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Chapter 1 
 

Introduction 
 

 

 

 

This chapter gives an insight to this thesis and briefly summarizes the different 
aspects of nanomaterials in terms of its properties, applications and modes of 
synthesis. The chapter emphasizes the importance of a ligand in the synthesis of 
nanoparticles. It also highlights the effect of ligand on the size, shape, crystalline 
phase and formation of assembly of nanomaterials.   
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1.1 Introduction: 

“Nano” today is considered as most happening field and is attracting many 

researchers to turn towards nanoscience and nanotechnology. The term 

nanotechnology was coined by Tokyo Science University Professor Taniguchi in 

1974 and was popularized in mid 80’s by Dr. K. Eric Drexler, through his books 

Engines of Creation: The Coming Era of Nanotechnology and Nanosystems: 

Molecular Machinery, Manufacturing, and Computation.1  

Term ‘Nano’ can be traced to a Greek root which means dwarf. On the 

length scale, nano is one billionth of a meter. The use of nanomaterials is 

documented from the times of Romans. Some of the examples that show use of 

nanoparticles are the Lycurgus Cup, which consists of gold and silver alloy 

nanoparticles2 and the ‘Damascus Sword’ containing the nanoscale carbon particles 

etc (Figure 1.1).3  Michael Faraday had demonstrated the synthesis of gold 

nanoparticles in 1857 in his paper titled ‘Experimental relations of gold (and other 

metals) to light’ published in Philosophical Transactions.4  But in last few decades 

this field has scaled new heights for many reasons including invention of 

revolutionary imaging methods and techniques that made the characterization of the 

materials at nanoscale very easy. 

 

Figure 1.1: Examples of use of nanomaterials in ancient times. (A) The Lycurgus 

Cup, (B) the Damascus Sword and (C)the gold colloids prepared by Michael 

Faraday (The pictures are taken from ref 2, 3 and 4). 

Materials in the micrometer scale exhibit physical properties mostly similar 

to that of bulk form; however materials in the nanometer scale exhibit properties 

distinctively different from their bulk counter part. At nanolevel, number of surface 

A B CA B C
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atoms or ions becomes a significant fraction of the total number of atoms or ions 

and the surface energy plays significant role in the properties of such materials.5 

The change in the properties is due to the increase in this surface to volume ratio. 

At nanoscale the electronic structure of materials also gets modified resulting in 

development of the discrete energy levels in contrast to continuous energy level in 

bulk materials (Figure 1.2).6,7 This leads to dramatic modification of many 

fundamental properties of nanomaterials such as electrical and thermal 

conductivity, band gap, density of states, electron affinity, mechanical, magnetic 

and optical properties etc. These properties are a strong function of size and shape 

of the particles for a given composition of the nanomaterial.   

 

Figure 1.2: Electronic energy levels depending on the number of bound atoms. By 

binding more number of atoms, the discrete energy levels of the atomic orbital 

merge into energy bands as shown in the figure. The above figure has been adapted 

from ref no 6 and 7. Above picture is for semiconductors. 

Other properties of materials that are greatly affected by reduction in size to 

nanolevel are lowering of melting point of the material, reduced lattice constant and 

the stabilization of crystallographic phases different from the bulk. It is also 

observed that metal become semiconductors and semiconductors turn insulators at 
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nanolevel. Figure 1.3 illustrates examples of variation of   properties of materials at 

nanoscale. The fields where nanoparticles are used have a wide spectrum. A partial 

(not extensive) list of fields they are being used include catalysis,8-16 sensors,17-20 

electronic devices,21-26 as photocatalyst,27-30 for separation,31-36, optics,37-44 data 

storage,45-47 surface enhanced Raman spectroscopy substrate,48-54 etc. Nanoparticles 

are also widely used in medical applications like drug and gene delivery,55-62 

biosensors,63 in MRI scanners,64-68 hyperthermia68-75 etc. 

 

Figure 1.3: Variation of properties of material at nanolevel. (A) Gold at nano-scale 

possessing different shapes and size. Accordingly, colour of the solution changes 

with shape and size. (B) Magnetic data as a function of size. (C) Gold nanoparticles 

acting as a catalyst. Bulk gold does not possess catalytic property.76The images 

have been taken from reference.77,78 

 Due to such wide variety of applications, nanoparticles have gained 

importance and various protocols for synthesis of nanoparticles have been reported. 

Two classifications that are generally used to distinguish the synthesis of 

A B

C

A B

C
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nanomaterials are i) top down approach which involves slicing or successive cutting 

of bulk material to obtain nanosize5,79,80 and ii) bottom up that involves building up 

the material  atom by atom, molecule by molecule or cluster by cluster.80 Figure 1.4 

shows the schematics representing these two methods. 

 

 

Figure 1.4: Two different approaches for the synthesis of nanoparticles top down 

and bottom up (taken from ref no.5). 

 Synthesis of nanoparticles are further broadly classified into three major 

types 

1. Physical Method 

2. Chemical Method 

3. Biological Method 

More detailed classification of the above three methods are summarized in the table 

1.1.  
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Table 1.1: Method for synthesis of nanoparticles  

 

Biological methods  Physical 

Method 

Chemical 

method Biosynthesis Bio- mimetic 

Evaporation 

method (Physical 

vapour 

deposition , 

PVD) and 

(Chemical 

vapour 

deposition, 

CVD)81,82 

Sol-gel 

method83-86 

Bacteria, 87-89 

Fungi89,90  

DNA/RNA91,92 

Solvated Metal 

Atom Dispersion 

(SMAD)93,94 

Chemical 

precipitation86,95

Plants and 

plant  

extracts96-98 

Viruses99-101  

Laser ablation102-

104 

Hydrothermal 

synthesis86,105 

Amino 

acids106 

Proteins107 

Sonochemical 

methods108,109 

Micelles or 

micro-emulsion 

based 

synthesis86,110,111

Peptides112,113  

Photolytic and 

Radiolytic 

methods114,115 

galvanic 

replacement 

reaction86,116,117 

  

 

As mentioned before, the properties of nano-materials depend highly on size 

and shape of nano-materials. Of the above mentioned procedures, chemical 

methods have proved to be the most reliable ones to produce different sizes and 

shapes of nanomaterials. As is well known, main ingredient of the chemical 

synthesis of nanoparticle are the ligands that are used as capping and/ or shape 
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directing agents. Ligands not only help in achieving stable nanoparticles but also 

help in achieving nanoparticles of desired shape and size. Custom made ligands 

perform multiple tasks like capping and reducing the metal ions to metal 

nanoparticles. Use of ligands which can perform multiple tasks reduces the number 

of steps involved in the synthesis, thus making the task easy and manageable. 

Moreover, usage of molecules with multiple functional groups enables the 

preparation of functional nanoparticles that can be used for targeted drug 

delivery,118  selective sensitivity119 and multi valent expositions that can be used for 

specific applications. In the following section we briefly summarize the different 

roles played by the ligands in the synthesis of nanomaterials. 

1.2 Role of Ligands/surfactant in synthesis of nanoparticles: 

1.2.1 Stabilization of Nanoparticles: 

Stability is one important factor that determines the application potential of 

the nanoparticles. Stability of nanoparticles especially as dispersion can be achieved 

by two methods 

a) Electrostatic repulsion. 

b) Steric repulsion (using ligand/surfactants). 

1.2.1.1) Electrostatic interaction.  

Figure 1.5: Scheme illustrated stabilization of nanoparticles via electrostatic 

interaction.80 
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In metals, especially noble metals, stabilization of nanoparticles can occur 

through two modes: electrostatic repulsion and steric repulsion. In the first scenario, 

subsequent to their reductive preparation, the particles are surrounded by an electric 

double layer arising due to adsorption of reactant ions on the surface of 

nanoparticles. This results in two forces acting on nanoparticles, 1) van der Waals 

force of attraction between metal cores and, 2) electrostatic force of repulsion 

(potential energy) due to charged ions on the surface. Stability of nanoparticles is 

dependant on the combination of these two forces. Figure 1.5 shows graph of 

potential energy versus distance from the surface of spherical particle. At a distance 

far from the surface, both van der Waals attraction potential and electrostatic 

repulsion potential is zero. Near the surface, a minimum is observed in potential 

energy due to van der Waals attraction. At a distance not very far away from the 

surface where electric repulsion dominates the van der Waal attraction potential and 

the combination of these two opposing forces leads to a maxima in the energy 

curve. This maximum is known as repulsive barrier. If the barrier is greater than 

certain value, two particles cannot overcome the barrier and thus agglomeration is 

prevented.5,120 Electrostatic stabilization is kinetic stabilization process and it is 

useful only in the case of dilute solutions. Addition of electrolytes screens the 

double layer charge leading to aggregation. As can be noticed, such stabilization 

occurring due to electronic repulsion is highly dependent on several factors and the 

ideal condition for most stable dispersion can be achieved in a very narrow window.  

1.2.1.2) Stabilization of nanoparticles using ligands/surfactants:  

Figure1.6: Steric stabilization of metal nanoparticles.120  

Steric StabilizationSteric Stabilization
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Steric stabilization of nanoparticles can be achieved by co-ordination of 

organic molecules on the surface of nanoparticles, which act as capping ligands. In 

this way nanoparticle cores are separated from each other and agglomeration is 

prevented. In case of metal nanoparticles system, ligands that are commonly used as 

stabilizing agent include thiols, amines, silane, phosphines, carboxylic acid 

(especially for transition metals) etc. 

Table 1.2: Ligand used in synthesis of different nanoparticles 

Thiols used to capped Gold (Au),121-123 Silver (Ag),124-

126 Platinum (Pt),127 Palladium (Pd)128 and 

semiconductor nanoparticles.129,130 

Amines Au,131-133 Ag,134 Pt,135 Pd136  

Carboxylic acid Ag,137-139 magnetic nanoparticles (Co, Ni, 

Fe),140,141 

Phosphines  Au,142,143 magnetic nanoparticles78,144,145 

Silanes Metals,146,147 Metal oxide148 

One of the major reasons why these ligands are preferred for capping is due 

to their binding ability with the surface of nanoparticles.149 Thiol containing ligands 

are most widely used as stabilizing agent for metal nanoparticles as the metal-sulfur 

interaction in known to be strongest as compared to other surfactants. The 

chemisorption energy between gold and sulfur is estimated to be 126 kJ.122 

Extensive studies have been carried out to study the interaction between gold and 

thiol using various techniques. The thiol-metal bond is most commonly described as 

a surface bound thiolate. Evidence for thiol being present as it is (without leaving 

hydrogen) can also be found in literature.150 Andreoni et al. have carried out 

detailed experiments to probe the presence and absence of the sulphur bound 

hydrogen. It was found that  apart from presence of thiolates at the bridge sites, 

intact thiols are also present at “atop” sites and thiolate along with atomic hydrogen 

adsorbed to the metal surface.150,151 Murray and co-workers have based their 
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argument on ligand place exchange reaction where the hydrogen of the incoming 

thiol is removed during the replacement step by binding to the leaving thiolate 

ligand. Brust and co-workers through detailed NMR studies concluded that both the 

situations (thiolate and thiol binding to gold nanoparticle surface) are possible.152    

Amines are also known to impart stability to nanoparticles. In depth analysis 

of interaction of amines with nanoparticle surface has been carried out. Amine-

nanoparticle interactions were studied for Au and Ag by recording FTIR, XPS and 

NMR measurements.132,134 Two possibilities of amines binding to gold surface have 

been proposed: either though co-ordination bond formation or weak co-valent 

interaction. The analysis carried out by Sastry and co-workers points towards two 

different modes of binding of alkylamines with nanoparticle surface.132,134,135,153,154 

The weakly bound component is attributed to the formation of an electrostatic 

complex between protonated amine molecule and surface bound AuCl4
-/AuCl4

-  

ions, while the strong bound entities are assigned to a complex [AuCl(NH2)]. Work 

by Heath and co-workers also suggests that amines form partially covalent bond 

with gold nanoparticles and that the stability of amine capped gold nanoparticles is 

a finite size effect which is largely kinetic rather than thermodynamic in origin.155 

Sastry and co-workers showed that gold nanoparticle surface-bound alkanethiols 

maybe replaced by alkylamines by a place-exchange mechanism while the converse 

process, i.e., exchange of surface bound alkylamines with alkanethiols, does not 

occur. On the contrary many researchers claim that amines on nanoparticles can be 

easily replaced by thiols. While the debate goes on, it is a fact that amines are also 

found to cap nanoparticles and can help stabilizing nanoparticles.  

