mulliken population of 

electrons
386

 into consideration, which is shown in fig. 5.17.  

 

Figure 5.17. Mulliken population analysis of electron on geometry optimized structure 

of6H-pyrazolo[4,3-d]pyrimidin-7-one(6H-PPO). Colour code of atoms: hydrogen (white), 
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carbon (grey), nitrogen (blue), oxygen (red), and sulphur (yellow). Numbering of atoms is 

shown in fig. 5.12. 

5.2.4.6. Pulse radiolysis of SC 

An aqueous solution of SC of concentration 10
-4

 M was irradiated with 50 ns e
-
 pulse of 

average dose of 12 Gy per pulse at pH 7.2 under nitrogen atmosphere and in presence of 1 

M t-BuOH. Primary free radical, 

OH, formed due to radiolysis of water, is scavenged by t-

BuOH (reaction 5.2). The transient absorption spectra of the free radical generated, under 

reducing conditions, as a result of the reaction of e
-
aq with SC is shown in fig. 5.18.a. The 

transient absorption spectra of 1 M t-BuOH solution at pH 7.2 (1 mM) under nitrogen 

atmosphere which serves as the background is shown in fig. 5.18.b. It was observed that two 

distinct peaks at 375 and 490 nm were formed at 15.2 μs after the 50 ns electron pulse. In 

fig. 5.18.b, the tail of the absorption peak of eaq
- 
is observed as background at 1.12 μs and 

1.44 μs. At 15.2 μs, the tail of absorption peak of eaq
-
 disappeared suggesting complete 

consumption of eaq
-
 either due to recombination with H20

+
 or reaction with SC. The above 

observation conclusively indicated that the eaq
- 
reacted with SC which led to the formation 

of a free radical with transient absorption band at 375 and 490 nm after 15.2 μs of the 50 ns 

electron pulse. The irradiation of aqueous solution of SC (10
-4

 M) with 50 ns e
-
 pulse of 

dose 12 Gy per pulse under reducing conditions and in presence 0.03 M HCl did not yield 

significant amount of free radical which is shown in fig. 5.18.c. It is known that eaq
- 

is 

quenched by H
+
 ion below pH 4.8 to form hydrogen radical. A comparison of the transient 

absorption spectra of SC (10
-4

 M) in 1 M t-BuOH under nitrogen atmosphere at pH 7.2 and 

0.03 M HCl, indicated that the rate constant for bimolecular reaction between SC and 

hydrated electron is comparatively higher than that between SC and hydrogen radical, which 

means there is a high probability of reduction of SC by eaq
- 
than by hydrogen radical. For the 
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sake of completion, the transient absorption spectrum of a solution of 1 M t-BuOH solution 

and 0.03 M HCl under nitrogen atmosphere was recorded as background (fig. 5.18.d). 
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Figure 5.18. Transient absorption spectra obtained in the pulse radiolysis of an N2-

purged solution of (a) SC (1x10
-4

 M) in 1 M t-BuOH solution at pH 7.2 (1mM), (b) 1 M t-

BuOH solution at pH 7.2 (1mM), (c) SC (1x10
-4

 M) in 1 M t-BuOH solution in presence of 

0.03 M HCl, and (d)  1 M t-BuOH solution in presence of 0.03 M HCl, 1.12 μs (■), 1.44 μs 

() and  15.2 μs (▲) after 50 ns electron pulse of dose 12 Gy per pulse.  
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A schematic representation of the predicted free radicals formed as a result of the reaction of 

SC with eaq
- 
is shown in scheme 5.2. Time dependent DFT (TD-DFT)

385
 calculations were 

performed for the determination of the electronic transition as well as associated oscillator 

strengths in the generated free radicals shown in scheme 5.2. Moreover, the calculated 

transient absorption spectra of the free radicals formed due to the reaction of SC with eaq
-
 

under reducing conditions are shown in fig. 5.19. The radical A (fig. 5.19.a) was found to 

show reasonably good matching with the experimentally observed transient absorption 

spectra of the above reaction which is shown in fig. 5.18.a. 
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Scheme 5.2. Probable reactions of eaq
-
 with SC in presence of 1 M t-BuOH under nitrogen 

atmosphere. 
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Figure 5.19. A comparison of theoretical absorption spectra of (a) radical A, (b) radical 

B, and (c) radical C mentioned in scheme 5.2. 

A strong transition at ~359 nm and a weak transition at ~447 nm was observed in Radical A. 

The deviation in absorption maxima in calculated spectrum of Radical A from the 

experimental transient absorption of SC may be due to non consideration of H20 molecules 

around the Radical A during computation, as it is know that the environment affects the 

calculated values. All the theoretical calculations were done in gas phase considering non-

interaction of the subject molecule with any other molecule to reduce complexity of the 

calculations. It can be thus said that the reaction of SC with eaq
-
 in aqueous medium forms a 

radical species (Radical A) with an unpaired electron at 5
th

 position of ring II of SC (scheme 

5.2). Furthermore, the Radical A (fig. 5.18.a) showed 80% retention of absorptance over a 

period of 45 μs after the pulse (fig. 5.20). This reflects on the stability of radical formed by 

reaction of eaq
- 

with SC, which is sufficient to show SERS signal when direct electron 

transfer reaction to SC occurs on the surface of AgCl/Ag NPDs. 
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Figure 5.20. Decay trace of N2-purged solution of SC (1x10
-4

 M) in 1 M t-BuOH solution 

at pH 7.2 (1mM) at 375 and 490 nm (see fig. 5.18.a) after 50 ns e
-
 pulse. 

In another parallel experiment, the 

OH and SC reaction was recorded at 350 nm (λmax). It 

was observed that the transient free radical generated in the above case, showed 60% decay 

in 45 μs after the pulse (fig. 5.21). This negated the possibility of 

OH radical reaction of SC 

on the surface of AgCl/Ag NPD over eaq
-
 reaction. 
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Figure 5.21. Decay trace of N2O-purged aqueous solution of SC (1x10
-4

 M) at pH 7.2 

(1mM) at 350 nm after 50 ns e
-
 pulse. 

Theoretically calculated Raman spectrum of radical A (fig. 5.22.a) and the SERS spectrum 

of 10
-6

 M SC on AgCl/Ag NPD in presence of 0.03 M HCl excited at 632 nm (fig. 5.22.b), 

showed reasonably good mutual correspondence. The unexplained peaks observed in fig. 

5.14.c could be explained from the calculated Raman spectrum of radical A (fig. 5.22.a).  

The optimized geometry of Radical A suggest that the unexplained peaks observed in fig. 

5.14.c such as 1620, 1376, 1290, 1217 and 1178 cm
-1

 corresponded to C5-C1‟ str, N4-H 

wag, N6-H wag, C2‟-O str and N4-H wag with ring breathing modes, respectively. Thus, 

the appearance of the above bands is due to the unpaired electron generated at C5 position. 

Moreover, the band observed at 1620 and 1217 cm
-1

 appeared due to delocalization of 

electron in ring III. All the N-H wag modes were found to be associated with the adjacent 

unpaired electron on C5 atom. The exact match of SERS and theoretical Raman spectra was 
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not achieved due to insufficient information pertaining to the micro-environment of SC 

adsorbed on AgCl/Ag NPD. 
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Figure 5.22. A comparison of Raman/SERS spectra of (a) radical A (theoretical) and (b) 

10
-6

 M SC adsorbed on AgCl/Ag NPD excited at 632 nm. 

The above discussion based on the reaction of SC with eaq
-
 as shown in scheme 5.2, hinted 

towards a possibility of occurrence of direct electron transfer reaction on the surface of 

AgCl/Ag NPD to SC under excitation which is energetically closer to the coupled plasmon 

peak (fig. 5.9.d). 

5.3. Conclusion 

In this chapter, two types of AgNPs were synthesized, one by citrate method and the other 

by borohydride method. Citrate capped AgNPs were found to be receptive to addition of SC, 
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i.e., upon addition of SC to AgNPs at low pH (~ 2), SERS spectra of SC of high intensity 

were observed. In case of borohydride (actually borate) capped AgNPs, SC adsorbed on the 

surface of the nanoparticles only in presence of 0.03 M HCl. It was found that the 

adsorption of SC was facilitated by AgCl formed on AgNPs. Moreover, at low 

concentration of SC, AgCl/Ag NPD was formed leading to anomalous SERS spectra of SC, 

attributed to the formation of transient free radical of SC due to direct electron transfer from 

AgCl/Ag NPD surface to adsorbed SC molecules. The citrate capped AgNPs showed 

potential for future application in the quality control of SC in herbal drugs. A tentative 

methodoly for the same has been discussed in detail. 
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6 

Study of interaction of plasmonic nanoparticles with biologically important 

molecules by surface enhanced Raman scattering 

 

Two different application of noble metal nanoparticles associated with sensing of organic 

molecules is discussed in this chapter. Two molecules that have been used for SERS sensing 

are 2,5-Dimercapto-1,3,4-thiadiazole (DMTD) and Thioflavin T (ThT). 