Carboxylic acids are one of the important class of ligand that is used in 

synthesis of nanoparticles. The carboxylic acid that is being mostly used is oleic 

acid, which plays a major role in synthesis of magnetic nanoparticles.140,141,145,156-158  

Interactions of oleic acid with surface of nanoparticles have been discussed in 

detail.137-140 Carboxylic acids generally binds to the metal surface in two different 

types either a bidentate bond through two equivalent oxygen atoms or a 

monodentate bond with inequivalent oxygen atoms. In case of the monodentate 

bond, the C=O bond is still present and the acid hydrogen is substituted by metal 

atoms.140,159,160 However, through detailed FTIR and XPS analysis, Dravid and co-



 
Chapter I 
 

 
 
Ph.D Thesis                             Manasi B Kasture                    University of Pune  

11

workers have concluded the bidentate chelating is the type of bonding present in Co 

nanoparticles case.  

It has also been shown that oleic acid can be used to prepare aqueous 

dispersions of nanoparticles. This aspect is surprising because if the carboxylic acid 

group binds to the nanoparticle surface then the nanoparticles would not be 

dispersible in aqueous medium. To address this issue Prasad and co-workers and 

Efrima and co-workers have studied interaction of oleic acid with silver 

nanoparticle surface in the aqueous medium.137-139 The studies carried out using 

FTIR and 1H NMR reveals that in aqueous medium, oleic acid binds to 

nanoparticles surface through the double bond. This results in carboxylic acid 

moiety being exposed to the water medium.  

    Interaction of phosphine with nanoparticle surfaces has been studied by 

Hyeon and co-workers. Triphenylphosphine (TPP), trioctylphosphine (TOP) were 

investigated in detail using NMR. The NMR peak of TOP stabilized palladium 

nanoparticles appeared at 2.89 ppm while free TOP exhibited a peak at -30.43 ppm. 

The NMR results indicated that TOP binds weakly to the surface of nanoparticles.   

Silanes also are one of the important ligands that are being used for capping 

surface of nanoparticles. Binding of different silanes like n-hexylsilane 

(H13C6SiH3), n-octylsilane (H17C8SiH3), octadecylsilane (H37C18SiH3) to the surface 

of nanoparticles are analyzed using reflection-absorption infrared spectroscopy 

(RAIRS).146,147 From RAIRS and XPS results it is proved that the three Si-H bonds 

of the alkylsilane are broken and a monolayer of the ligand on nanoparticle surface 

is formed through weak covalent bonds.161-163  
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1.2.2: Influence of ligand on shape and size of nanoparticles 

 

Figure 1.7: Schematic illustration of nanostructure shapes. The shapes in the top 

row are single crystals, in the second row are particles with twin defects or 

stacking faults, and in the third row are gold shells. 164  

Factors like temperature of reaction, concentration of reaction, rate of 

reaction, pH of the reaction solution etc are known to affect the size and shape of 

the nanoparticles.165 Another major factor that plays an important role in governing 

the shape and size of nanoparticles is the ligands/surfactants that are present during 

the formation of nanoparticles.166  Using the celebrated Brust protocol Heath and 

co-workers could vary the size of gold nanoparticles ranging form 1.5 to 20 nm. 

The variation in size of gold nanoparticles was achieved by controlling the initial 

AuCl4
-/thiol ratio.122,167  Reactivity was controlled by varying the chain length and 

concentration of the ligands.168 Concentration of surfactants like sodium dodecyl 

sulphate (SDS) and cetyltimethyammonium bromide (CTAB) were varied and their 

effects on the size and shape of resulting nanoparticles were investigated in 

detail.169 Change in concentration of these surfactants resulted in formation of 

different micelle structures which are responsible for control of shape and size of 

nanoparticles. Using of different concentrations of oleic acid ligand during the 

cobalt carbonyl decomposition results in the formation of either large nanocrystals 

Single crystal

Gold shells

Single crystal

Gold shells
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or small clusters. More dramatically, it was shown that by adding or removing free 

oleic acid ligand from the final reaction product, nanocrystal colloid was turned into 

a cluster complex solution and vice versa.170 In order to gain more knowledge on 

the role of ligands played during the synthesis of nanoparticles, ligand-metal 

interaction was studied in detail during the growth of nanoparticles. Concentrations 

of ligand are found to control the size and shape of nanoparticles. At different 

concentrations, interaction of ligands with metal precursor differs. This results in 

variety of reaction product formation which ultimately decides the final products.171 

Similar ligand effects on particle size were studied in detail by Challa Kumar and 

co-workers. They demonstrated that usage of different ligands leads to different 

reaction path ways. This in turn controls the nanoparticle dimensions.172,173 The 

variation in size and shape occurs due to interaction of ligands with the precursor 

even prior to the nucleation.  

Ligands are also known to direct the shape of nanoparticles leading to 

formation of anisotropic nanoparticles. Murphy and co-worker have extensively 

synthesized gold nanorods of different aspect ratio using a method called ‘seed 

mediated method’. Based on the systematic studies, they concluded that CTAB is 

the most suitable surfactant for the formation of gold nanorods and nanowires.174-177 

Detail study on role of CTAB on formation of nanorods/wires reveal that CTA+ 

head group binds to the side surface of nanorods with some preference. The 

preferential binding is based on steric argument - the Au atom spacing on the side 

faces is more comparable to the size of the CTA+ headgroup than the close-packed 

{111} face of gold, which is at the end of the nanorods. Such binding stabilizes the 

side faces, which have relatively large surface energy and stress (tension) compared 

to other faces. This allows material addition along the [110]  common axis on 

{111} faces, which do not contain the CTA+ headgroups.177  
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Figure 1.8: Preferential binding of CTAB to specific crystal faces resulting in 

formation of nanorods. Figure is taken from reference no176.  

Detailed investigation of formation of different shapes on nanoparticles has 

been carried out by Sau and co-workers.178 Methods like preformed-seed-mediated 

growth method,179-181 high-temperature reduction method,182,183 spatially confined 

medium/template approach,184,185 electrochemical synthesis,186-188 photochemical 

method189,190 and biosynthesis97 which result in different anisotropic nanoparticles 

in presence of various ligands have been demonstrated. They have concluded that 

among the many factors that govern the shape of nanoparticles additives like 

surfactants and ligands play a major role.191-195           

1.2.3: Influence of ligand on the crystalline phase of nanoparticles 

Properties of nanoparticles are also known to be function of their crystalline 

phase. This is more prominent in case of magnetic nanoparticles and their magnetic 

properties.196,197 Interestingly the type of crystallographic phase a nanoparticle 

adopts also has been seen to depend on the type of ligand used.  Challa Kumar and 

co-workers showed formation two different crystal structures when combination of 

surfactants is used. The two crystal structures obtained in case of cobalt 

nanoparticles are the hcp phase and the fcc phase.173 A new phase -phase of cobalt 

nanoparticles was obtained by Bawendi and co-worker when trioctylphosphane 

oxide (TOPO) was used as capping surfactant. Use of oleylamine at different 

temperature resulted in formation of different crystalline phases of Ni nanoparticles 
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(hcp and fcc). Hans et al. have synthesized Ni nanoparticles using dodecylamine 

(DDA) and octadecene (OD) as surfactants.  When they used only DDA, cubic 

phase formation was seen, while the mixture of DDA and DA lead to formation of 

hexagonal phase. Magnetic measurements were carried out for these two different 

phases which showed vast difference in nature of magnetic characteristics such as 

field cooled and zero field cooled curves, Curie temperature etc.198 

Crystal structure of CdTe nanoparticles formed using phosphonic or fatty 

acid is observed to vary strongly. The nanocrystals grown in presence of the fatty 

acids had a wurtzite structure, and the reaction in presence of phosphonic acids 

tended to yield nanocrystals with a zinc blend structure.199 The exact reason for 

formation of different crystallographic phases when different ligands are used is not 

known but one of the reasons cited is binding of ligand and change in aggregation 

state that can cause phase transformation without particle coarsening.200   

1.2.4: Role of ligand in assembly formation 

One of the key steps towards the application of nanoparticles in various 

fields is their assembly into desired architecture.201 There are various techniques 

like i) self assembly of nanoparticles202-204 ii) template directed self assembly205-207 

iii) assembly by lithography or pattering,208-211 that can lead to the assemblies of  

nanoparticles. Application of these small clusters in devices requires them to be 

arranged in one, two or three dimensions (1D, 2D and 3D). Here again, the ligands 

play an important role.86,212-217 In the following we will discuss the assembly of 

nanoparticles formed by usage of different ligands. Assemblies obtained by usage 

of ligand depend on various factors like size, stability, solubility of the 

nanomaterials. Other factors like electrostatic attractions, covalent bonding between 

the ligands and dipole-dipole interaction incase of magnetic nanoparticles also govern 

the formation of the assemblies.218,219 One of the simplest methods to achieve ligand 

capped nanoparticle assemblies is to drop coat the nanoparticle solution on a substrate 

and allow the solvent to evaporate.  

  The factors that govern the formation of assemblies have been summarized by 

Prasad and co-workers.220 The factors that govern the assembly formation include size, 

ligands used, chain length of the ligand, substrate used for formation of assemblies etc. 
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We will restrict our discussion to the ligand capping here. As discussed in earlier 

section, nanoparticle stabilization can be achieved in two ways electrostatic/ligand 

capping. But the nanoparticles stabilized by electrostatic forces can be destabilized by 

minor changes.  Therefore nanoparticles stabilized by ligands (stearic force) are more 

preferred to obtain reliable assemblies. In this case, stability is imparted by 

combination of forces viz van der Waals attractive forces between the metal core and 

the stearic repulsive force of the ligand. Expressions for these two forces have been 

reported by Korgel et al.221  
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Where A is the Hamaker’s constant and C is the center to center distance 

between the particles. The above two forces are opposite in nature. When these two are 

combined a minimum in the total energy can be seen where nanoparticle assemblies 

can be formed. It can be seen that apart for the above forces, attractive interaction 

between ligand molecules (interdigitation or bundling) also plays a dominant role.  

 

Figure 1.9: Interparticle potential (2) between two nanocrystals: This curve results 

from a summation of two different forces namely Esteric (3) plotted using (eq.1); EvdW 

(1) plotted using (eq.2) as described in the text. Figure taken from ref no. 220 

1
2
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One of the requisite for formation of assemblies is super saturated solution 

resulting in formation of assemblies either in solution or on a substrate. Though detail 

information about the forces responsible for assembly formation is available most of 

the assemblies obtained are on substrate. There are also examples where assemblies are 

obtained in solution.222-224  

Type of ligands and variation in the chain length also govern the formation 

of nanoparticle assemblies. One of the early reports where assembly of 

nanoparticles was observed is by Shiffrin and co-workers, where they used thiol 

based ligands for capping and obtaining the assembly of Au nanoparticles.225,226 

Superlattices of Au, Ag and Pt were obtained by phase transferring the hyrosols to 

toluene solution containing thiol ligand.127,227 Assemblies of gold nanoparticles 

were obtained using different ligands like dodecanthiol, dodecylamine, octadecyl 

silane, trioctyl phosphine, dodecyl bromide, dodecyl iodide, dodecanol and decane. 

The superlattices formed with these different ligands are different in nature.228  

Dodecylthiol capped nanoparticles formed better assemblies as compared to other 

ligands. 2-D and 3-D superlattices were synthesized in nonionic inverse micelle and 

capped with alkanethiol ligands by varying the alkanethiol chain length from C6 to 

C18.
229 It is possible to control the interparticle spacing of superlattices over a 

limited range by capping with organic thiols. Very small alkanethiols cause 

precipitation, and high alkanethiols restructure the nanoclusters, but intermediate 

alkanethiols, from C6SH to C14SH, result in the formation of uniform superlattices 

with controlled interparticle spacings. Polydispersity of the assembly increases with 

increase in chain length. Similar chain length dependent studies of superlattice 

formation were carried out by Prasad et al using thiols. Separate particles were 

formed when longer chain length (C16) thiols were used while for smaller chain 

length (C8 and C10) 3D superlattices are formed.230  

Use of ligands that possess same functional groups at both the ends which 

can bind to two nanoparticles have also been used in formation of assemblies of 

nanoparticles. Brust and co-workers have used ,-dithols to assemble Au 

nanoparticles. Controlling such processes was seen to be difficult, never the less; it 

was achieved by varying the concentration of the ligand and optimizing it.216 

Networks of nanoparticles which are photosensitive were prepared by using 
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azobenzene derivatives. The interparticle spacing could be controlled by the 

reversible trans−cis isomerization of the azobenzene moiety induced by UV and 

visible light, respectively.231 One of the examples where assemblies are formed in 

aqueous medium is reported by Kimura and co-workers. Mercaptosuccinic acid was 

used to achieve this. In the superlattices that have been obtained Au nanoparticles, 

arranged in hexagonal closed packed structures were interconnected by interparticle 

chemical binding due to mercaptosuccinic acid.232 Assemblies of nanoparticles are 

formed taking the advantage of specific interactions between the complimentary 

recognition units. Rotello and co-workers have used this method, where the ligands 

on surface of nanoparticles bind with complimentary recognition units leading to 

formation of assemblies.204,233      

  Assemblies of magnetic nanoparticles are important for their application in 

recording media.144,234 Assembly of these magnetic nanoparticles largely depends 

on the composition and combination of dispersing solvent and the temperature 

during the deposition.78,235 Ordered array of Fe nanoparticles were obtained by 

coating these nanoparticles with Oleylamine.236  Assembly of cobalt nanoparticles 

were obtained using oleic acid and trioctylphosphine as ligand.156  Sidhaye et al. 

have obtained assembly of Ni and Co nanoparticles where the combination of 

sodium dodecyl sulphate (SDS) and oleic acid have been used to achieve the 

assembly of nanoparticles.141 
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Figure 1.10: Steps involved in formation of assembly of nanoparticles. (a) 

Nanoparticle synthesis, (b) size selective precipitation (c) self-assembly of 

nanoparticle dispersion (d) formation of nanoparticle assembly (e) schematic of 

magnetic nanoparticles coated with ligand along with oxide formation at the 

surface and (f) graph of the energy dependence of nanoparticle magnetization. This 

figure has been taken form ref no 198.  

Efforts have been taken to assemble anisotropic nanoparticles like rods. 

Thomas and his group have been successful in achieving chains of gold nanorods 

using different ligands. Using ,-alkanedithiols nanorods were organized in end to 

end fashion where the alkanedithiols acts as linkers.237 Similar studies were carried 

out using other ligands/capping agents like carboxylic acid derivatives, namely, 3-
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mercaptopropionic acid (MPA) and 11-mercaptoundecanoic acid (MUA), for 

assembling Au nanorods.238  

  

Figure1.11: (A) Scheme shows DNA-based colloidal nanoparticles assembly 

method carried out step wise.92 (B) I llustrates TEM images of gold nanoparticles 

as prepared, (C) TEM images of DNA-linked gold nanoparticles show assembly 

formation.92   

 Biological entities like DNA have also been employed to achieve assembly 

of nanoparticles. Mirkin’s group91 have shown DNA based assemblies obtained 

rationally and reversibly into macroscopic aggregates. This method involves 

attaching to the surface of two nanoparticles, a non-complimentary DNA-

oligonucleotides attached with thiol group, which binds to gold. Addition of 

oligonucleotides duplex with sticky ends complimentary to two grafted sequences, 

leads to the formation of nanoparticle assembly. 

Thus from above discussion, we observe that ligands/surfactants play a vital 

role in synthesis, shape control and assemblies of nanoparticles. They are also a key 

component in the preparation of organo nanoparticles, functional hybrids which 

find numerous applications like drug delivery and catalysis.  

A
B

C

A
B
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1.3 Objective of this thesis: 

We have realized importance of metal and magnetic nanoparticles with their 

application point of view in different fields. Survey of various methods of synthesis 

has been described in earlier sections. Apart from this, we have also taken into 

account the role played by ligand in synthesis of nanoparticles as stabilizing agent, 

shape directing moiety and also as reducing entity.  

In this thesis we concentrate on the effect of surfactant on shape and size of 

nanoparticles. We have also studied its effect on the crystal structure obtained. 

Subsequently effect on the properties has also been taken into consideration. We 

have also demonstrated the dual characteristics of ligand that as reducing agent and 

as capping moiety. 

1.4 Outline of the thesis: 

Brief background of the work carried out in the thesis has been described in 

above section. 

Chapter 2 illuminates effects of two ligands, sophorolipid and a new 

carboxylic acid on the synthesis of cobalt nanoparticles. Synthesis protocol applied 

is simple reduction of metal salt with sodium borohydride. Different ligands lead to 

formation of different crystal structures of cobalt nanoparticles. Detailed magnetic 

measurements like FC-ZFC measurements, field dependent magnetization 

measurements and ferromagnetic resonance are found to vary depending on the 

crystal structure. Interaction of these ligands with nanoparticle surface is also 

studied. 

Chapter 3 deals with exploring the dual nature of biosurfactant sophorolipid 

as reducing and capping moiety. Three different types of sophorolipids namely SA 

derived sophorolipid, OA derived sophorolipid and LA derived sophorolipid are 

considered. Synthesis of silver nanoparticles is carried out by two methods namely 

batch process and continuous flow method. Temperature dependent study is carried 

out for synthesis of silver nanoparticles using these three ligands as 

reducing/capping agent. The nanoparticles formed are characterized with UV-

visible, FTIR, dynamic light scattering (DLS) and transmission electron 
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microscopy. Time dependent study is also carried out to optimize the reaction time 

for synthesis of Ag nanoparticles. Using the optimized reaction conditions the 

synthesis is carried out in continuous flow method using microreactors. Stainless 

steel tube was used as microreactor for this synthesis. 

In Chapter 4 we have made use of commonly used ligands cetyltrimethy 

ammonium bromide (CTAB) and cetyltrimethy ammonium chloride (CTAC). Au 

nanoparticles are synthesized using these ligands. Tryptophan is used as reducing 

agent for Au nanoparticles. Formation of triangular nanoparticles in case of CTAB 

and spherical nanoparticles in case of CTAC are seen. Both the species of 

nanoparticles were characterized by UV-visible, TEM, and XRD. Another 

interesting feature observed is the emission from triangular nanoparticles while it 

was absent in case of spherical nanoparticles. To support the observed result, 

detailed fluorescence and lifetime measurements are carried out. 

Chapter 5 summaries the work carried out in this thesis by highlighting the 

prominent feature of the work. Here, we also give the possible future work that can 

be carried out using this work as the basis. 
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           Chapter 2 
Effect of ligands on crystal structure 

and properties of cobalt nanoparticles.  

 

 

 

 

This chapter discusses the role played by the ligands in the synthesis of cobalt 
nanoparticles. It is observed that usage of different ligands lead to formation of 
different crystal phases of cobalt nanoparticles. Variation in magnetic properties 
from these different crystalline phases was studied in detail. The mode of 
interaction of ligand with the nanoparticle surface was also investigated.  
 

Part of this work has been published in: 

1) Manasi Kasture, Sanjay Singh, Pitamber Patel, P.A.Joy, A.A.Prabhune, 

C.V.Ramana and B.L.V.Prasad, Langmuir, 2007, 23, 11409-11412. 

2) A Sendilkumar, Manasi Kasture, Pitamber Patel, C.V.Ramana, 

B.L.V.Prasad and S Srinath, Journal of Physics: Conference Series, 2010, 

200, 075088.  
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2.1 Introduction: 

Magnetic nanoparticles have become an important class of the nanomaterial 

family due to their applications in numerous areas like data storage, catalysis, 

motors, magnetic refrigeration and electrical power transformers.1-13 They are also 

being used in magnetic separation14 and as magnetic seals.15,16 Apart from these 

applications magnetic nanoparticles are finding applications in biomedical fields as 

MRI enhancers, drug delivery agent, separating matrices of bio entities etc.1,17-22 

Important magnetic nanoparticles that are being used are cobalt (Co), nickel (Ni) 

and iron (Fe). These find application in the field of catalysis too.1 During the 

synthesis of these magnetic nanoparticles, the challenge is to maintain the metallic 

state as Co, Ni and Fe are highly prone to oxidation especially in aqueous 

environment. The inter-particle attraction arising from the large van der Waals 

forces between polarizable metal particles and from magnetic dipole interactions in 

these materials are also very large.23 This makes it difficult to keep them in a 

dispersed state. Thus, to obtain stable magnetic nanoparticle dispersion, it is 

important to protect the nanoparticle surface. This can be easily achieved by using 

capping ligands /surfactants. Most of the practiced methods for the synthesis of 

these protected and stable Fe, Co and Ni nanoparticle dispersion are accomplished 

in organic solvent.24-29 This is due to the structure of the capping agent used which 

generally bears one functional group that can bind to the nanoparticle surface thus 

preventing it from getting oxidized. The other end of these molecules is generally a 

hydrophobic group. This makes it easy for nanoparticles capped by these molecules 

to be dispersed in non-polar organic media. As some of the important applications 

of these nanoparticles require them to be dispersed in aqueous media; the need for 

developing methods for their synthesis in aqueous media can be immediately 

understood. 