6.1. SERS study of 2,5-Dimercapto-1,3,4-thiadiazole (DMTD)  

6.1.1. Background 

Surface-enhanced Raman scattering (SERS) is a highly sensitive spectroscopic tool used to 

obtain enhanced Raman signal from Raman-active analytes which are adsorbed on the 

surface of specially prepared nanometer-sized metal particles.
387, 388

In SERS, the enhanced 

Raman signals are basically explained on the basis of two separate effects namely, the 

electromagnetic (EM)
389

 effect and the chemical (CM)
390-392

 or charge-transfer effect. Both 

EM and CM effect can occur simultaneously to give enhanced Raman signals. Recently, it 

has been reported that by using spacers or by increasing the chemical interaction between 

the adsorbed molecule and the surface of metal nanoparticle (NP), the chemically enhanced 

modes can be segregated from the electromagnetically enhanced modes in the SERS 

spectrum.
393

 The SERS technique has been widely used for the purpose of identification of 

biomolecules, drugs and proteins as essential information about the interaction between 

analytes and the metal surface, can be extracted from SERS signal which is dependent on 

the nature of the binding sites and the orientation of the adsorbates on the metal surfaces.
238, 
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309, 394-406
 SERS has also been employed for studying surface-catalyzed oxidation 

processes
407, 408

 and charge rearrangement reactions
409

taking place on the surface of the 

plasmonic NPs as they serve as an ideal substrate for the study of such interactions. As 

discussed in earlier chapters, silver (Ag) and gold (Au) nanoparticles have gained special 

attention due to their unique physicochemical properties, namely; (i) their surface plasmon 

resonance (SPR) band  which lies in the visible region
410

 of the electromagnetic spectrum 

and (ii) their large effective scattering cross section, enabling them to serve as ideal 

candidates for molecular labeling.
411

 

In this chapter, we have discussed the work encompassing the detailed structural and 

conformational analysis for study of the different tautomeric forms of 2,5-Dimercapto-

1,3,4-thiadiazole (DMTD) in solid state, aqueous solution and its binding affinity towards 

Ag and Au NPs  by Raman spectroscopy and SERS in combination with density functional 

theoretical (DFT) calculations. DMTD which is popularly also known as Bismuth I and its 

derivatives have been extensively studied as chelating agents
412-416

 due to their unique 

structure that contains both nitrogen and sulfur atoms. Apart from the chelating property, 

DMTD has been widely studied for applications in industry as additives in motor oils for 

antioxidation,
417

 anticorrosion,
418, 419

and antifrictionproperties,
420-422

 as metal 

deactivators
423, 424

and also as polymercross-linkers.
425, 426

Though DMDT has been used 

extensively as surface-active agents, its surface chemistry is not very well explained
427-429

 

and relatively few studies have successfully characterized DMTD.
415, 430-440

 DMTD consists 

of four potential electron donor sites which are available for its adsorption on the surface of 

metal NPs. DMDT can function as a bidentate ligand with (a) both the thiadiazole ring 

nitrogen atoms, (b) the ring sulphur atom, (c) both the thiocarbonyl sulphur atoms, or (d) 

one nitrogen atom and one sulphur atom on either the same side or different sides of the 

molecule. In addition, there is also a possibility that the delocalized п-electrons in the 
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heterocyclic ring can also bind to the Ag and Au NP surfaces. Various studies have been 

carried out in the past by different groups to ascertain the most stable ground state tautomer 

of DMDT. The study of IR, UV and pKa measurements of DMDT suggests that  the thione-

thiol tautomer to be the most prevalent
436

 whereas, the 
15

NNMR study
434

indicates that the  

dithiol tautomers as the most stable. Again, the FT-IR and FT-Raman studies on DMTD 

indicated the dominance of the dithiol form in the solid state.
436

 

In this work, a detailed study has been done for the following two objectives: 

 (i) Identifcation of most stable ground state tautomer of DMTD in solid and in aqueous 

solution; and  

(ii) Determination of conformation and orientation of DMDT on the surface of plasmonic 

NPs using SERS in combination with DFT calculations (B3LYP functional with 6-31+G*, 

aug-cc-pvdz and LANL2DZ basis sets).  

In this work it was observed that the different tautomeric forms of DMTD as well as their 

neutral Ag, Au, Ag4 and Au4 complexes, a selective binding between DMDT and surface 

of metal nanoparticles takes place. DMDT tends to bind to Ag via the ring N atom whereas 

it binds to Au exclusively through the thiocarbonyl S atoms. The tautomeric forms were 

found to be strongly dependent on the pH of the medium.  

6.1.2. Experimental Section 

6.1.2.1. Chemicals used 

2,5-Dimercapto-1,3,4-thiadiazole (DMTD), hydrogen tetrachloroaurate, AgNO3, trisodium 

citrate and sodium borohydride, used for the preparation of colloidal Au and Ag NPs were 

from Aldrich chemicals, and S. D. fine chemicals, India. All the experiments were 

performed with Millipore water having resistivity of 18.2 MΩ·cm at 25 °C.  
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6.1.2.2. Synthetic procedure of silver and gold NPs 

AgNPs solution was prepared by the chemical reduction of silver nitrate with sodium 

borohydride using method reported by Creighton et. al..
441

  10 ml of 1 mM AgNO3  

solution was added to 30 ml of 2 mM ice-cold NaBH4drop wise with slow stirring.  The 

reaction mixture was allowed to reach room temperature while stirring. The colour of 

solution changed from colourless to yellow. The pH of the solution was found to be ~ 9. 

The solution was kept overnight foruse in further experiments.  

Gold nanoparticles (GNPs) solution was synthesized by modified Turkevich method.
300

 100 

ml of 10
-4

 M HAuCl4.3H2O solution was heated till boiling, followed by addition of 3 ml of 

1% sodium citrate solution to the boiling solution. Boiling was continued for another 15 

min till the colour of the solution turned bright red. The solution was then cooled down to 

room temperature before use in further experiments. The pH of the GNPs solution was 

found to be ~ 6.5. The above AgNP and GNP solution were used as substrate to study 

DMDT by SERS.  

6.1.2.3. Instrumentation details 

UV-Vis absorption, transmission electron microscopic (TEM) and Raman techniques were 

used to characterize Ag as well as Au NPs in presence and absence of DMDT. The UV-Vis 

absorption spectra were recorded using a Jasco V-650 spectrophotometer. For TEM 

measurements, the sample was prepared by adding one drop of sample solution onto a 

carbon-coated copper grid. The evaporation of the solvent leaves the NP on the surface and 

TEM measurements were carried out with JEM Model CM (200kV), Philips. The Raman 

spectra of DMTD in solid state, aqueous solution and adsorbed over Ag NPs were recorded 

at room temperature using the 532 nm line, from a diode-pumped solid state (DPSS) 

Nd
3+

:YAG laser (Cobolt Samba 0532-01-0500 -500) M/s Cobolt AB, Sweden. The SERS 
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measurements of DMTD functionalized Au NPs were recorded using the 660 nm line from 

a DPSS laser (Ignis 660-500) M/s Laser Quantum Ltd. England. The laser power used to 

record the Raman spectrum was 25 mW and the spot size on the sample was ~ 50 μm. For 

all the Raman and SERS measurements, the sample solution was taken in a standard 1 x 1 

cm
2
 cuvette and the Raman scattered light was collected at 90° scattering geometry and 

detected using a charge-coupled device (CCD, Synapse, Horiba Jobin Yvon) based 

monochromator (Triax550, Horiba Jobin Yvon, France) together with edge filters for 532 

and 664 nm, covering a spectral range of 200-1600 cm
-1

. The Raman spectrum of indene 

was used to calibrate the spectrometer, and the accuracy of the spectral measurement was 

estimated to be better than 1 cm
-1

.  

6.1.3. Computational methods 

Computational methods provide an insight into the structural details of any molecule. When 

a simulated molecule is subjected to ab initio quantum mechanical calculation under 

simulated experimental conditions, the optimized geometries of the most stable ground 

state structure as well as its other stable conformers is obtained. A study of vibrations 

associated with the conformers of the molecules can aid in construction of a simulated 

Raman spectra which is subsequently matched with the experimental Raman or SERS 

spectra to draw inference. 

The geometry optimization was performed for various tautomeric forms of DMTD, its 

mono-anionic forms, its di-anionic form and their neutral Ag, Au, Ag4 and Au4 complexes 

using DFT [Gaussian 03 program
442

] with B3LYP functional
443

 and 6-311+G* or aug-cc-

pVDZ basis set for DMTD. For Ag and Au, LANL2DZ basis set was used. DMTD exists in 

three possible tautomeric forms, dithiol, thione-thiol and dithione as shown in scheme 6.1. 

Geometry optimization was carried out for all the three tautomeric forms of DMTD. 
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Theoretical Raman spectra as obtained from computed vibrational frequencies at the 

optimized geometry of the tautomers were compared with the experimental Raman spectra 

of DMDT at solid state as well as in solution under neutral and acidic conditions. Geometry 

optimization was also performed for the thiol-thiolate, thione-thiolate and the dithiolate 

forms of DMTD (Scheme 1). 

 

Scheme 6.1. Scheme showing the proton dissociation equilibria of DMTD. 

No symmetry restriction was applied during geometry optimization. The theoretical Raman 

spectra computed using the predicted vibrational frequencies for the thiol-thiolate, thione-

thiolate and dithiolate forms of DMTD were computed such that their energies correspond 

to a local minimum on the potential energy surface and not to saddle points. Geometry 

optimization was also carried out for the various possible neutral Ag, Au, Ag4 and Au4 
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complexes of DMTD. Ag4 and Au4 clusters were selected in order to justify the binding of 

DMDT to the surface of Ag or Au nanoparticle and not just to a single Ag or Au atom. The 

computed spectra of DMDT complexes at the optimized geometry were compared with the 

experimentally observed SERS spectrum. 

6.1.4. Result and Discussions 

6.1.4.1. UV-visible absorption study  

As discussed in earlier chapters, UV-visible absorption spectra of metal NPs are related to 

their  LSRP band,
444

 whose peak maxima depends strongly on the extent of aggregation of 

the NPs. The size and shape of the NPs as well as the dielectric constant of the medium and 

the surface-adsorbed species determines the position and shape of the LSPR band. The UV-

vis absorption spectra of bare Ag NPs and with varying concentrations of DMTD were 

recorded. Bare Ag NPs showed a single absorption peak centred at 389 nm due to the LSPR 

band, as shown in fig. 6.1.a. The absorption spectra of DMTD adsorbed on Ag NPs at 

concentrations 1, 5, 10, 50 and 100 µM, are shown in fig.6.1.a. It was observed that upon  

addition of 1 µM DMTD to AgNPs solution, the absorbance at 389 nm is reduced. This can 

be attributed to increased plasmon coupling of AgNPs aggregates.
445, 446

Upon increasing 

the concentration of DMTD progressively, as shown in fig. 6.1.a., the colour of the Ag NPs 

changed from yellow to dark brown due to adsorption of DMTD on the Ag NP surface and 

the red-shifted bands appeared at 432, 465, 481 and 501 nm for DMDT concentration 

corresponding to 5, 10, 50 and 100 µM, respectively. UV-vis absorption spectra for the 

bare Au NPs and DMTD (100 µM) adsorbed on Au NPs is shown in fig. 6.1.b.Bare Au NPs 

(bright red) show a sharp LSPR band at 519 nm. Upon addition of 100 µM DMTD to the 

stable bare Au NPs, a change in colour from bright red to purple along with a reduction in 

the absorbance at 519 nm and appearance of a broad peak with maximum at 710 nm is 
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observed. The red-shifted peak at 710 nm can be attributed to plasmon coupling. UV-vis 

absorption spectrum of 100 µM aqueous solution of DMTD as shown in fig. 6.1.b., show a  

strong band with at 𝜆𝑚𝑎𝑥  ~ 328 nm (п-п* transition) along with a weak broad peak at 𝜆𝑚𝑎𝑥  

~ 473 nm (n-п* transition). 
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Figure 6.1. Surface plasmon resonance (SPR) bands of (a) Ag NPs and DMTD (1-100 

µM) functionalized Ag NPs. (b) Au NPs, surface modified Au NPs with DMTD (100 µM) 

and 100 µM DMTD solution. 
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6.1.4.2. TEM measurements 

TEM analysis was performed to characterize the shape and size of bare nanoparticles as 

well as GNPs and AgNPs in presence of DMDT. Borohydride reduced Ag NPs were found 

to be of size 15-20 nm particles with high monodispersity which is shown in fig. 6.2.a. In 

presence of 100 µM DMTD, Ag NPs were found to be aggregated, as shown in fig. 6.2.b., 

which confirms the observation in fig. 6.1.a. It is clearfrom the above that adsorption of 

DMTD and subsequent interparticle interaction facilitates the aggregation of Ag NPs. There 

was a slight increase in the average size of the particles with retention of spherical shape. 