Another major drawback in these reported synthetic procedures is the lack 

of proper understanding of the mode of interaction between the nanoparticle surface 

and the ligand. In fact we firmly believe that this understanding is very crucial for 

developing reliable synthetic procedure of these magnetic metal nanoparticle 

systems in any solvent media.  
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Based on the knowledge that oleic acid is one of the extensively used 

molecules as a capping agent during the synthesis of magnetic metal nanoparticles, 

in this chapter we wish to address two issues. 

1. Whether the structural modification of oleic acid could provide us 

access to the synthesis of magnetic metal nanoparticles in aqueous 

media. 

2. Whether new ligands that possess similar structural moiety as 

present in oleic acid can act as good capping agents for such 

nanoparticles.      

As the three transition metals (Fe, Ni and Co) behave more or less in similar 

fashion we chose one of them, namely cobalt as the test case. As we have observed 

in chapter 1, oleic acid (OA) is one of the major surfactant during the synthesis of 

cobalt nanoparticles. It has been shown that in organic media the oleic acid 

molecule binds to the nanoparticle surface through the –COOH group (Figure 

2.1A). The few reports that tested the utility of oleic acid as a capping molecule in 

aqueous medium used the ethanol/methanol-water mixture for the synthesis instead 

of pure water.30,31 This was necessary because oleic acid is insoluble in water. 

Through detailed FTIR and NMR spectral characterization, it has been 

demonstrated that in aqueous media the oleic acid molecule binds to the 

nanoparticle surface through the double bond.32  A quick look at the structure of the 

oleic acid suggests that if a hydrophilic moiety can be attached towards the –CH3 

end it may be possible to make it water soluble. Such modification can be achieved 

by organic synthesis which involves multiple steps and are tedious. On the other 

hand it is well known that when fatty acids are added to yeast cells in presence of 

excess of glucose a class of  bio-surfactants called sophorolipids are formed. In 

these sophorolipids (SLs) a sophorose – a dimeric glucose – is attached to either  

or-1 carbons of the fatty acids through a β-glycosidic linkage (Figure 2.1 B).33,34 

As mentioned above, OA can bind to the nanoparticle surface through the 

double bond or the carboxylic end. In OA, the double bond is located at the center 

of the molecule and the carboxylic acid end is separated by six carbon atoms from 

this double bond. As has been already mentioned, both olefin and the carboxylic 
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acid can play the role of stabilizing moiety during the nanoparticle synthesis.32 

However in case of OA both of them (from a single molecule) cannot bind to the 

nanoparticle surface because of their spatial separation. We envisaged that a 

molecule in which two functional moieties that can bind to the nanoparticle surface 

have been placed next to each other, may act as a good stabilizing agent. Our search 

concluded that 2-(dodecyloxy) acetic acid (DDOA) could be one such candidate. 

Here, the -O-CH2-COOH  group can stabilize the metal surface by forming a 5 

membered ring (Figure 2.1C).  

Thus, in this chapter, we investigate the role played by two hitherto unused 

surfactants in the formation of cobalt nanoparticles. The two surfactants that have 

been considered are:  

1. A biomolecule called sophorolipid of oleic acid obtained by challenging 

yeast cells like Candida Bombicola with oleic acid in presence of glucose.  

2. 2-(dodecyloxy) acetic acid (DDOA) which is synthesized by chemical route. 

We have also studied the interaction of these surfactants with nanoparticles.   

Our results indicate that both the surfactants show good capping capability and the 

cobalt nanoparticle synthesis thus formed are stable and show good magnetic 

properties. This chapter also illustrates the role played by surfactants in controlling 

the crystallographic phase of cobalt nanoparticles.  
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2.2 Synthesis of sophorolipids and carboxylic acid:  

Sophorolipid used in this work was synthesized in our lab by using the 

reported procedure in literature.35-37  

 

Figure2.1: Structure of oleic acid (A), oleic acid derived sophorolipid (B), 

dodecyloxy acetic acid(C). 

In brief, yeast cells like Candida bombicola are challenged with fatty acids 

such as oleic acid, linoleic acid etc. in presence of glucose. The well established 

biotransformation follows by the attachment of the hydroxy group to the 

penultimate carbon and then two glucose molecules are attached to this hydroxyl 

group by -glycosidic linkage. Crude sophorolipid obtained are mixture of 

acetylated acidic and acetylated lactonic form. This crude sophorolipid was 

subjected to base hydrolysis to obtain pure acidic form of sophorolipid. In this 

chapter, we have used oleic acid derived sophorolipid (OASL).38 The DDOA 

molecule used in our study was synthesized by Dr C.V.Ramana’s group at NCL and 

was used as received. In brief, to obtain these molecules monoalkylation of glycol by 

alkyl bromide in presence of base followed by oxidation of primary alcohol was carried 

out. The structure has been verified by NMR and other characterizations.  
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2.3 Synthesis of cobalt nanoparticles: 

 This section describes synthesis protocols used for synthesis of cobalt 

nanoparticles using sophorolipid, oleic acid and DDOA as capping ligands. 

Schematic method for synthesis of cobalt nanoparticles is shown in Figure 2.2. 

 

    

Figure 2.2: Method for synthesis of cobalt nanoparticles using OASL and DDOA 

as capping ligands. 

2.3.1: Using sophorolipid as capping agent 

Synthesis of cobalt nanoparticles was carried out by using sodium 

borohydride (NaBH4) as reducing agent. In a typical experiment, 100 mL of 

sophorolipid solution was taken and cobalt chloride (CoCl2) was added to this. The 

final concentration of SL was 10-4 M and that of CoCl2 was 10-3 M. This mixture 

was purged with nitrogen for 30 min to remove the dissolved oxygen. 20 mg of 

sodium borohydride was dissolved in 1 mL deionized water and added to the 
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mixture drop wise using a syringe. On addition of NaBH4 the colour of the solution 

changed from light pink to black indicating the formation of cobalt nanoparticles. 

The formed cobalt nanoparticles were also purged with nitrogen to ensure complete 

removal of dissolved oxygen to avoid contamination. The nanoparticle solution was 

then centrifuged at 8000 rpm for 20 min to remove uncoordinated surfactant and 

un-reacted NaBH4. The obtained pellet was re-dispersed in deionized water and 

used for further characterization. The obtained pellet was vacuum dried to form 

powder for X-ray and magnetic measurements. 

2.3.2: Using pure oleic acid (OA) 

Procedure for cobalt nanoparticles synthesized using pure OA was similar to 

the procedure followed for OASL. In this case ethanol-water mixture was used to 

dissolve OA. The final concentration of oleic acid in water was 10-4 M. To this 

solution, 1 mL of 10-2 M CoCl2 was added so that the final concentration of CoCl2 

is 10-3 M. This mixture was purged with nitrogen to remove the dissolved oxygen 

impurities. This mixture was reduced by adding sodium borohydride. Change in 

colour from light pink to black indicates the formation of Co nanoparticles. Purging 

of nitrogen was carried out even after formation of nanoparticles. The obtained 

nanoparticles are subjected to centrifugation at 8000 rpm for 20 min. The pellet 

obtained was re-dispersed in water and further used for characterization. Powder 

sample was obtained by drying the pellet. Powder samples were used for XRD and 

magnetic characterization.           

2.3.3: Using carboxylic acid 

The synthesis of cobalt nanoparticles using DDOA as capping ligand was 

similar to that carried out for cobalt nanoparticles prepared using OA. In this case, 

again since the DDOA is not soluble in water ethanol/ water mixture was used and 

then the synthesis was carried out in deionized water. Similar methods as described 

above were used for purification and characterization of the cobalt nanoparticles 

formed.  
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2.4: Results  

2.4.1: Fourier Transform infrared spectroscopy (FTIR) 

Figure 2.3: (A) FTIR spectrum analysis of pure OASL (curve 1), OASL-CoNPs 

(curve 2). (B) Shows the magnified region in the range 2850 to 3100 cm-1 

corresponding to the olefinic band. 

FTIR is a powerful tool to study the capping of surfactants to the surface of 

the nanoparticles. Figure 2.3A shows the FTIR data for pure OASL and OASL-

CoNPs. The notable features of the spectrum in OASL (curve 1) are a band 

centered at 1719 cm-1 and a peak occurring at 3004 cm-1 (Figure 2.3, curve 1).We 

also observe bands positioned at 2853 and 2926 cm-1 which are designated to 

symmetric and antisymmetic stretching of CH2.
29,39 The spectrum  recorded for 

OASL-CoNPs are shown in Figure 2.3 A&B, curve 2. The most important 

differences in this spectrum from that of pure OASL are a shift in the 1719 cm-1 

band to 1625 cm-1 and the disappearance of 3004 cm-1 peak. 

A comparison of FTIR of pure OA and OA capped nanoparticles represents 

(OA-CoNPs) similar features as observed for OASL and OASL-CoNPs. Figure 2.4 

represents FTIR spectra of pure OA (curve 1) and OA-CoNPs (curve 2) for 

comparison. The comparative FTIR spectra of OA-CoNPs  spectra also display the 

disappearance of the 3004 cm-1 peak and a shift in the –C=O stretch (Figure 2.4, 

curve 1 and 2) from 1709 cm-1 to 1632 cm-1.    
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Figure 2.4: FTIR spectrum of pure OA (curve 1) and OA capped cobalt 

nanoparticles (curve 2). 

Figure 2.5: (A) FTIR spectra for pure DDOA. (B)FTIR spectra for cobalt 

nanoparticles capped DDOA. 

The FTIR spectrum for purified DDOA molecule is shown in Figure 2.5A. 

Band  at 1737 cm-1 is assigned to C=O stretch while the peaks appearing at 2853 

and 2926 cm-1 are assigned to symmetric and antisymmetric stretching of CH2. 

Here the most prominent difference when this molecule is present on CoNPs 

surface is the shift observed in 1737 cm-1 peak to 1593 cm-1 (Figure 2.5 B).  
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2.4.2: Transmission Electron microscopy  

(a) OASL capped Co nanoparticles 

 

Figure 2.6: (A-C) Representative TEM micrographs of OASL capped cobalt 

nanoparticles at different magnifications. (D) Particle size distribution of the 

particles observed in the images A-C. 

The representative TEM images of OASL-CoNPs shown in Figure 2.6 (A-

C). From the figure we observe that the cobalt nanoparticles are spherical in shape. 

The particle size distribution determined from the TEM analysis also indicates the 

polydisperse nature of the nanoparticles. Average particle size obtained is  60 nm 

(Figure 2.6 D). 

 The selected area electron diffraction (SAED) pattern obtained form TEM 

analysis is shown in Figure 2.7. The diffraction pattern displays a spotty pattern 

over layed on rings indicative of polycrystalline nature of the particles.  
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Figure 2.7: Selected Area electron diffraction of OASL-CoNPs.  

(b) OA capped Co nanoparticles: 

 

Figure 2.8: (A) TEM micrographs of pure OA capped cobalt nanoparticles. (B) The 

particle size distribution of OA capped cobalt nanoparticles.  

A comparative TEM images for OA-CoNPs are shown in Figure 2.8 along 

with particle size distribution. The TEM images indicate that the particles are 

irregular in shape and are clustered. Particle size distribution indicates that size of 

particle vary from 40 nm to about 400 nm (Figure 2.8 B). 

 

200nm

A

200nm200nm200nm

A

0 100 200 300 400
0

2

4

6

8

10

12

14

16

18

20
B

N
um

be
r 

of
 p

ar
ti

cl
es

Particle Size (nm)
200nm

A

200nm200nm200nm

A

0 100 200 300 400
0

2

4

6

8

10

12

14

16

18

20
B

N
um

be
r 

of
 p

ar
ti

cl
es

Particle Size (nm)



 
Chapter II 
 

 
 
Ph.D Thesis                             Manasi B Kasture                    University of Pune  

49

(c) DDOA capped Co nanoparticles:  

Figure 2.9: (A-C) TEM micrographs of (DDOA) capped cobalt nanoparticles at 

different magnifications. (D) Histogram of the particle size distribution. 

Figure 2.9 (A-C) illustrates the TEM micrographs at different 

magnifications of cobalt nanoparticles synthesized using DDOA as capping 

molecule. From the image we can observe that the particles are spherical in shape 

and polydisperse in nature. Size distribution analysis (Figure 2.9 D) indicates that 

the average particle size is  28 nm. 
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2.4.3: X-ray Diffraction (XRD) 

Figure 2.10: XRD spectrum of OASL capped cobalt nanoparticles heated at 300 

C. Inset of the figure shows the powder XRD recorded for as synthesized OASL-

CoNPs.   

Figure 2.10 demonstrates the X-ray diffraction pattern for OASL-CoNPs. 

The as prepared sample displays no features (inset, Figure 2.10). Therefore the 

sample was heat treated at 300 C for 30 min under N2 environment.  Clear and 

distinguishable peaks are observed upon heating. The‘d’ value of peak designated 

with ‘*’ are 2.45, 2.11, 2.03, 1.69, 1.65, 1.49, 0.79 Å.  

Figure 2.11 demonstrates the X-ray diffraction pattern for DDOA capped 

Co nanoparticles. In this case also the diffraction pattern was recorded for the 

powder sample heated at 300 C as no diffraction was observed for as prepared 

sample (curve1). The peak observed corresponds to the‘d’ value 2.15, 2.03, and 

1.48 Å.  
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Figure 2.11: XRD pattern for as prepared cobalt nanoparticles capped with DDOA 

nanoparticles, curve1. Curve 2 displays the diffractogram of the heat treated 

sample. 

2.4.4 Comparative room temperature magnetic measurement for OA and OASL 

capped cobalt nanoparticles.    

Figure 2.12: Comparative room temperature magnetic measurement data for OA-

CoNPs (curve 1) and OASL-CoNPs (curve 2). 
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A comparative room temperature magnetic measurement was carried out 

between pure OA-CoNPs and OASL-CoNPs (Figure 2.12, curve 1 and 2 

respectively).  Both the samples show no hysteresis at room temperature and the 

saturation magnetization value for OASL-CoNPs (23 emu/g) is much higher than 

the value for OA-CoNPs (3 emu/g). The probable reason for higher magnetization 

for OASL-CoNPs could point to the stabilization imparted to cobalt nanoparticles 

as a result of the better capping nature and stability of OASL in a aqueous 

environment as compared to OA. There is also a possibility of oxide formation in 

case of OA-CoNPs which can result in lower magnetization value. 

2.4.5: Magnetic measurement: 

a) FC-ZFC measurements 

Figure 2.13: Zero Field cooled (ZFC- data points denoted by) and field cooled 

(FC-data points denoted by‘’) for OASL-CoNPs (A) and DDOA-CoNPs (B). Inset 

B shows the magnified region from 0 to 40 K demonstrating the blocking 

temperature. 

Temperature dependent magnetization curves for OASL-CoNPs and 

DDOA-CoNPs are shown in Figure 2.13. Magnetic field applied in this case was 50 

Oe. Data points denoted by’ o’ corresponds to field cooled (FC) mode while those 

marked with ‘’corresponds to zero field cooled mode (ZFC). For OASL-CoNPs 

the FC and ZFC data points overlap with each other down to 50 K and below that 

we see a divergence between the data points (Figure 2.13 A). Below 50 K ZFC 

shows a decrease in magnetization with decrease in temperature while the FC 
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shows an increase in magnetization with decrease in temperature. Again a peak is 

observed at 10 K in the ZFC trace.  

FC-ZFC curves for cobalt nanoparticles capped with DDOA again show 

very similar features where the divergence between FC and ZFC curves is seen at 

20 K with similar trends in magnetization values. 

b) Field dependent magnetic measurement. 

Figure 2.14: Field dependent magnetic measurement recorded at room 

temperature (red) and at 2 K (black). (A)Represents measurements carried out for 

OASL-CoNPs and (B) is for DDOA-CoNPs.  The inset in the figure shows 

magnified traces around 0 Oe. 

The field dependent magnetic measurements at different temperatures (room 

temperature and 2 K) are shown in Figure 2.14. Here the notable features are that 

for room temperature no saturation is observed and hysteresis is absent (inset, red 

curve). The magnetic measurements carried out at 5 K shows a small loop opening 

with coercivity value of 800 Oe. The magnetization values observed for room 

temperature is 23 emu/g while for temperature below 5 K it is 55 emu/g.  

Similar field dependent magnetization was also carried out for cobalt 

nanoparticles capped with DDOA at temperatures (300 K) and at (2 K). Figure 2.14 

B shows the magnetization curves at room temperature (curve 1) and at low 

temperature, 2 K (curve 2). It can be noticed that at room temperature no hysteresis 

is seen while at 2K small hysteresis loop opening up can be observed from the inset 

of Figure 2.14 B. Magnetization value obtained for the sample at room temperature 
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is 12 emu/g, while at 2 K it is 35 emu/g. The coercivity value determined at 2 K is 

260 Oe. 

c) Ferromagnetic Resonance (FMR): 

 

 

Figure 2.15: Ferromagnetic resonance (FMR) for OASL-CoNPs (A) and DDOA-

CoNPs (C) recorded at RT (A and C, curve 1) and at 2 K (A and C, curve 2). B and 

D shows the magnified image of FMR recorded at low temperatures.  

For the FMR measurements the OASL-CoNPs and DDOA-CoNPs powder 

was dispersed in paraffin to minimize the interaction between the particles.  

FMR measurements were carried out at different temperature. As 

representative the traces recorded for two temperatures (a) room temperature and 

(b) low temperature (2K) are displayed in Figure 2.15A and C, curve 1 and 2 

respectively. FMR for OASL-CoNPs is shown in Figure 2.15 A and B. The curves 

recorded at room temperature are sharp while we observe that at lower temperature 

there is broadening and concomitant split in the peak. 
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Ferromagnetic resonance for DDOA-CoNPs is shown in Figure 2.15 C and 

D. The graphs show FMR recorded at room temperature (300 K, curve 1) and at 

low temperature (4 K, curve 2). Here we can see that compared to the room 

temperature spectrum, the spectrum at lower temperature is sharp and does not 

show any splitting as was observed in the case of OASL-CoNPs. 

2.5  Discussion: 

The results obtained so far on the cobalt nanoparticles synthesized with 

OASL and DDOA as capping agent would be discussed in the following section. 

The sequence will be maintained in same manner as the results. Synthesis of cobalt 

nanoparticles was carried out using two surfactants: first being oleic acid derived 

sophorolipid (OASL) and second one was organically prepared 2-(dodecyloxy) 

acetic acid (DDOA). Using these ligands cobalt nanoparticle synthesis was carried 

out as per the procedure reported in section 2.2. Interaction of these ligands with 

nanoparticle surface was studied by FTIR.  

Table 2.1: Major FTIR peaks  

Peaks  Pure OASL OASL-CoNPs Pure DDOA DDOA-

CoNPs 

C=O stretch 1719 cm-1 1625 cm-1 1735 cm-1 1723 cm-1 

Olefinic 

stretching 

3004 cm-1 vanishes absent absent 

Table 2.1 gives the values of prominent FTIR peaks occurring in OASL 

before and after binding to Co surface. It also shows the FTIR peaks for DDOA 

case. 

FTIR spectroscopy is useful technique to study the binding of ligands to the 

surface of nanoparticles. In the pure OASL spectrum, peak positioned at 1719 cm-1 

is assigned to C=O stretch while peak occurring at 3004 cm-1 represents the 

stretching of olefinic C-H. In the FTIR spectra of OASL-CoNPs, a shift in peak 

corresponding to C=O peak is observed while the peak corresponding to C=C-H 
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stretch vanishes. Disappearance of this peak indicates binding of double bond to 

surface of nanoparticles while the shift in C=O peak is due to carboxylate formation 

(Figure 2.3 A and B).29,32,40,41 Comparative FTIR study carried out for OA-CoNPs 

also shows similar feature as observed for OASL-CoNPs (Figure 2.4). These results 

highlight the similarity in the binding of SL and oleic acid on the nanoparticle 

surface and that it might take place both through the double bond and carboxylate 

formation (Figure 2.16 A and B). We wish to highlight here that in the pure OA 

case, if the binding to the CoNPs is through the double bond or carboxylic ends 

with CoNPs surface an unfavorable situation where –CH3 end is exposed to 

aqueous environment would result. This could be the reason why OA does not act 

as good capping agent in aqueous environment. On the other hand, in case of OASL 

whether the carboxylic acid or the double bond binds to the Co surface (Figure 2.16 

B) hydrophilic groups are present on the exterior. This would make a favorable 

condition for the particles to be dispersed in aqueous media. This is probably the 

reason why OASL acts as a good capping agent in water. At this juncture, it is 

difficult to say how many molecules are attached through the double bond and how 

many are attached through the -COOH group. In case of DDOA, binding to surface 

of nanoparticles occurs only through –COOH group as it does not contain a double 

bond (Figure 2.16 C). This is indicated by shift in peak (Figure 2.5 A and B, 

curve1). At this juncture the DDOA-CoNPs are dispersible only in non-polar 

organic media. However, by changing appropriate precursors and organic 

transformation changes to this ligand structure can be accomplished. This can lead 

to newer synthetic methods for the preparation of CoNPs in the aqueous 

environment a relatively easier task.  
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Figure 2.16: Schematic showing mode of binding of OA (A), OASL (B) and DDOA 

(C) to the surface of cobalt nanoparticles.  

TEM analysis is used to determine the nature and size of nanoparticles 

formed. In both the cases the nanoparticles were polydisperse (Figure 2.6 and 2.9 

A-C). Particle size obtained with DDOA as capping agent was smaller than 

particles obtained with OASL capping (Figure 2.6 and 2.9, D). TEM analysis 

carried out for pure OA-CoNPs as a comparative study with OASL-CoNPs shows 

aggregated nanoparticles with larger particle size (Figure 2.8). The poor capping 

ability of OA in water can be implicated for this observation as OA cannot stabilize 

CoNPs leading to coalescence of particles. 
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Figure 2.17: Simulated XRD pattern (line spectrum) and simulated electron 

diffraction (circular lines) for OASL capped cobalt nanoparticles along with the 

experimental data. 

It is known that cobalt nanoparticles prepared in aqueous medium do not 

show any diffraction at room temperature while slight heating renders crystallinity 

to Co nanoparticles.31,42,43 Our observation also supports this result. Upon heat 

treating the CoNPs at 300 C the crystallinity of the sample increases and we see 

clearly discernible peaks in the X-ray diffractogram. In case of OASL-CoNPs the 

observed XRD pattern could not be indexed to any single phase of Co. Therefore, 

we tried to index it to a mixture of different phases (Figure 2.17A) where the peak 

position of hcp, -phase and CoO are given by ‘O’, ‘’ and ‘X’ respectively.  