Associated photographs representative of the observed color changes are also shown in fig. 

6.2.a and b. The colour of the Ag NPs solution was found to change from yellow to dark 

brown upon the addition of DMTD. Similar observations were noted in case of GNPs. 

Citrate reduced GNPs were found as monodispersed spherical nanoparticles with average 

size 20-25 nm, as shown in fig. 6.2.c. In this case also addition of DMDT was found to 

induce aggregation of GNPs, which is evident from fig. 6.2.d. The average size of the 

aggregated GNPs was found to be 35 nm with retention of spherical shape. The 

photographic images of associated colour change from dark red to purple upon aggregation, 

in GNPs, is also shown in the above figure. 
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Figure 6.2. TEM image of (A) Ag NPs, (B) DMTD functionalized Ag NPs, (C) Au NPs 

and (D) DMTD functionalized Au NPs. On the sides of the figures are shown the colours of 

the bare and aggregated NPs.  

6.1.4.3. Computational Results  

Thetautomersof DMDT, namely, dithiol, thione-thiol and dithione as well as mono-anionic 

and di-anionic forms of DMDT were geometry optimized using B3LYP functional with 6-

311+G* and aug-cc-pvdz basis sets. The optimized structures of dithiol, thione-thiol and 

dithione forms of DMTD are shown in fig. 6.3.(a), (b) and (c). The relative stability of the 

different tautomers of the molecule in the gas phase was obtained upon comparison of the 

minimum energies at their respective optimized geometries. The thione-thiol form was 

found to be the lowest upon comparison of the relative computed energies of the neutral 

tautomersof DMDT, which directly indicates that this is the most stable tautomer. The 
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dithione and dithiol forms were found to be less stable in energy in comparison with the 

thione-thiol tautomer by 5.49 and 8.48 kcal mol
-1

, respectively. Thus, the dithiol form 

DMDT was found to be the least stable among the above neutral conformers. The 

monovalent ionic forms of DMTD such as  thiol-thiolate and thione-thiolate were optimized 

as above. The optimized structure of mono-anionic forms of DMDT is shown in fig. 6.3. (d) 

and (e).Again, the optimized structure of di-anionic tautomer of DMTD, dithiolate is shown 

in fig. 6.3 (f). The computed energies thus obtained after geometry optimization indicates 

that the thione-thiolate form is more stable than the thiol-thiolate tautomer by 14.94 kcal 

mol
-1

 and the dithiolate form has the highest energy and is the least stable tautomer. The 

tautomeric forms of DMTD are in the following order of stability in the gas phase: thione-

thiol (0 kcal mol
-1

) >dithione (5.49 kcal mol
-1

) > dithiol (8.48 kcal mol
-1

) >thione-thiolate 

(310.11 kcal mol
-1

) > thiol-thiolate (325.05 kcal mol
-1

) >dithiolate (724.22 kcal mol
-1

). The 

experimental Raman spectra of DMDT in solid state and aqueous solution under different 

pH as well as the SERS spectra of complexes of DMDT with GNPs and AgNPs were 

compared with the computed Raman spectra for interpretation and analysis in this work. 

(A) 

 
 

(D) 

(B) 

 
 

(E) 
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(C) 

 
 

(F) 

Figure 6.3. Optimized structures of (A) dithiol, (B) thione-thiol, (C) dithione, (D) thione-

thiolate, (E) thiol-thiolate and (F) dithiolate forms. The colour codes used to identify the 

atoms are N (blue), S (yellow), C (grey) and H (white). 

The acid dissociation constants or pKa values of DMTD are reported to be 1.4 and 7.4
447

 

(2.1 and 7.5)
448

, indicating that its neutral form (dithiol, thione-thiol and dithione) is a strong 

acid whereas its monoanionic form (thione-thiolate and thiol-thiolate) is a weak acid. Thus, 

under acidic conditions, i.e., below pH 1.5, DMTD exists mainly in the neutral form as 

dithiol, thione-thiol or dithone whereas, at pH ~ 8, it remains as dithiolate. In the 

intermediate pH range i.e. between pH 2 to 8, DMTD exists mainly in the mono-anionic 

form, viz. thione-thiolate or thiol-thiolate. In this work, the pH of the aqueous solution was 

varied to identity the features arising in the experimental Raman spectra due to the neutral, 

monoanionic or dianionic forms of DMTD. Similarly, the extent of adsorption, orientation 

as well as conformation of the adsorbed DMDT molecule in its neutral (dithiol, thione-thiol, 

dithione), monoanionic (thione-thiolate and thiol-thiolate) or dianionic (dithiolate) forms 

was monitored at pH 1.5 and pH 7 on the Ag and Au NP surfaces.  

Again for the DMTD-Ag and DMTD-Au complexes as discussed earlier, various 

conformations are possible. The dithiol and thione-thiol tautomers of DMTDcan potentially 

bind to AgNPs or GNPs surfaces through the ring N atoms, ring S atom, the thiocarbonyl S 

atom or the п electrons of the thiadiazole ring. Likewise, the dithione form can also bind to 

AgNPs or GNPs through the ring S atom, the thiocarbonyl S atom and the п electrons of the 
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thiadiazole ring. B3LYP functional with aug-cc-pvdz (for DMTD) and LANL2DZ (for Ag 

and Au) basis sets were used for simulation of the optimized structure of various Ag, Au, 

Ag4 and Au4 complexes of dithiol, thione-thiol as well as dithione. The optimized structures 

of the neutral dithiol-Ag, thione-thiol-Ag and dithione-Ag complexes are shown in fig. 

6.4.(a-i).  

 

Figure 6.4. Optimized structures of three possible dithiol-Ag complexes (a) bound 

through ring N (S-H pointing towards Ag), (b) bound through ring N (S-H pointing away 

from Ag), (c) bound through thiol S; three possible thione-thiol-Ag complexes (d) bound 
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through ring N, (e) bound through thione S, (f) bound through thiol S-H and three possible 

dithione-Ag complexes g) bound through ring N-N bond, (h) bound through thione S-S (Ag 

out of plane with dithione) and (i) bound through thione S (Ag in plane with dithione). 

The theoretical Raman spectra of the various possible Ag and Ag4 complexes of DMDT 

were compared with the experimental SERS spectrum of DMDT on AgNPs at acidic pH. 

The molecular structures were also geometry optimized for the mono and divalent ionic 

forms of DMTD-Ag and DMTD-Ag4 complexes i.e. thione-thiolate-Ag, thiol-thiolate-Ag, 

dithiolate-Ag, thione-thiolate-Ag4, thiol-thiolate-Ag4 and dithiolate-Ag4 complexes. The 

optimized structures of the thione-thiolate-Ag, thiol-thiolate-Ag and dithiolate-Ag 

complexes are shown in fig. 6.5. (a-i).  
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Figure 6.5. Optimized structures of three possible thione-thiolate-Ag complexes (A) 

bound through ring N, (B) bound through thione S, (C) bound through thione S with N-H in 

proximity, (C); three possible thiol-thiolate-Ag complexes (D) bound through ring N with S-

H facing towards ring S, (E) bound through ring N with S-H out of plane with the ring, (F) 

bound through ring N with S-H facing towards ring N; and three possible dithiolate-Ag 

complexes (G) bound through ring N, (H) bound through thione S (Ag in plane with 

dithiolate) and (I) bound through thione S (Ag out of plane with dithiolate). 

The theoretical Raman spectrum of the mono and divalent ionic forms of DMTD-Ag as 

well as DMTD-Ag4 complexes were compared with the SERS spectrum of DMTD on Ag 

NPs at pH 7.  Similarly, various possible conformers for the DMTD-Au and DMTD-Au4 

complexes were geometry optimized using B3LYP with aug-cc-pvdz basis set for DMTD 

and LANL2DZ basis set for GNPs. The geometry optimized structures of the Au 

complexes of the neutral tautomers (dithiol, thione-thiol and dithione) of DMTD are shown 

in fig. 6.6 (a-i).The vibrational frequencies were also calculated at the respective optimized 

geometries in order to obtain theoretical Raman spectra for the Au and Au4 complexes of 

DMTD and compared with the experimental SERS spectrum at acidic pH. 
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Figure 6.6. Optimized structures of three possible dithiol-Au complexes (A) bound 

through thiol S (B) bound through ring N with S-H facing the ring N atoms, (C) bound 

through ring N with S-H facing away from the ring N atoms; four possible thione-thiol-Ag 

complexes (D) bound through thione S, (E) bound through thione S with N-H in proximity, 

(F) bound through thiol S-H, (H) bound through ring N and two possible dithione-Ag 

complexes (H) bound through ring S (Ag out of plane with dithione) and (I) bound through 

thione S (Ag in plane with dithione). 