Electron diffraction for OASL-CoNPs could also be indexed to mixed phase 

corresponding to hcp structure and the -phase (Figure 2.7 and 2.17 B). OASL-

CoNPs sample also shows traces of CoO. Most of the cobalt nanoparticles formed 

are known to possess one or two layers of CoO.42,44 It is possible that our as 

prepared sample itself contains few layers of CoO. Other possibility would be that 

the sophorolipid on the surface may decompose during heating resulting in release 

of oxygen which may convert few layers of Co to CoO.45   
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Figure 2.18: X-ray diffraction pattern for DDOA-CoNPs for sample heated at 300 

C indexed to hcp phase of CoNPs. 

The DDOA-CoNPs XRD traces could be indexed to pure hcp phase (Figure 

2.11, curve 2). Prominent peak occurs at d=0.77 Å corresponding to interplaner 

spacing of (002) phase of hcp. Other peaks corresponding interplaner spacing of 

(100), (101), (102) and (110) also match with the hcp phase of Co nanoparticles 

(Figure 2.18). It is well documented that cobalt nanoparticles synthesized by 

borohydride reduction do not show any diffraction pattern. It may also form 

borides.46 Simple annealing leads to formation of crystalline material as were also 

observed in our case.47,48 Heating of the sample also results in eliminating the 

defects and improve crystallanity.49 

Detailed magnetic measurements were carried out for both the samples. 

Magnetic properties depend on the crystalline phase of nanoparticles.50 In the 

present instant the nature of the FC-ZFC measurements of both OASL-CoNPs and 

DDOA-CoNPs display characteristics resembling super-paramagnetic particles.51,52 

Ferromagnetic materials below certain size regime become single domain systems 
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and display superparamagentic characteristic. The main features of 

superparamagnetism are 

1. Divergence of FC-ZFC curves below certain temperature called 

blocking temperature (TB). 

2. No hysteresis loop in the M-H trace above TB. 

3. Hysteresis in the M-H curve below TB.  

 In case of OASL capped cobalt nanoparticles the ZFC curves depict two 

peaks at 55 K and 10 K. These could be the blocking temperature (TB) for cobalt 

nanoparticles corresponding to two different phases present (Figure 2.13A). When 

two phases co-exist two phase transitions are observed in the nature of ZFC curve.53 

Thus M-T measurements also confirm the presence of mixed phase in OASL-

CoNPs nanoparticles. For DDOA-CoNPs FC-ZFC curve co-inside with each other 

and the blocking temperature (TB) observed is very low (5 K) (Figure 2.13 B). One 

of the reasons for appearance of blocking temperature at lower value can be the size 

of the nanoparticles which is clear from the following equation of magneto 

crystalline anisotropy 
V

TK
K B  where K is anisotropy constant, K is the 

Boltzman constant, TB is the blocking temperature and V is the volume of the 

particle. It is also known that decrease in blocking temperature is observed when 

the interaction between the particles is decreased.27,54 Defects are also responsible 

for lower blocking temperature of magnetic nanoparticles.54  It is also worth 

remembering here in case of DDOA-CoNPs belongs to the hcp crystalline phase. 

The hcp phase of Co is known to display lower blocking temperature.50 In the 

present case of DDOA capping any one of the reasons mentioned above or all of 

them could be contributing to the lower TB observe. 

M-H measurements carried out on OASL-CoNPs and DDOA-CoNPs show 

typical superparamagnetic behavior (Figure 2.14 A and B).  Both the sample do not 

show any hysteresis at room temperature i.e. above the blocking temperature 

(Figure 2.14 A, red curve and Figure 2.14 B, red curve) , while for lower 

temperature 2 K (below blocking temperature), samples show small hysteresis 

indicating ferromagnetic behavior below TB. Magnetization value (Ms) increases at 
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lower temperature. OASL-CoNPs possess higher Ms value than Ms value obtained 

for DDOA-CoNPs both at room temperature and 2K. Also the coercivity at lower 

temperature for DDOA-CoNPs is smaller than coercivity value for OASL-CoNPs. 

This again could be related to the different phases observed in the system.  

Ferromagnetic resonance (FMR) is a tool that enables study of 

superparamagnetic particles that possess different crystalline structure and different 

sizes.45 FMR data were recorded for different temperatures. Room temperature 

FMR data for OASL-CoNPs and DDOA-CoNPs (Figure 3.15 A and C respectively) 

shows smaller line width and the resonance for OASL-CoNPs is at higher magnetic 

field than for DDOA-CoNPs. At lower temperatures we observe line splitting in 

case of OASL-CoNPs while this is not observed in case of DDOA-CoNPs. The 

probable reason for occurrence of this splitting is 

1) Presence of two crystalline structures in OASL capped cobalt 

nanoparticles (hcp phase and -phase). 

2) OASL capped cobalt nanoparticles consist of -phase which has 

been known to display splitting in the FMR curve at low 

temperature.45    

3) Particle sizes in case of OASL capped cobalt nanoparticles are 

bigger than DDOA-CoNPs. 
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Figure 2.19: Variation in resonance with temperature and line width variation as a 

function of temperature for OASL-CoNPs (A and B) and DDOA-CoNPs. 

In Figure 2.19 we plot the variation in resonance as a function of 

temperature and variation in line width as a function of temperature. We observe 

that as the temperature decreases the resonance shifts towards lower magnetic field 

value. This trend is observed for both the samples (Figure 2.18 A and C). However, 

small kinks in the trend are observed at 50 K (for OASL-CoNPs) and at 10 K (for 

DDOA-CoNPs). It is interesting to note that these kinks arise around blocking 

temperature for the samples.  Decrease in resonance field H0 with temperature can 

be attributed to increase in internal magnetic field.55,56 However we do not know 

why there should be marginal increase in the resonance at TB. The line width 

increase gradually and then starts to become sharper in both the cases below 50 K. 

But in case of DDOA-CoNPs peaks are broad at lower temperature as compared to 

higher temperatures. Increase in line width with temperature for most of the 

temperature (except lower temperatures) can be attributed to the fact that as 
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temperatures are decreased the particle moments are unable to overcome the local 

anisotropy barrier and these become trapped in meta stable state.45  

2.6 Conclusion: 

We have successfully shown the ability of sophorolipid to act as capping 

ligand for cobalt nanoparticle in aqueous medium.  The cobalt nanoparticles 

obtained show good magnetic properties than the cobalt nanoparticles synthesized 

using pure oleic acid as capping ligand. The use of sophorolipid provides capability 

of synthesizing cobalt nanoparticles for application where they are required as 

stable dispersion in aqueous medium. 

The second ligand used is 2 (dodecyloxy) acetic acid and it also act as a 

reasonably good stabilizing agent for CoNPs. From our studies it is observed that 

ligand used in the syntheses play an important role in governing the crystal 

structure of cobalt nanoparticles. The magnetic characteristics also crucially depend 

on the crystalline phase of the nanoparticles formed. 
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 Chapter 3 
Sophorolipids as reducing/capping 
ligands: Understanding the synthetic 
parameters in batch process and to 

proceed for continuous process 
synthesis 

 
This chapter discusses role of sophorolipid as reducing/capping ligand in 
synthesis of silver nanoparticles. Comparative study has been carried out using 
three different types of sophorolipids mainly stearic acid sophorolipid, oleic acid 
sophorolipid and linoleic acid sophorolipid which differ in number of double 
bonds present. Temperature and time dependent synthesis has been carried out 
and reaction conditions have been optimized in batch process. Using the 
optimized reaction conditions in batch process, synthesis of silver nanoparticles 
has been accomplished in continuous flow conditions in micro-reactors. 
 
 
Part of the work described in this chapter has been published in: 
 

1) M.B.Kasture, P Patel, A A Prabhune, C V Ramana, A A Kulkarni and B L 
V Prasad, Journal of Chemical Science, 2008, 120, 6, 515-520. 

 
2) D. V. Ravi Kumar, Manasi Kasture, A. A. Prabhune, C. V. Ramana, B. L. 

V. Prasad, A. A. Kulkarni, Green Chemistry, 2010, 12, 609-615. 
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 3.1 Introduction: 

Metal nanoparticles mainly those of gold (Au) and silver (Ag) have 

generated huge interest in researchers as they possess size dependent properties that 

are profoundly different from their bulk counterparts. These nanoparticles possess a 

very strong absorption in the visible region due to surface plasmon resonance and 

by a higher extinction coefficients (ε > 10 8 M-1 cm-1) than commonly used organic 

fluorophores.1 These properties enable their application in field like photonics,2 

electrochemical analysis,3 electronics,4 optoelectronics,5 catalysis,5-8 information 

storage,9,10 photography.11 

Extensive studies are carried out on silver nanoparticles to explore their 

optical properties.12-14 Silver nanoparticles are also being used in biosensing,15-18 

biolabeling,19 imaging.19 Ag nanoparticles are also used as antimicrobial agent20-24 

and as SERS substrates.25-27  Such enormous number of applications and interesting 

properties has naturally lead to the development of numerous methods for synthesis 

of Ag nanoparticles. 

Common synthesis protocols used for synthesis of silver nanoparticles 

include solution based methods,28-32 micelles,33 reverse micelles,34,35 chemical 

deposition,36 electrochemical,37  pulse laser irradiation.12,38-40 Ligands that possess 

dual characteristic of reducing/capping are being preferred now a days by 

researchers as their use minimizes the number of reagents and number of steps 

involved in the synthetic procedures.41-43 Utility of biomolecules for such dual 

activity is particularly preferred. The main motive behind this is to obtain 

environmentally friendly nanoparticles in the ‘green synthesis’ manner. Panàček et 

al. have synthesized Ag nanoparticles by reducing [Ag(NH3)2]
+ complex with four 

different saccharides namely glucose, galactose, maltose and lactose.31 Yin et al. 

have followed the Tollens reagent path for synthesis of Ag nanoparticles.28 Hasell 

et al. have used water soluble polymers as capping ligands for synthesis of Ag 

nanoparticles.44 Following the ‘green chemistry’ route Raveendran et al. have 

fabricated Ag nanoparticles using starch as capping/reducing agent.45,46 Huang et al. 

also have used polysaccharide method for synthesis of Ag and Au nanoparticles.47 

Such one step procedure for the synthesis of nanoparticles can also play a major 
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role for finding methods to scale up the synthesis of nanoparticles. Recent 

developments point out to continuous flow methods as an attractive strategy 

towards this goal.48-50 Continuous flow based methods are known to overcome the 

drawback of batch processes like reagent addition, mixing and  non-uniform 

temperature distribution.51 Micro-fluidic syntheses can also be monitored online. 