6.1.4.4. Vibrational Assignments of DMTD from the Raman Spectra (theoretical 

and experimental) 

The neutral conformers of DMTD, namely, dithiol, thione-thiol and dithione has 9 atoms 

with 21 fundamental modes of vibrations. Among the above forms, the dithiol and dithione 

tautomers belong to the Cs point group and have 15 in-plane (A′) and 6 out-of-plane (A″) 

fundamental vibrations, whereas, the structure of thione-thiol form belongs to the C1 point 
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group. All the fundamental vibrations of the above the neutral conformers of DMTD are 

expected to be Raman-active as well as infrared spectra. The experimental Raman spectra 

of solid DMTD for the region 200-1600 cm
-1

 is shown in fig. 6.7. All the observed Raman 

vibrations are tabulated in table 1. The assignments of the Raman bands to the different 

modes of vibrations of the thiadiazole ring as well as the mercapto groups are based on the 

comparison of the Raman spectrum of the solid with the calculated Raman spectrum. The 

calculated Raman spectrum of different neutral forms of DMDT were used for assignment 

of the different modes of vibrations of the dithiol, thione-thiol and dithione forms which is 

shown in 6.7. The Raman spectrum of solid DMTD exhibits two strong bands at 1458 and 

663 cm
-1

which were assigned to C=N stretching (str) in combination with CSH bending 

and CSC endocyclic symmetric (sym) str or ring breathing mode. Raman bands with 

medium intensity are observed at 1518, 1483, 1398, 1288, 1107, 1039, 1021, 544, 500, 382, 

329 and 215 cm
-1

. The 1518, 1483 and 1288 cm
-1

 vibrations were assigned to C=N str, C-N 

asymmetric (asym) str and C-N sym str, respectively. The bands at 1398 and 1107 cm
-

1
were attributed to ring C=N str and N-N str in combination with N-H bend. The 1039 and 

1021 cm
-1

 bands are assigned to N-N str and C-S str. The Raman bands at 544 (500), 382, 

329 and 215 cm
-1

 are attributed to ring distortion in combination with NH out of plane 

(oop) bend, NH wagging, CSC sym bend and HNNH torsion, respectively. Weak bands are 

observed at 1080, 725, 405 and 259 cm
-1

. Of these vibrations, the modes observed at 1080 

and 725 cm
-1

 corresponded to N-N str and CNN bend while the bands at 405 and 259 cm
-1

 

are attributed to NH twisting and ring rotation, respectively. A close examination of the 

solid Raman spectrum [fig. 6.7.] and comparing the same with the theoretical Raman 

spectrum of all the tautomeric forms of DMTD, namely, dithiol [fig.6.9.(A)(b)], thione-

thiol [fig.6.9.(A)(c)] and dithione [fig.6.9.(A)(d)], which were computed using B3LYP 

functional and aug-cc-pVDZ basis set, indicates that the solid spectrum consists of features 
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corresponding to all three tautomeric forms of DMTD. Moreover, the presence of the peak 

around 2499 cm
-1

 (shown in fig. 6.8.a.) of medium intensity is attributed to S-H str in the 

Raman spectra of solid indicating, the preferential existence of the dithiol or the thione-

thiol form of DMTD in the solid state. Weak Raman band is observed around 3062 cm
-1

 

indicating H-bonded N-H stretch [fig. 6.8.a.]. The simulated Raman spectrum 

[fig.6.9.(A)(e)] obtained as a result oflinear addition of theoretical spectra with 

contributions of 44%, 36% and 20% from dithiol, dithione and thione-thiol, respectively, 

matches well with the solid Raman spectrum which validates the existence of all the three 

tautomers DMDT in its solid form. 
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Figure 6.7. Raman spectra of solid DMTD and its 10
-2

 M solution under different pH 

conditions.  
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Figure 6.8. Raman spectra of (a) solid DMTD and (b) 10
-2

 M DMTD solution at pH 1.5 

in the higher frequency region from 2000-3800 cm
-1

. 

6.1.4.5. pH-dependent normal Raman spectra of DMTD in aqueous solution  

The Raman spectra of 10
-2

 M aqueous solution of DMTD at different pH are shown in fig. 

6.7. for the 200-1600 cm
-1

 region was analyzed and the corresponding Raman vibrations 

are tabulated in Table 2. As shown in fig. 6.7., at pH 1.5, an intense peak is observed at 

1423 cm
-1

 followed by a medium intense band at 665 cm
-1

. Few weak Raman bands are 

also observed at 1306, 1100, 1048, 1024, 559, 393 and 336 cm
-1

. Of these modes, the 1423 

cm
-1

 band is assigned to C=N stretch in combination with CSH bend which was also 

observed in case of solid DMDT at 1458 cm
-1

. The vibration observed at 665 cm
-1

 is 

attributed to CSC endocyclic sym str which was observed in case of solid DMDT at 663 
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cm
-1

. The weak Raman bands at 1306, 1100 (1048), 1024, 559, 393 and 336 cm
-1

 are 

assigned to C-N sym str, N-N str, C-S str, ring distortion, NH wagging and CSC sym bend, 

respectively. A close examination of the Raman spectrum at pH 1.5 [fig. 6.9.(B)] and upon 

comparison with the theoretical Raman spectrum of the three tautomeric forms of DMTD 

namely, dithiol, thione-thiol and dithione [fig. 6.9.(B)], it can be evidently stated that the 

solution spectrum has 48%, 32% and 20%contributions from dithiol, dithione and thione-

thiol, respectively. 

Table 6.1. Assignments of Raman (solid) and B3LYP/aug-cc-pvdz calculated vibrations 

(in cm
-1

) for the dithiol, thione-thiol and dithione tautomeric forms of DMTD. 

Raman Calculated Vibrations 
Assignments 

Solid dithiol thione-thiol dithione 

3062w    N-H str 

2499m    S-H str 

1518m  1533  C=N str, NH bend 

1483m  1430 1458 C-N asym str, NH bend 

1458s 

 

1438 

 

 

1483s 

 
C=N str, CSH bend 

1398m 1416  1408 C=N str, N-N str, NH 

bend 

1288m   1304 C-N sym str, NH bend 

1107m  1123  N-N str, NH bend 

1080w 1053 1056  N-N str, CSH bend 

1039m 1090  1089 N-N str 

1021m   1019 C-S str, NH bend 

725w 699 685  CNN bend, CSH bend 

663s 
610 623 641 CSC endocyclic sym str 

/ ring breathing 

544m 

500m 

487 521 532 ring distortion, NH oop 

bend 

405w   462 NH twisting 
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382m   439 NH wagging 

329m   362 CSC sym bend 

259w   314 ring rotation 

215m   251 HNNH torsion 

 

Abbreviations used: s: strong, m: medium, w: weak; asym: asymmetric, sym: symmetric, 

str: stretch, oop: out-of-plane. 

At pH 1.5, a weak band is also observed at 2330 cm
-1

 assigned to the S-H str which is 

shown in fig. 6.8.b. The N-H str vibration around 3000 cm
-1

 is not observed in the Raman 

spectrum of the solution at pH 1.5 due to completely masking by the broad O-H str 

vibration (3600 cm
-1

) of water. In the normal Raman spectrum of 10
-2

 M DMTD solution at 

pH 5.0, a new band at 1379 cm
-1

was observed to appear in addition to the increase in 

intensity of the 1048 cm
-1

 band corresponding to N-N str. All the other vibrational features 

were found to be similar to the Raman spectrum of DMTD solution at pH 1.5. The 1379 

cm
-1

 band was found to correspond to the C=N str in combination with N-N str and NH 

bend. The Raman spectrum of DMTD at pH 7.0 was almost similar to that at pH 5.0 with 

the only exception that the 1379 cm
-1

 band shows an additional increase in intensity which 

is relatively greater than that at 1423 cm
-1

. From the above data one can clearly see that 

such a scenario of growth of N-N bond is possible when there is a steady flow of electron 

density from one thiol group to another thiolate group and vice versa possible due to 

thione-thiolate and thiol-thiolate equilibrium. The Raman spectra at pH 5.0 and pH 7.0 

were found to be comparable to the calculated Raman spectra of thione-thiolate and thiol-

thiolate as shown in fig. 6.9. (C). The Raman spectrum of DMTD recorded at pH 8.5 shows 

sharp reduction in the intensities of the 1423 and 1100 cm
-1

 bands along with further 

growth of the 1379 cm
-1

 band with the latter having enhanced intensity as compared to the 

1423 cm
-1

 band. This indicates towards preference of thiol-thiolate tautomer as shown in 
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fig. 6.9. (C). Other features were almost similar to that at pH 5.0 and pH 7.0. The above 

figure, clearly show that around pH 5-8 DMTD solution exists as a combination of the 

mono valent tautomers, such as. thione-thiolate and thiol-thiolate. At pH 10.2, the Raman 

band at 1379 cm
-1

 is found to be very intense indicating loss of proton from thiol-thiolate 

form. Moreover, two medium intense peaks are observed at 1041 and 661 cm
-1

 along with a 

weak band at 1024 cm
-1

. In fig. 6.9. (D), the Raman spectra recorded at pH 8.5 and 10.2 are 

shown along with the calculated Raman spectra [B3LYP/aug-cc-pVdz and B3LYP/6-

311+G(d,p)] of the divalent anionic dithiolate tautomer of DMTD. 
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Figure 6.9. (A)(a) Raman spectrum of solid DMTD and calculated (B3LYP/aug-cc-

pVDZ) Raman spectra of (b) dithiol, (c) thione-thiol, (d) dithione and (e) sum of dithiol, 

thione-thiol and dithione.  Raman spectrum of 10
-2

 M DMTD solution (B) at pH 1.5 and the 

calculated Raman spectra of dithiol, thione-thiol, dithione, (C) at pH 7.0 and pH 5.0 and the 

calculated Raman spectra of thione-thiolate and thiol-thiolate and (D) at pH 8.5 and pH 

10.2 and the calculated Raman spectra [B3LYP/aug-cc-pVdz and B3LYP/6-311+G(d,p)] of 

dithiolate. 

The above figure suggests that at pH 10.2, DMTD exists as dithiolate in aqueous solution. 

Upon comparison of the Raman spectra over the entire pH range shows that the Raman 

spectrum is similar around pH 5-9 with slight variations in the relative intensities of the 

1379 and the 1423 cm
-1

 peak. At acidic pH 1.5, the 1423 cm
-1

 band is strong with complete 

disappearance of the 1379 cm
-1

 peak whereas, the trend was reversed at alkaline pH 10.2.  

Table 6.2. Assignments of Raman (10
-2

 M solution) and SERS spectra of DMTD at 

varying pH. 
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Raman Spectra (Solution) 
SERS spectrum 

Assignments 
Ag NPs Au NPs 

pH 

1.5 

pH 

5.0 

pH 

10.2 

pH 

1.5 

pH 

7.0 

pH 

1.5 
 

2330w      S-H str 

1423s 1423s  1413vs  1412s C=N str, CSH bend 

 1379s 1379vs 1358vs 1362vs  
C=N str, NN str, NH 

bend 

1306w     1299w C-N sym str, NH bend 

1100w      N-N str, NH bend 

1048w 1042m 1041m 1062s 1064s 1058m N-N str 

1024w  1024w   1027m C-S str, NH bend 

     720w CNN bend, CSH bend 

665m 662m 661m 664m 668s 657s 
CSC endocyclic sym str 

/ ring breathing 

559w   546m 542m 542m 
ring distortion, NH oop 

bend 

     485m NH twisting 

393w   382m 384m 385s NH wagging 

336w   346w 352w  CSC sym bend 

 

Abbreviations used: s: strong, m: medium, w: weak; sym: symmetric, str: stretch, oop: out-

of-plane. 

6.1.4.6. Surfaced-Enhanced Raman Scattering (SERS) Spectra of DMTD 

The SERS spectra of different concentrations of DMTD (0.1 to 100 µM) adsorbed on the 

Ag NPs surface were recorded at pH 7.0 which is shown in fig. 6.10. The SERS spectra of 

DMDT was found to enhance upon increasing the concentration DMDT from 0.1 to 0.5µM. 

Maximum enhancement SERS spectra is observed at the concentrations of 1 and 0.5 µM 

DMTD, which may be attributed to monolayer formation on the surface of AgNPs. Further 

increase in concentration of DMDT leads to reduction in SERS intensity due to multilayer 
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coverage. SERS spectra showed intense peaks at 1362 (C=N str), 1064 (N-N str), 668 (CSC 

endocyclic sym str) and 384 (NH wagging) cm
-1

 with medium and weak intensities at 542 

(ring distortion) and the 352 (CSC sym bend) cm
-1

, respectively. From fig. 6.10.a., it was 

observed that upon changing the concentration of DMTD resulted the change of intensities 

only. Peak positions were unaffected by the change in concentrations of DMDT. This 

means that upon variation of concentrations of DMDT, neither the mechanism of binding of 

DMDT nor the orientation of DMDT on the surface of AgNPs is altered.As discussed 

earlier, in the pH range 5-8, DMTD exists as monovalent ion i.e. as thione-thiolate or the 

thiol-thiolate tautome in aqueous solution. Similar structure was found to be retained even 

on the surface of AgNPs. 
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Figure 6.10. Concentration-dependent SERS spectra of DMTD functionalized Ag NPs at 

(a) pH 7.0 and (b) pH 1.5. Comparison of the SERS spectrum (c) at pH 7.0 with the 

calculated Raman spectra of thione-thiolate-Ag4, thiol-thiolate-Ag4 and dithiolate-Ag4 

complexes and (d) at pH 1.5 with calculated Raman spectra of dithiol-Ag4, thione-thiol-Ag4 

and dithione-Ag4 complexes.   

Under acidic conditions (pH 1.5), DMDT adsorbed on AgNPs, showed a slight variation in 

structure as inferred from the SERS spectra as shown in fig. 6.10.b.. Under acidic condition, 

similar trend of SERS intensity was observed upon increasing the concentration of DMDT 

from 0.1 to 100 µM on the surface of AgNPs. Maximum enhancement was observed for 

1µM concentration of DMDT on AgNPs surface, due to monolayer coverage.  At 

concentrations lower than 1 µM of DMDT on AgNPs surface, there is a decrease in SERS 

intensity due to sub-monolayer coverage. At further concentrations higher than 1µM, 

Multilayers of DMDT is formed over AgNPs which behave like bulk solution. It is to be 
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noted that at minimum concentration  of 0.1 µM of DMTD on AgNPs, the Raman bands at 

1358, 1062, 664 as well as 382 cm
-1

 were observed and were assigned to C=N stretch in 

combination with N-N str, N-N str., CSC endocyclic sym str and NH wagging, respectively.  

At higher concentrations  of DMTD  such as 0.5, 1 and 5 µM, the Raman bands at 1358, 

1062, 664 and 382 cm
-1

showed an increased intensity along with appearance of new features 

at 1413, 546 and 346 cm
-1

which were assigned to C=N str, ring distortion and CSC sym 

bend, respectively. Upon further increase in concentration, i.e., at 10 µM, 50 µM, 100 µM, 

0.5 mM and 1 mM of DMDT on AgNPs, 1413 and 1358cm
-1

 bands showed simultaneous 

increase and decrease in intensity. The decrease in intensity of 1358 cm
-1

 band progresses 

with increasing concentration of DMDT on AgNPs in such a way that upon reaching 1 mM 

concentration of DMDT, the above band is reduced to a mere shoulder on 1413 cm
-1

 band. 

The above observation indicates towards a tautomeric transformation. Therefore, the 

concentration-dependent SERS study of structural behavior of DMTD show a possible 

tautomeric change on the surface of AgNPs at pH 1.5. Such a change was not encountered 

upon varying the concentration of DMDT in solution phase. Moreover, it seems that surface 

of AgNPs as well as nature of binding of DMDT with AgNPs influence such a 

transformation. This may be due to a preferential existence of dithiol, thione-thiol and 

dithione forms of DMTD on the Ag NP surface at acidic pH. The above inference was 

drawn after comparison of the comparison of the SERS spectra with the theoretical Raman 

spectra as shown in fig. 6.10.b.Upon lowering the concentrations of DMTD, the 1358 cm
-

1
band (C=N stretch coupled to N-N str), undergoes enhacement, indicating the favored 

existence of dithione form on the Ag NP surface at pH 1.5. 
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Figure 6.11. Optimized structures of (A) thione-thiolate-Ag4, (B) thiol-thiolate-Ag4, (C) 

dithiolate-Ag4 (D) dithiol-Ag4, (E) thione-thiol-Ag4, (F) dithione-Ag4, (G) dithiol-Au4, (H) 

thione-thiol-Au4, (I) dithione-Au4 complexes. The colour codes used to identify the atoms are 

N (blue), S (yellow), C (grey), H (white), Ag (light blue) and Au (orange). 

A gradual increase in the intensity of the 1413 cm
-1

 band (C=N str) with simultaneous 

decrease in the 1358 cm
-1

 peak upon gradually increasing the concentration of DMDT from 

5 to 500 µM). This indicates favourable existence of the dithiol form on the Ag NP surface 

at multilayer coverage which is similar to bulk solution conditions. Similar results in the 
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bulk solution was discussed in fig. 6.9.b. A slight contribution from the thione-thiol form 

cannot be completely neglected. Thus, in 1 mM of DMTD adsorbed on AgNPs, the presence 

of the SERS bands at 1413 and 664 cm
-1

 confirms the prevalence of the dithiol form on the 

Ag NP surface. 

The SERS spectra of 10µM of DMTD adsorbed on AgNPs at neutral and acidic show high 

matching in the range 300-1300 cm
-1

 whereas in the region 1300-1500 cm
-

1
strikingdifferences were noted. At neutral pH, a strong broad single band was observed at 

1362 cm
-1

 whereas at acidic pH, two Raman bands with almost equal intensities at 1358 

and 1413 cm
-1

 were observed. This maybe due to existence of different tautomeric forms of 

DMTD at pH 7.0 and pH 1.5. At neutral pH, DMTD was found to exists as thione-thiolate 

and thiol-thiolate form with slight contribution from the dithiolate form. The presence of 

the dithiolate form, may be as upon adsorption to AgNPs surface the pKa value of the 

mercapto group may have lowered. Moreover upon increasing the pH to 10.2 does not lead 

tofurther adsorption of the dithiolate form on the Ag NP surface. 

The nature of adsorption of DMTD on the Ag NP surface at neutral pH 7.0 was studied by 

comparison of its SERS spectrum with that of the calculated Raman spectrum of the mono-

anionic forms of DMTD-Ag4 complex i.e. thione-thiolate-Ag4 and thiol-thiolate-Ag4which 

is shown in fig. 6.10.c. Moreover, the Raman spectrum for the dithiolate-Ag4 complex was 

taken into consideration in the above figure for comparison. The geometry optimized 

structures of the thione-thiolate-Ag4, thiol-thiolate-Ag4 and dithiolate-Ag4 complexes are 

shown in fig. 6.11. (a-c). It was observed from the fig. 6.10.c., that the SERS spectrum was 

found to match reasonably well with the theoretical Raman spectra of thiol-thiolate-Ag4 

complex of DMTD indicating the abundance of thiol-thiolate form on the Ag NP surface 

bound exclusively through the ring N atom. Again, the dithiolate-Ag4or the thione-thiolate-

Ag4complexes may have also contributed slightly.    
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The binding affinity of DMTD adsorbed on the Ag NP surface at acidic pH can also be 

studied by comparing its SERS spectrum with the calculated Raman spectrum of the neutral 

tautomeric forms of DMTD-Ag4 complex such as dithiol-Ag4, thione-thiol-Ag4 and 

dithione-Ag4which is shown in fig.6.10.d. The geometry optimized structures of dithiol-

Ag4, thione-thiol-Ag4 and dithione-Ag4 complexes are shown in fig. 6.11.d-f. In fig. 6.10.d. 

it is clearly shown that there is a high matching of the SERS spectrum with the theoretical 

Raman spectrum of dithiol-Ag4. This clearly indicates the dithiol form of DMTD on the Ag 

NP surface is abundant at pH 1.5 where the dithiol tautomer is bound to the surface of 

AgNPs via the thiadiazole ring N atom. Moreover, the SERS spectrum in the region 300-

800 cm
-1

matches well with the theoretical Raman spectrum of the thione-thiol-Ag4 complex 

indicating the presence of thione-thiol conformer also on the surface of Ag via N atom. 

Contributions from dithione may not be completely ruled out.  