Last few years have seen the emergence of micro-fluidic syntheses for 

nanoparticles as a better alternative for batch process based synthesis. This method 

has been used in syntheses of semiconducting,52-55 metallic,56-59 dielectric, 

magnetic,60 and core–shell61 nanoparticles.49  

In our studies, a class of biosurfactant called sophorolipids attracted our 

attention as they can reduce metal ions to metal nanoparticles and cap the 

nanoparticles.  In this chapter we discuss the role of sophorolipid as reducing and 

capping molecule on the synthesis of silver nanoparticles. We have used three 

different types of sophorolipids namely 1) linoleic acid derived sophorolipid 

(LASL), 2) oleic acid derived sophorolipid (OASL) and 3) stearic acid sophorolipid 

(SASL).  Difference between these three SLs is number of cis double bonds present 

in the lipid part. LASL has 2; OASL has 1 while SASL has no double bond. A 

comparative study of synthesis of Ag nanoparticles in batch process has been 

carried out using these three sophorolipids. Reactions have been carried out at 

different temperatures and for different interval of time. The optimized reaction 

conditions obtained from the batch processes of nanoparticles have then been 

utilized in continuous flow method.  
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3.2 Synthesis of sophorolipids:        

    

Figure 3.1: Structure of three lipids stearic acid (A), oleic acid (B) and linoleic 

acid (C) along with structure of sophorolipids, SASL (D), OASL (E), LASL (F).  

Synthesis of sophorolipids was carried out in our group according to the 

reported procedure.62-64 Obtained sophorolipids were purified and characterized by 

NMR spectroscopy. The spectra agree well with the reported literature. Based on 

the spectral characteristics the structures of sophorolipids have been assigned and 

the same are shown in Figure 3.1.     

3.3 Synthesis of Ag nanoparticles: 

3.3.1 Using batch process: 

Figure 3.2: Schematics showing the batch process synthesis of Ag nanoparticles. 
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Synthesis of Ag nanoparticles using three different sophorolipids was 

carried out under basic pH condition. Schematic for synthesis of Ag nanoparticles 

using sophorolipid as reducing/capping moiety is shown in Figure 3.2. A mixture of 

SL and AgNO3 is prepared in 100 mL of deionized water. The final concentration 

of both the solutions is 10-3 M. While maintaining the temperature of this mixture at 

various temperatures (25, 40, 60, 80, and 90C), concentrated KOH is added. The 

colour of SL+AgNO3 mixture turns yellow on addition of KOH. Time required for 

colour change to occur depends on the temperature at which the reaction is carried 

out. For the time dependent studies, mixture of AgNO3 and sophorolipid (10-3 M 

each) were taken and heated to 90 C and KOH was added to it at 90 C. The 

mixture was constantly stirred while maintaining constant temperature using a 

thermostat (Julabo, Germany). To monitor the reaction the aliquots from the 

reaction mixture were sampled at equal time interval and analyzed with UV-Visible 

spectrophotometer. Same aliquots were used for dynamic light scattering (DLS) and 

transmission electron microscopy (TEM). 

We will designate LASL capped/reduced Ag nanoparticles as Ag_LASL, 

OASL reduced/capped Ag nanoparticles as Ag_OASL and with SASL as 

Ag_SASL in the rest of this chapter. 

3.3.2 Synthesis of Ag nanoparticles using stainless steel (SS) micro-reactor: 

 

Figure 3.3: Set up for continuous flow synthesis of Ag nanoparticles using micro-

reactor.  
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The optimized reaction conditions obtained in the batch process were used 

to carry out the reaction in continuous flow experiments in stainless steel (SS) tube. 

A stainless steel tube (SS316) of length 1m with 1.38 mm i.d. and 1.58 mm o.d. was 

used. For the synthesis two solutions were prepared 1) mixture of sophorolipid and 

AgNO3 (10-3 M each) 2) KOH solution. These solutions were filled in two different 

syringes of volume 20 mL and 2 mL respectively. A dual syringe pump (Boading 

Longer, China) was used for driving the reactants into the micro-mixer and the 

reaction tube. The flow rate maintained was 0.27 mL/min for 20 mL syringe and 

0.027 mL/min for 2 mL syringe. Outlet from two syringes was connected to a 

simple T-mixer (0.8 mm i.d.) using in-house designed and fabricated (Glass to 

Metal) Teflon connectors. The fluids mixed in the T-mixer subsequently entered the 

reaction tube. The T-mixture and the reaction tube were immersed in a thermostat 

(Julabo, Germany) and the temperature was maintained at 90 0C. The flow rates 

were maintained to achieve a residence time of 5 minutes, which is required to 

complete the reaction and the samples were collected at the outlet. Samples form 

batch process and from the micro-reactors were characterized by FTIR, TEM, DLS, 

and XRD. 
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3.4 Results 

3.4.1 Temperature dependent studies. 

(a) UV-Visible spectroscopy:  

 

Figure 3.4: UV-visible spectra for Ag nanoparticles synthesized using LASL (A), 

OASL (B) and SASL (C) as reducing/capping ligand at different temperatures 25, 

40, 60, 80 and   90 C (curves 1 to 5 respectively).  

 Ag nanoparticles synthesized using three different sophorolipids were 

characterized by UV-visible spectroscopy. Figure 3.4 demonstrates the temperature 

dependent UV-visible spectra recorded after 5 min of reaction time for Ag 

nanoparticles synthesized using LASL (A), OASL (B) and SASL (C) as reducing 

and capping agent. Curves 1-5 correspond to different temperatures at which the 

reaction was carried out (25, 40, 60, 80 and 90 C respectively). We observe that 

for Ag_LASL (Figure 3.4A) at lower temperatures no clear peak corresponding to 
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Ag is observed. But at higher temperature (i.e.90 C) we observe a sharp peak 

appearing at 420 nm which is characteristic feature of Ag nanoparticles. In 

Ag_OASL (Figure 3.4B) case at lower temperatures (25, 40 and 60 C), no 

discernible peak is observed but a hump like feature at 420 nm could be seen (curve 

1-3). As the temperature increases (80 and 90 C), we observe the appearance of 

peak centered around 420 nm (curve 4 and 5). In case of SASL, the SPR peak is 

observed even at lower temperatures (Figure 4.5C, curves 1-5). In this case, as the 

temperature increases the intensity of the SPR peaks goes on increasing and is 

maximum at 90 C.  

 (b) Transmission electron microscopy (TEM): 

Figure 3.5: TEM images of Ag_LASL at 40 C (A) and at 90 C (C).Particle size 

measurement calculated from TEM analysis are shown in B and D for synthesis 

carried at 40 and 90C respectively. 
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TEM measurements were performed on Ag_LASL at different 

temperatures. The images along with respective particle size distribution are shown 

in Figure 3.5. Figure 3.5A illustrates the TEM image for Ag_LASL nanoparticles 

synthesized at lower temperature (40 C). We observe that particles are irregular 

and poly-disperse in nature. The average particle size obtained was 22 nm (Figure 

3.5 B). TEM images for Ag_LASL synthesized at 90 C reveals that the particles 

are smaller in size with average particle size 11 nm as can be seen from particle size 

distribution (Figure 3.5 D).  

 

Figure 3.6: TEM images of Ag nanoparticles synthesized using OASL as 

reducing/capping moiety at different temperatures 40 C (A-B) and 90 C (C-D). 
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In a similar fashion the TEM images of Ag nanoparticles synthesized using 

OASL as reducing/capping ligand at two different temperatures (40 and 90 C) are 

displayed in Figure 3.6. Here also similar trend is observed as was observed for 

LASL case. For particles synthesized at 40 C, the particles are irregular and bigger 

in size (Figure 3.6 A and B) while Ag nanoparticles synthesized at higher 

temperature resulted in spherical and smaller particles (Figure 3.6 C and D). 

Particle size obtained from TEM measurements are shown in Figure 3.7A & B. The 

average particle size obtained for reaction at 40 and 90 C are 23 and 5.5 nm 

respectively.  

Figure 3.7: Particle size distribution obtained from TEM analysis for Ag 

nanoparticles synthesized at 40 (A) and 90C (B).   

Figure 3.8: (A) TEM micrograph of Ag_SASL synthesized at 40C.(B)Particle size 

distribution obtained from the TEM images.  
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TEM analysis for Ag nanoparticles synthesized using SASL at lower 

temperatures (40 C) is shown in Figure 3.8 A. Micrographs illustrates irregular and 

polydisperse particles with average particles size of 50 nm (Figure 3.8 B).    

 

Figure 3.9: (A) TEM micrograph of Ag_SASL synthesized at 90C. (B) Particle size 

distribution obtained from the TEM images. 

TEM analysis for Ag nanoparticles synthesized using SASL at higher 

temperatures (90 C) is shown in Figure 3.9 A. Inset shows the magnified image. 

Particle size distribution is seen to be very narrow.  

(c) Dynamic Light Scattering (DLS) 

DLS measurements carried out for Ag nanoparticles synthesized using 

different sophorolipids is shown in Figure 3.10. Particle size measurements were 

carried out for 40 and 90 C are shown for Ag_LASL (A and B), Ag_OASL (C and 

D) and Ag_SASL (E and F). We observe that at lower temperatures particles are 

bigger in size and polydisperse in nature while at higher temperatures particles are 

smaller (< 10 nm) showing mono-disperse nature. Obtained particle sizes and 

nature match with particle size distribution obtained from TEM measurements. 
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Figure 3.10: Particle size distribution of Ag nanoparticles obtained from DLS 

measurements at two different temperatures 40 and 90C for Ag_LASL (A and B), 

Ag_OASL(C and D) and Ag_SASL (E and F) as reducing/capping agent. 
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3.4.2 Time dependent studies for OASL and SASL as reducing/capping 

ligands. 

 

Figure 3.11: Time dependent studies for Ag_OASL (A) and Ag_SASL (B). Time 

scales are as indicated in figure. Figure C and D shows the intensity Vs time which 

informs about the saturation point obtained in both the cases.  

Time dependent UV-vis studies were carried out for Ag_OASL (Figure 3.11 

A) and Ag_SASL (Figure 3.11 B) at 90 C. Time scale at which the spectra were 

monitored is indicated in the graph. In case of Ag_OASL, at start of the experiment 

the emergence of SPR is not well defined but as time increases the SPR peak builds 

up along with increase in intensity. In case of Ag_SASL the SPR peak intensity 

increases very rapidly initially and after that it remains constant. Graph of intensity 

vs time for Ag_OASL (Figure 3.11 C) and Ag_SASL (Figure 3.11 D) indicate the 

saturation time required for reaction. For Ag_OASL we see gradual increase in 

intensity of the SPR peak upto 20 min after which it attains a saturated value. On 
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the other hand, in case of Ag_SASL the intensity increases very rapidly in the first 

few minutes and gets saturated within 5 min of reaction time. Thus we can conclude 

that time required for completion of reaction in case of SASL is faster than in case 

of OASL. 

 3.5 Synthesis of Ag nanoparticles in a continuous flow manner  

For details of Ag nanoparticles synthesis using continuous flow methods, 

see section 3.3.2. Samples collected from the SS tube micro-reactor were analyzed 

with UV-visible, DLS and TEM measurements.  

3.5.1 UV-visible spectra.  

Figure 3.12 UV-visible spectrum for Ag_ SASL synthesized in SS tube micro-

reactor in continuous flow method. 

Figure 3.12 shows the UV-visible spectrum for Ag nanoparticles 

reduced/capped with SASL in SS tube micro-reactor at 90 C with 5 min residence 

time. From the figure, we observe a sharp surface plasmon resonance (SPR) peak 

centered around 420 nm which is the characteristic peak for Ag nanoparticles.65,66 
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3.5.2 TEM analysis: 

 

Figure 3.13: TEM images of SASL reduced/capped Ag nanoparticles synthesized in 

micro-reactor using SS tube.  