Apart from silver nanoparticles, the adsorption behavior of DMDT on GNPs reveal a new 

dimension to the surface binding properties of DMDT. The SERS spectra recorded for 

varying concentration of DMDT (100 to 0.1 µM) adsorbed on the surface of colloidal 

GNPs under acidic pH 1.5, is shown in fig. 6.12.a.It is important to note that the above 

adsorption behavior was only observed for acidic pH only and was not observed at neutral 

or alkaline pH. The above adsorption behavior of GNPs was found to be different from that 

of AgNPs as shown  in fig. 6.10., which indicates that AgNPs have more binding affinity 

towards DMDT in comparison to GNPs. At concentrations 0.1 and 0.5 µM of DMDT, the 

SERS spectra showed a poor signal to noise ratio upon adsorption of GNPs under acidic 

pH.Upon increasing the concentration of DMDT from 1 to 100 µM, a good enhancement 

was observed. The SERS spectrum of DMTD of concentration 1 µM adsorbed on GNPs 

showed strong Raman bands at 1412, 657 and 385 cm
-1

corresponding to C=N str, CSC 

endocyclic sym str and NH wagging, respectively. Again, moderately intense peaks 
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observed at 1058, 1027, 542 and 485 cm
-1

were  assigned to N-N str, C-S str, ring distortion 

and NH twisting, respectively. Similarly, SERS peaks of weak intensity were observed at 

1299 and 720 cm
-1

 which were assigned to C-N sym str and CNN bend, respectively. Upon 

lowering the concentration of DMDT to 1 µM on GNPs, 1412 cm
-1

peak corresponding to 

C=N str was found to reduce in intensity and a broad band at 1355 cm
-1

 corresponding to 

C=N stretch in combination with N-N str appeared. In order to compare the peaks observed 

in SERS spectrum of DMDT on GNPs at acidic pH with that of the theoretical Raman 

peaks of dithiol-Au4, thione-thiol-Au4 and dithione-Au4 complexes for assignment of peak 

as well as calculation of relative contribution of each tautomer, a comparative picture is 

presented in fig. 6.12.b. The above figure shows a reasonable match between SERS spectra 

with that of dithiol-Au4 complex in the region of 1000-1550 cm
-1

indicating compositional 

dominance of dithiol tautomer on GNPs surface. The peaks at 657 and 720 cm
-1

region of 

the above SERS spectrum is also corresponded to that of the theoretical spectra of thione-

thiol-Au4 and dithione-Au4 complexes, indicating the simultaneous presence of the above 

tautomers on GNPs surface. 
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Figure 6.12. Concentration-dependent SERS spectra of DMTD functionalized Au NPs (a) 

at pH 1.5 and (b) Comparison of the SERS spectrum at pH 1.5 with the calculated Raman 

spectra of dithiol-Au4, thione-thiol-Au4 and dithione-Au4 complexes.  

Again in the region 300-600 cm-1, the theoretical Raman spectrum of dithione-Ag4 

tautomer showed some resemblance with the SERS spectra of DMDT over GNPs surface 

indicating the presence of dithione tautomer. Thus, there is a possibility of all the three 

neutal tautomers, such as dithiol, dithione and thione-thiol to be present on the surface of 

GNPs under acidic condition.  

Another interesting fact, that in case of AgNPs, DMDT was found to bind to Ag surface via 

N atom whereas in case of GNPs, DMDT was found to bind with the surface of GNPs via S 

atom of thiocarbonyl or ring S atom of thidiazole moiety of DMDT. More over upon 

comparing the SERS spectra under acidic conditions, in case of DMDT-AgNPs, a doublet 
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peak at 1358 and 1412 cm
-1

 was observed whereas, in case of DMDT-GNPs, a single sharp 

peak at 1412 cm
-1

. 

Thus, a combined study of SERS with DFT reveal a lot of information about the nature of 

binding observed in case of DMDT with silver and gold nanoparticles. In short, it can be 

said that in case of AgNPs, DMDT exist as thiol-thiolate tautomer binds to the surface of 

AgNPs at neutral pH via thiadiazole ring N- atom whereas under acidic condition also ring 

N atom of all the neutral tautomers of DMDT binds to AgNPs. In case of GNPs, metal 

surface interacts with DMDT via thiocarbonyl or thiadiazole ring S atom under acidic 

condition.  

In this study, SERS in combination with DFT studies clearly indicated the presence of the 

respective tautomeric forms available on the metal surface at particular pH (neutral or 

acidic) and their binding affinity. 

6.2.  SERS study of Thioflavin T (ThT) 

6.2.1. Background 

SERS is often used by researchers to determine analyte concentration through enhance 

Raman signals,
388, 444

 due to adsorbate- metal surface interactions
309, 395-400, 408, 449

 which 

occurs abiding the “surface selection rules.”
450, 451

Moreove, SERS has also been reported to 

aid in investigation of reaction mechanisms by isolation of intermediates on the surface of 

metal nanoparticles.
452

Moreover, trace level detection of analytes by SERS is also 

possible.
453

 

In order to exploit the surface properties of noble metal nanoparticles for drug delivery 

applications, informations regarding the molecular structure, orientation as well as the 

binding mode is essential to predict the efficiency of the processes.
454, 455

Thus, a large 
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number of researchers are focusing on investigations encompassing the field of development 

of biosensors, biomaterials as well as biocatalysis.  

In recent past a lot of research has taken place to investigate a rotor molecule known as 

thioflavin T (ThT).
456, 457

ThTis a benzothiazole dye comprising of benzothiazole (BT) and 

dimethylaminobenzene (DMAB) groups joined by a single bond capable of rotation which 

makes it a part of the group of molecular rotors.
458

ThT is often used to detect amyloid 

fibrils.
456, 457

 In certain diseases, such as Alzheimer‟s, Parkinson and type II diabetes,
456

 the 

conversion of  normally soluble proteins into amyloid fibrils is a marker for the detection of 

above diseases.
459

ThTwas found to adsorb on silver nanoparticle (NP) surface which was 

studied by SERS technique.
460

 The authors suggested that ThT existed in two probable 

structures depending upon the torsional angle () between BT and DMAB rings, on the 

surface of AgNPs. In this chapter, we have discussed the results obtained from Raman and 

SERS studies of ThT in solid state, solution phase, colloidal gold nanoparticles (GNPs) and 

silver-coated films (SCFs). SERS technique has also led to sub-nanomolar sensing of ThT 

due to its high sensitivity and selectivity. Moreover, the nature of binding of ThT over 

plasmonic nanoparticles as well as the surface orientation of ThT was also revealed in this 

study. 

6.2.2. Experimental Section 

6.2.2.1.  Synthesis of SERS substrates  

Thioflavin T (ThT), hydrogen tetrachloroaurate, trisodium citrate, AgNO3 and formamide 

used for the preparation of GNPs and SCFs were from Aldrich chemicals, and S. D. fine 

chemicals, India. Gold nanoparticles (GNPs) were prepared by the method mentioned in 

section 6.1.2.2.In this study, instead of silver colloidal solution which is already reported
460

, 

thin silver coated films (SCF) were prepared. In brief, thin SCF were by deposition of 

freshly prepared AgNPs onto a thoroughly cleaned glass surface in formamide. Glass slides 
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cleaned by chromic acid and thoroughly washed by Millipore water were dipped in a 

reaction mixture containing 5x10
-2

 M AgNO3 in formamide. In the reaction mixture, Ag
+
 is 

converted to Ag0 by the solvent, which deposited over glass slides. The detailed 

characterization is reported elsewhere.
99

For SERS studies, ThT solution was added to GNPs 

solution whereas SCF were dipped in ThT solution. 

6.2.2.2. Instrumentation details 

UV-vis absorption, Raman and transmission electron microscopy (TEM) techniques, whose 

technical details have already been discussed in section 6.1.2.3., were used to characterize 

the GNPs as well as the ThT adsorbed on GNPs. In addition to the above techniques, the 

surface morphological studies of the SCFs in non-contact mode was recorded using atomic 

force microscopy (AFM, model-SPM Solver P47).  

6.2.3. Computational Details 

The geometry optimization was performed for ThT using the Density Functional Theory 

(DFT) with B3LYP functional443and 6-31+G* basis set using Gaussian 03 program.442
 The 

computational details are same as mentioned in section 6.1.3. 

6.2.4. Results and Discussion 

6.2.4.1. Molecular Structure of Thioflavin T (ThT) 

The geometry optimized structure of ThT is shown in fig. 6.13. The torsional angle () 

between the benzothiazole (II) and dimethylaminobenzene (III) ringsin the optimized 

structure was found to be ~37° which corroborates with the results that were reported by 

Lopez-Tobar et. al.
460
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Figure 6.13. Optimized structure of Thioflavin T (ThT) with the torsional angle (=37°) 

between benzothiazole (BT) and dimethylaminobenzene (DMAB) rings. 

Structure of ThTcould not be optimized to converge at ~ 90° and rather converged to 

=37°. The vibrational frequencies obtained from the optimized geometryofThT are 

tabulated in Table 6.3. 

Table 6.3. Assignment of Raman spectrum of solid ThT, its aqueous solution and SERS 

vibrations of ThT (GNP and SCF) in cm
-1

. The apparent enhancement factors (AEF) 

calculated for the monolayer concentration (10
-7

 M) of ThT is also included. 

Raman 

Solid 

Raman 

Soln. 

SERS SERS Assignments AEF 

  

GNP SCF =37° GNP SCF 

1606w 1612m 1601m 1604m III (CC) 3.5×10
5
 4.9×10

5
 

1552s 1553s 1537w 1549m 
III (CC), 

(C15N18) 
8.5×10

4
 2.6×10

5
 

1508s 1510s 1506w 1505w 

δ(CH3)c11,1

9,20, 

ν(C6N5) 

1.3×10
5
 3.3×10

5
 

1483s 1485s  1483m 

δI(CH), 

δ(CH3)c11,1

0 

 5.7×10
5
 

1443m 1448m 1439w 1446w δ(CH3)c11,1 2.6×10
5
 6.9×10

5
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9,20, 

δIII(CH) 

1418w 1420w 1409w  

δ(CH3)c11,1

0,19,20, 

δI(CH) 

  

1397s 1404s 1392m 1401s 
δ(CH3)c10,1

1, δI(CH) 
1.5×10

5
 5.6×10

5
 

1355w 1356w 1345w  
ν(CC), δ(CH) 

, δ(NCCC) 
  

1329w 1331w 1327w  

ν(CC), 

δ(CH), 

δ(NCCC) 

  

1311w 1309w 1301w 
1307w 

1268w 

δ(CH), 

ν(CC), 

δ(CH3)c11 

2.9×10
5
 1.3×10

6
 

1207s 1210s 1213m  
δ(CH), 

δI(CC) 
1.7×10

5
  

1159w 1161w 1155w  
δI(CH), 

ρ(CH3)c11 
2.4×10

5
  

1134s 1135s 1130m 1134s 
ρ(CH3)c11,δI

(CH),ν(CC) 
1.8×10

5
 7.2×10

5
 

  1066w 1074w 
ρ(CH3)c11,δ(

CH),ν(CC) 
  

1037w 1039w 1032m 1038w 
δI(CCC), 

νIII(CC) 
8.5×10

5
 4.3×10

5
 

977w 979w   
δI(CCC), 

δIII(CH) 
  

  938m  

νbreathIII(C

C), 

ρ(CH3)c10,1

1 

  

  881m  

δI(CCC), 

ρ(CH3)c19,2

0 

  

796s 798s 794s 801s 
ρ(CH3)c11, 

δ(CCC) 
2.7×10

5
 5.2×10

5
 

744m 745m 743s  
δ(CCC), 

νs(C6SC) 
4.2×10

5
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699w 700w 697s 707w 
δI(CCC), 

ν(C6SC) 
2.0×10

6
 7.3×10

5
 

639w 644w   
δIII(CCC), 

γ(C6CNS) 
  

617w 619w 608w 625w 
γ(C6CNS), 

γ(CH) 
2.5×10

5
 6.7×10

5
 

557w 556w 557w  
γ(CCCC), 

ρ(CH3) 
2.6×10

5
  

533m 533m 530s 538s 
δ(CSC), 

δI(CCC) 
1.3×10

6
 1.1×10

6
 

501w 499w 500w  
δI(CCC), 

δII(CCC) 
2.7×10

5
  

484w 485w   
skeletal 

vibrations 
  

425m 423m  428w 
skeletal 

vibrations 
 3.3×10

5
 

  246s 232s 
ν(AuS) / 

ν(AgS) 
  

 

6.2.4.2. Electronic Absorption spectrum of ThT in colloidal gold nanoparticles 

(GNPs) 

The UV-visible electronic absorption spectra of metal colloids are far field effects of LSPR 

as discussed in chapter 1. Moreover, the agglomeration behaviour also tends to influence the 

LSPR due to reasons discussed earlier. Apart from aggregation, size and shape of the 

particle as well as the dielectric constant of the dispersing medium decides the features of 

LSPR. Upon monitoring of UV-vis absorption spectra of bare GNPs as well as that with 

ThT adsorbed on it at varying concentration, revealed interesting hints towards the nature of 

interaction of ThT with GNPs, which is shown in fig. 6.14.  Addition of different 

concentrations of ThT to GNPs solution, was found to affect the absorption spectra which is 
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shown in fig. 6.14. In the above figure, base GNPs showed LSPR at 520 nm, which is same 

as the result obtained in section 6.1.4.1.  
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Figure 6.14. UV-Vis absorption spectrum of colloidal GNPs (open circles) and with 

different concentrations of ThT (10
-4

 M - 10
-8

 M). 

Addition of very low concentration of ThT, i.e., 10
-7

 and 10
-8

 M, to GNPs, resulted in slight 

decrease of LSPR with a formation of shoulder above 600 nm. Upon increasing the 

concentration of ThT, LSPR was found to decrease at 520 nm with formation of broad 

coupled plasmon at 666, 670 and 685 nm for 10
-4

, 10
-5

 and 10
-6

 M ThT. Red-shifted peaks 

are the coupled plasmon peaks arising due to adsorbed ThT induced concentration 10
-5

 to 

10
-7

 M of ThT. aggregation of GNPs. 

6.2.4.3. TEM and AFM analysis 

TEM analysis of morphology of GNPs gives insight about the size, shape and aggregation 

pattern of GNPs. GNPs were found to have an average size of 25 nm with broad size 

distribution, as shown in fig. 6.15.a. Upon addition of very low concentration of ThT, 10-7 
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M, to GNPs, where a broad red-shifted couple plasmon band does not appear in UV-vis 

absorption spectrum, the GNPs were found to show aggregation as shown in fig. 6.15.b.  

  

 (a) (b) 

  

 (c) (d) 

Figure 6.15. TEM image of (a) colloidal GNP and (b) aggregated GNP obtained on 

addition of 10
-7

 M ThT to GNP. AFM image showing (c) SCF and (d) 10
-7 

M ThT adsorbed 

SCF. 

The average particle size upon aggregation was found to be ~ 35-40 nm, with retention 

spherical shape. In SCF, TEM could not be done due to technical disability associated with 

drop casting of colloidal solution on copper grids. Thus, in order to characterize the SCF, 

AFM technique was used instead. The AFM images of bare SCF and ThT adsorbed SCF are 

shown in 6.15.c. and d., respectively. AFM study showed that the average particle size is ~ 

30 nm on glass substrate Upon addition of ThT, no evidence of induced aggregation was 

found. This may be due to prior immobilization of AgNPs on glass. 
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6.2.4.4. Normal Raman Spectrum of Thioflavin T (ThT) 

ThT molecule consisting of 39 atoms and C1 symmetry has 111 fundamental vibrational 

modes. Due to absence of centre of inversion, all the vibrational modes can be Raman 

active, only their contribution depends on the individual polarizability of the modes of 

vibration. The Raman spectrum of ThT (solid) in the 300-1700 cm
-1

range, is shown in fig. 

6.16. The modes of vibrations were assigned based on the matching of theoretical and 

experimental Raman spectra, which is shown in table 6.3. 
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Figure 6.16. The normal Raman spectrum of solid ThT, 0.05 M aqueous solution of ThT 

and SERS spectrum of 10
-7

 M ThT in GNP. 

There are 7 strong bands in the region 300-1700 cm
-1

as observed in the Raman spectrum of 

solid ThT (fig. 6.16). The Raman bands of high intensity were observed at 1552, 1508, 

1483, 1397, 1207, 1134 and 796 cm
-1

. The 1552 and 1508 (1397) cm
-1

 vibrations were 

assigned to phenyl CC (ring III) stretch and CH3 bending for the methyl functional groups 

(rings I and II). The bands at 1483, 1207 and 1134 (796) cm
-1

were assigned to CH bending 
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(ring I), CH, CC bending and CH3 bending for the N methyl group (ring II). Bands of 

medium intensity at 1443, 744, 533 and 425 cm
-1

were assigned to CH3 bending for the N 

methyl groups, ring CCC bending, ring CSC bending and skeletal vibrations, respectively. 

Bands of weak intensitywere observed at 1606, 1418, 1355, 1329, 1311, 1159, 1037, 977, 

699, 639, 617, 557, 501 and 484 cm
-1

. Weak bands at 1606 and 1418 cm
-1

were assigned to 

CC stretch (ring III) and CH3bending. Moreover, the bands at 1355 (1329) and 1311 cm
-

1
were attributed to ring CC stretch and CH bend in combination with CC stretch. The bands 

at 1159 and 1037 (977, 699) cm
-1

were assigned to CH and CCC (ring I) bending, 

respectively. Again, the bands at 639, 617, 557, 501 and 484 cm
-1

were attributed to CCC 

ring (III) bending, out of plane (oop) C6CNS bending, oop CCCC bending, CCC (ring I) 

bending and skeletal vibrations, respectively.  

The Raman spectrum of ThT in aqueous solution (0.05 M) as well as the Raman 

spectrum of solid ThT as shown in fig. 6.16, were found to be similar to each other.The 

Raman bands associated with the above figure are shown in table 6.3, and were assigned to 

their corresponding modes of vibration. In aqueous solution, Raman bands of high intensity 

at 1553, 1510 (1404), 1485, 1210 and 1135 (798) cm
-1

were assigned to phenyl CC (ring III) 

stretch, CH3 bending for the methyl functional groups, CH bending (ring I), CH, CC 

bending and CH3 bending for the N methyl group (ring II). Again, the medium intensity 

Raman bands at 1612, 1448, 745, 533 and 423 cm
-1

were assigned to CC stretch (ring III), 

CH3 bending for the N methyl groups, ring CCC bending, ring CSC bending and skeletal 

vibrations, respectively. Weak Raman bands were seen at 1420, 1356, 1331, 1309, 1161, 

1039, 979, 700, 644, 619, 556, 499 and 485 cm
-1

. The Raman bands at 1420 and 1356 cm
-

1
were assigned to CH3 bending and ring CC stretch. Similarly, the bands at 1331 and 1309 

cm
-1

were assigned to CH bend in combination with CC stretch. The Raman peaks at 1161 

and 1039 (979, 700 and 499) cm
-1

were assigned to CH and CCC bending(ring I), 
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respectively. The modes at 644, 619, 556 and 485 cm
-1

wereassigned to CCC bending(ring 

III), oop C6CNS bending, oop CCCC bending and skeletal vibrations.  

6.2.4.5. Surfaced-Enhanced Raman Scattering (SERS) Spectrum of ThT 

SERS spectra of varying concentrations of ThT(10
-4 

M - 10
-10 

M) adsorbed on colloidal 

GNPs excited at 633 nm are shown in fig. 6.17.  
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Figure 6.17. Concentration-dependent SERS spectra of ThT in GNP. 

The SERS spectra in fig. 6.17 show relatively lower enhancements for GNPs with ThT 

concentrations of 10
-4

, 10
-5

 and 10
-8

 M. On the other hand, GNPs with ThT concentrations 

of 10
-6

 and 10
-7

 M show good enhancement. Maximum enhancement was observed for 10-7 

M ThT adsorbed on GNPs, which is attributed to monolayer adsorption of ThT over the 

surface of GNPs. Thus, at concentration of ThT lower than or equal to 10
-8 

M may lead to 

sub-monolayer coverage. Again, At concentration of ThT higher than or equal to 10
-6

 M 
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may lead to multi-layer formation where the analyte environment over GNPs is similar to 

that of bulk. Reasonably good as well as resolvable SERS signal 10
-10

 M (sub-nanomolar) 

concentration of ThT over GNPs surface, indicating sub-nanomolar detection limit. 

Moreover at concentration of ThT below monolayer coverage, i.e., 10
-7

 M, slight variation 

in concentration of ThT leads to no significant change in peak position. This means that at 

sub-monolayer coverage of ThT, there is possibility that the adsorbed molecules may 

undergo slight change in its orientation leading to intensity variations.  

Upon comparison of SERS spectrum of a molecule and its Raman spectra in aqueous 

solution recorded under similar conditions, vital information related to the interfacial 

interactions as well as the geometry of the adsorbed molecules on the surface of NPs can be 

obtained. For the investigation of intensity changes as well as the peak shape of ThT in 

asdorbed state over GNPs, the SERS spectrum of 10
-7

 M ThT in fig. 6.17 was compared 

with the Raman spectra of ThT in solid and aqueous state as shown in fig. 6.16. Significant 

changes were recorded which give hints about the structural, binding as well as orientation 

behaviour of ThT over GNPs. The bands in the region 500-1000 cm
-1

 were found to be 

selectively enhanced. The Bands at 743, 697 and 530 cm
-1

, which were assigned to in plane 

CCC bending vibration, CCC (ring I) bending and CSC bending, were enhanced indicating 

that the phenyl (ring I) as well as the S atom of the thiazole (II) moiety are closer to the 

surface of GNPs .The band at 530 cm
-1

was found to be consistant with different 

concentration of TFT whereas the 743 and 697 cm
-1

 bands were greatly enhanced for 

monolayer and multilayer coverage of ThT over GNPs. SERS bands at 938 and 881 cm
-

1
were observed in SERS spectra but not in the Raman spectrum of aqueous solution, were 

assigned to ring breathing (ring III) and CCC (ring I) bending. Medium intensity SERS 

bands at 1601, 1392, 1213, 1032 and 1130 (794) cm
-1

were assigned to CC stretching (ring 

III), methyl bending, CH (ring I) bending, CCC (ring I) bending and methyl bending (ring 
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II). Moreover, the SERS bands with weak intensity at 1537, 1506 (1439, 1409), 1345, 1327 

(1301, 1155), 1066, 608, 557 and 500 cm
-1

 were assigned to the CC (ring III) stretch, ip 

methyl bending, CC stretch, CH bending, oop C6CNS bending, oop CCCC bending and 

CCC (ring I) bending, respectively. 

The SERS spectra of ThT adsorbed on SCFs were recorded using 514 nm excitation and are 

shown in fig. 6.18. 
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Figure 6.18. Concentration-dependent SERS spectra of ThT adsorbed over SCFs. Inset 

shows the SERS spectra of 100 nMThT in GNP and SCF. 

ThT solution of concentration 10
-7

, 10
-8

 and 10
-9

 M were used for dipping SCFs and SERS 

spectrum of the ThT loaded SCFs were found to show enhancement in Raman intensity in 

the range of 200-1700 cm
-1

. A comparison of the SERS spectrum of ThT over GNPs and 
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SCFs is shown in inset of fig. 6.18. SERS signal of appreciable intensity was observed for 

minimum ThT concentration of 1 nM ThT and the signal was found to reduce further upon 

lowering the concentration of ThT below 1 nM. Differences in SERS of ThT over GNPs and 

SCFs is clearly visible in inset of the fig. 6.18. The peaks at 697 and 742 cm
-1

were of 

medium and high intensity on GNPs, respectively, but the above bands were weak in SCFs. 

Moreover, the 881, 938 and 1032 cm
-1

 bands observed in SERS of ThT over GNPs whereas 

they are absent in case of SCFs. In SCFs, strong SERS bands at 801, 1134, 1401 and 

medium intense bands at 1268 and 1483 cm
-1

were observed which showed relatively low 

intensity in GNPs. The band at 232 cm
-1

appeared in SCFs which was assigned to Ag-S 

stretching suggested that ThT molecules bind to the surface of silver nanoparticles through 

S-atom. In the inset of fig. 6.18, the band at 246 cm
-1

 corresponds to Au-S bond in ThT 

functionalized GNPs. Theoretically the Ag-S bond should be weaker than the Au-S bond as 

Au surface has higher affinity for S atom. The above is observed in the difference of metal-

sulphur bond stretching frequency. Thus the observed differences in the SERS spectra of 

ThT over GNPs and SCFs, as discussed above, accounts for the differences in interfacial 

interaction as well as orientation of ThT on the metal surfaces. 

6.2.4.6. Binding of ThT with colloidal gold nanoparticles (GNPs) and silver-coated 

films (SCFs) 

The extent of adsorption of any molecule on the surface of a metal nanoparticle is dependent 

on the nature of the active site of binding of the molecule (adsorbate), which is estimated by 

the observed enhancement in SERS signal. Moreover, the surface selection rules predicted 

by Moskovits
450

 and Creighton
451

 accounts for the orientation dependent SERS 

enhancement of any molecule. The surface selection rule states that the modes of vibrations 

in any molecule perpendicular to the surfacewill be enhanced. In case of ThT, the thiazole 

(ring II) S atom and the N,N-dimethyl group N atom, are the possible sites through which a 
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binding to the surface of metal nanoparticle can be facilitated. The calculated Raman spectra 

of ThT, as obtained after optimization of geometry by DFT ( B3LYP/6-31+G*), showing a 

very good match with the Raman spectra of ThT in solid as well as aqueous solution, 

indicates that the torsional angle () between the BT and DMAB moieties is ~ 37° at ground 

state. It is reported in a SERS study of ThT on silver nanoparticles surface460 that ThT may 

exist in two structural conformers where  ~ 37° in one and ~ 90° in the other. In our 

study, we obtained that in case of adsorption of ThT on GNPs at concentrations below 10
-

7
M, ThT molecules that are attached to GNPs surface have  ~ 90°. At concentration higher 

than 10
-7

 M, the molecules form multilayer where the  ~ 37°, as the local environment of 

the molecules in a multilayer is similar to that in an aqueous solution. Moreover, the 

observation of SERS spectra for ThT concentration as low as 100 picomolar over GNP, 

indicates that the method has a sub-nanomolar sensitivity.  

The apparent enhancement factors (AEF)
461

 can be calculated for the enhanced Raman 

intensity of ThT (10
-7 

M) on GNPs and SCFs,  

𝐴𝐸𝐹 =  
𝜎𝑆𝐸𝑅𝑆 𝐶𝑁𝑅𝑆

𝜎𝑁𝑅𝑆 𝐶𝑆𝐸𝑅𝑆
       (6.1) 

where C and  corresponds to the concentration of the molecule and the area of the Raman 

bands, respectively. The AEF values for the Raman bands are included in Table 6.3. 

Average AEF as observed for ThT on GNPs and SCFs is in the range of 10
5
-10

6
.  

6.3. Conclusion 

In this chapter, upon investigation of structural, conformational information of DMDT on 

the surface of metal NPs by SERS and DFT techniques, it is revealed that there exists a 

selectivity in the binding affinity of S and N atom towards Au and Ag surface, respectively, 

if both the groups are present on the same molecule. SERS study of ThT over GNPs 
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revealed that at monolayer and sub-monolayer coverage, ThT molecules show as torsional 

angle,  ~ 90°, which is different from the ~ 37°, which is observed in aqueous solution. 

Thus, the metal surface was found to influence the conformational change in adsorbed of 

molecules where a molecule can be stabilized at a local minima rather than in a stable global 

minima.  
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7 

Summary and Future scope 

 

In this chapter, the chapter-wise summary as well as the future scope of the works done in 

this thesis is discussed  

7.1. Chapter-wise discussion of the works discussed in the chapters  

7.1.1. Summary and future scope of tryptophan capped GNPs  

In chapter 3, Trp was used to reduce Au
3+

 to GNPs mediated through a pH dependent 

decarboxylation pathway. GNPs which were synthesized at pH 6 were found to be the most 

stable. GNPs had negative surface charge due to COO
-
 group of the adsorbed oxidized Trp 

species. pH played an important role in the synthesis of GNPs as well as in controlling the 

colloidal stability of GNPs. This synthetic method is novel due to the non-requirement of 

any stabilizer. Additionally, the pH sensitive property of the surface of GNPs led to 

accumulation of GNPs at the polar- non polar liquid-liquid interface at low pH. There is a 

possibility of accumulation of GNPs in the extra-cellular interface, as observed in the case 

of simulated environment of cell membrane discussed in chapter 3. In-vitro MTT assay of 

GNPs in presence of gamma radiation (2 Gy) in U-87MG showed slight decrease in the 

survival fractions. Further experiments are in progress to study the effect of low energy X-

rays on the survival fraction. At lower X-ray energies, due to high photoelectric absorption 

cross-section, there is possibility of higher radio-sensitization efficiency.  

7.1.2. Summary and future scope of GNPs and AgNPs loaded alginate film 

In chapter 4, successful synthesis of Ca-Fe-Alg films as well as AgNPs-Alg films was 

demonstrated. Both CV and R6G were detected using the noble metal nanoparticle loaded 

alginate film. Minimum concentration of CV that was detected by this method is 10 nM or ~4 
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ppb. CV is known to show toxicity and carcinogenicity above 1 ppb dose.
268

 It was also found 

that AgNPs-Alg film showed an enhancement of 29% in the calibrated dose in EBT3 films upon 

exposure to 57 keV X-ray. Additionally, Raman spectra of the above EBT3 films in absence and 

presence of AgNPs-Alg films showed a distinct variation in line with the colorimetric study. 

AgNP-Alg films as well as Au/Ca-Fe-Alg films are being used for further dosimetric study in 

presence of 
125

I-source for brachytherapy applications. 

 

7.1.3. Summary and future scope of AgNPs and Ag/AgCl NPDs  

In chapter 5, It was observed that AgNPs were used either as intact nanoparticles or as 

AgCl/Ag NPDs for detection of sildenafil citrate. Citrate capped AgNPs showed best SERS 

based sensing of SC of concentration as low as 66.7 pg/ml. A concentration of SC of 50 

pg/ml was reported to be the lowest achievable detection limit using other contemporary 

techniques. Both the detection methods were found to be simple, sensitive and rapid. In 

future, the sensing of derivatives of SC, such as tadalafil, verdenafil, etc. will be taken up. 

Moreover, sildenafil will also be detected in the matrix of herbal medicines. 

7.1.4. Summary and future scope of SERS based sensing of DMDT and ThT 

In chapter 6, a detailed structural and conformational investigation based on surface 

enhanced Raman scattering technique of DMTD and ThT is discussed in this chapter. 

DMDT was found to show surface selective binding to silver and gold nanoparticles via N-

atom and S-atom, respectively. This information is vital for drug delivery applications. 

Moreover, ThT was also found to show torsional angle, φ~90° at a specific condition, 

indicating the influence of nanoparticle surface on orientation of the rotor molecules. The 

knowledge garnered through this study will be used for detailed investigation of other 

molecules with both N as well as S atoms. 
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