TEM images corresponding to Ag nanoparticles synthesized in continuous 

manner in SS tube micro-reactor is depicted in Figure 3.13 which suggests the 

particles are almost monodisperse in nature. Particle size distribution was carried 

out using these images reveals the average particle size to be  6.5 nm (Figure 

3.13A). Particle size distribution was also carried out using dynamic light scattering 

measurements (DLS). 

Figure 3.14: Particle size distribution of Ag nanoparticles reduced/capped with 

SASL using TEM measurements (A) and DLS measurements (B).  
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Average particle size obtained from the DLS measurements is  7 nm which 

approximately matches with the average particle size obtained form TEM 

measurements (Figure 3.14 A and B). 

3.5.3 XRD: 

 

 

 

 

 

 

 

 

 

 

Figure 3.15: X-ray diffraction pattern recorded for Ag nanoparticles synthesized in 

batch process (curve 1) and continuous flow method (curve 2) using SASL as 

reducing/capping moiety. 

X-ray diffraction analysis was carried out for Ag nanoparticles synthesized 

in batch process and continuous flow method using SASL as capping and reducing 

moiety (Figure 3.15 curve 1 and 2 respectively). The X-ray diffractograms reveals 

peaks at d values 2.36, 2.04, 1.44 and 1.22 Å  which corresponds to Bragg’s 

reflections (111), (200), (220) and (311) of the fcc phase of silver (Figure 3.15). 

XRD for both the Ag nanoparticles are same and show no difference in the 

structure. Thus Ag nanoparticles obtained in continuous flow method show no 

difference than the nanoparticles synthesized in batch process. 
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3.6 Discussion: 

Efforts are being made to device a method for synthesis of nanoparticles that 

would involve minimum number of steps and reactants. This could be possible by 

using multitasking ligands which can act both as reducing agent as well as capping 

agent. We envisaged that the bio-surfactant sophorolipids could be a good candidate 

that can reveal its capability of reducing and capping agent. The sophorose moiety 

plays the role of reducing agent in presence of the base while the lipid part acts as 

capping agent. In our studies, we considered three different types of sophorolipids.  

1. Linoleic acid derived sophorolipid (LASL). 

2. Oleic acid derived sophorolipid (OASL). 

3. Stearic acid derived sophorolipid (SASL). 

These three SL differ in number of cis double bonds present in their lipid 

part as observed from their structures shown in the Figure 3.1. Formation of Ag 

nanoparticles can be monitored by recording UV-visible spectrum. For Ag 

nanoparticles characteristic absorbance peak occurs at 420 nm. Occurrence of this 

peak in visible region is endorsed to the collective oscillation of conduction 

electrons and termed as surface plasmon resonance (SPR).65,66 The UV-visible 

spectra were recorded for Ag_LASL, Ag_OASL and Ag_SASL (Figure 3.4A, B 

and C respectively). The synthesis was carried out at different temperatures (25, 40, 

60, 80 and 90 C, curve 1-5 respectively). The UV-visible analysis suggests that the 

formation of nanoparticles is not complete for Ag_LASL and Ag_OASL at lower 

temperatures. This absence indicates that the reaction is incomplete at these 

temperatures (curve 1-4 for Ag_LASL and curve 1-3 for Ag_OASL). But as the 

temperature increases emergence of SPR peak becomes clear (Ag_LASL and 

Ag_OASL case) and at the highest temperature a well defined SPR peak is 

obtained. UV-visible recorded for Ag_SASL shows emergence of SPR peak even at 

lower temperatures (RT) and as the temperature increases, the peak becomes sharp 

and intense at higher temperatures. The variation observed in the UV-visible 

spectrum can be explained based on the double bond present in the lipid part of the 

sophorolipids. LASL contains two cis double bonds; OASL contains one cis double 
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bonds while SASL has no double bond.  Silver ions bind very strongly to cis olefin 

bond.67 During nanoparticle synthesis in case of LASL and OASL the silver ions 

bound very strongly to the cis double bonds may not get reduced quite readily. This 

could explain the slow reaction of Ag+ ions with these SLs as evidenced by the 

slow built up of intensities in the SPR peak. In case of SASL, as there is no double 

bond the Ag+ ions are easily reduced and the reaction proceeds very rapidly. 

Figure 3.15: Average particle size for Ag nanoparticles obtained at different 

reaction temperatures using different sophorolipids SASL (red curve), OASL (blue 

curve) and LASL (magenta curve). 

Temperature vs average particle size obtained from DLS measurement 

shows a peculiar trend (Figure 3.15) where the particle size initially increases with 

temperature and passes through a maximum. The particle size then becomes smaller 

with increase in temperature. This trend is observed for all the three sophorolipid 

cases. One of the plausible reasons for this particular behavior is that the reaction 

time is kept constant (5 min) while temperature is only varied. This could lead to 

incomplete reaction that builds some inhomogeneity in the reaction mixture leaving 
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unreduced metal ions along with metal nanoparticles formed. This could lead to 

growth of the particle on the surface of already formed nuclei. At highest 

temperature all the ions are reduced at once and hence the possibility of further 

growth is diminished. To support this hypothesis, we carried out time dependent 

synthesis of Ag nanoparticles using OASL at room temperature (RT) and monitored 

the particle growth for larger period of time (Figure 3.16). The absence of SPR peak 

after 5 min of the reaction indicated that the reaction has just started and is 

incomplete (Figure 3.16, curve1). Increase in reaction time is accompanied by 

increase SPR peak intensity (Figure 3.16, curves 2-5). Complete reaction is 

indicated by saturation of SPR peak after 21 h. Here the particle size during the 

initial stages of the reaction is 50 nm and at the end of 21 h the particle size 

observed is 12 nm. 

Figure 3.16: (A) Room temperature time dependent UV-visible spectroscopy curves 

1-5 corresponds to 5min, 1,2,4,6, 21 hrs respectively. Figure B-D shows the 

particle size distribution obtained from DLS measurements recorded at different 

time intervals, 5min, 1h and 21 h respectively.  
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The time dependent (at 90 C) results obtained by using LASL, OASL and 

SASL as reducing and capping ligand for Ag nanoparticles synthesis reveal that out 

of the above three sophorolipids, SASL leads to faster formation of Ag 

nanoparticles. This supports our argument that binding of Ag+ ions to double bond 

in case of OASL and LASL reduces the rate of reduction while in case of SASL, 

since no double bond is present, reaction is faster and occurs even at lower 

temperatures. 

The difference in UV characteristic, particle size, nature of particle and time 

of reaction observed in all the experiments can be explained based on the following 

aspects. 

1. As the number of cis double bonds present in the lipid part of the 

sophorolipid increased the reaction proceeds slowly. It is known that Ag+ 

ions have great affinity towards the cis double bond.68 

2. Binding of silver to cis double bond can be explained based on formation of 

olefinic silver complex. Strength of oleifinic-silver complex is reported to 

depend on various factors like chain length, type of double bond (cis or 

trans) that follows a trend R-CH=CH2 > R2C=CH2 > cis R.CH=CH.R > 

trans R.CH=CH.R > R2.C=CH.R > R2C=CR2.
67 

3. From the temperature dependent and time dependent particles size data 

(Figure3.4 and 3.11) it can be concluded that at lower temperatures, reaction 

rate is slow. This favors growth process over the nucleation process while 

higher temperature favors nucleation over growth.69 
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Figure 3.17: (A) FTIR spectrum for pure LASL (curve 1) and Ag_LASL (curve 2), 

(B) magnified spectra in the region 2700 to 3300 cm-1, (C) FTIR spectrum for pure 

OASL, (D) Ag_OASL. Inset in C and D shows the magnified spectrum in the region 

2700 to 3300 cm-1 highlighting the olefinic C-H band. 

Figure 3.18: (A) Fourier infrared spectroscopy (FTIR) for SASL (curve 1) and 

SASL_Ag (curve 2). (B) Shows the spectra in the region 2600 cm-1 to 3400 cm-1 

indicating the presence or absence of double bond 
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The hypothesis laid by us based on the presence of double bond can be 

supported by the FTIR measurements (Figure 3.17 and 3.18).The binding nature of 

SLs to the surface of nanoparticles is well explained by FTIR measurements. In 

case of SASL binding takes place only through –COOH (Figure 3.19B) end on the 

other hand, in case of LASL and OASL there are two possibilities through which 

the binding can take place: one through the –COOH end while the other is through 

the cis double bond (Figure 3.17 A-D).70-72 The results endorse both the 

possibilities. However, one can clearly notice that whichever way the SLs bind to 

silver nanoparticle surface, the exterior is characterized by hydrophilic group and 

thus the silver particles are water re-dispersible.  

From the detailed and systematic experiments carried out in the batch 

process, we conclude that SASL is the best candidate for experiments to be carried 

out in continuous flow methods as lower temperatures and shorter time intervals are 

required for the reaction. Therefore, using SASL as a reducing and capping agent, 

we synthesized silver nanoparticles in a continuous flow manner where the reaction 

temperature was kept at 90 C and the residual time of 5 min. As expected, 

formation of very small particles with average particle size of 6.5 nm (Figure 

3.14A) could be seen from TEM and DLS.       

 3.7 Conclusion: 

Reducing and capping capabilities of sophorolipid have been unrivalled in 

this chapter. We used three different types of sophorolipid viz. linoleic acid 

sophorolipid, oleic acid sophorolipid and stearic acid sophorolipid which differ with 

respect to number of double bond present. Out of the three sophorolipids, SASL 

was adjudged to be the one which resulted faster formation of Ag nanoparticles as 

compared to remaining two sophorolipids. Reaction conditions for synthesis of Ag 

nanoparticles with respect to concentration of reactants, temperature and time were 

optimized in batch process. Using the optimized reaction conditions in batch 

process, synthesis of sophorolipid was carried out in continuous flow manner using 

an SS tube.  
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   Chapter 4  
Halide ion effect on shape of Au 

nanoparticles: Fluorescence and white 
light emission 

                
 
 
 
This chapter discusses the effect of anions on the shape of Au nanoparticles 
synthesized in presence of cetyltrimethylammonium salts. Reduction of Au3+ions 
is carried out using tryptophan. Spherical nanoparticles formed in case of 
cetyltrimethylammonium chloride (CTAC) while triangular shaped particles are 
formed when cetyltrimethylammonium bromide (CTAB) is used. The possible 
reasons for such a difference have been presented and are the focal point of this 
chapter. Interestingly emission of white light is observed from the triangular 
nanoparticle solution when exposed to UV-light. The possible cause for such 
emission characteristics has also been delineated. 
 
 
Part of the work described in this chapter has been published in: 
 
 Manasi Kasture, Murali Sastry and B.L.V Prasad, Chemical Physics Letters, 

  2010, 484, 271–275.  
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4.1 Introduction: 

Usage of stained glasses to decorate windows has been practice a wide 

spread from ancient times. Recently it has been realized that the beautiful colours 

that these glasses display are due to the noble metal nanoparticles like silver, gold, 

copper and their alloys that get incorporated in them during their prepartation.1 It 

has been realized that the color (optical absorbance) of the nanoparticle varies more 

dramatically with shape than size. With advancement of synthetic methods, recent 

focus has been shifted to the controlled synthesis of anisotropic noble metal 

nanoparticles like nanotrianlges/prism or nanorods as these evince properties such 

as NIR absorption,2-6 anisotropic electrical conductivity7 and strong enhancement of 

electric fields at the vertices.8 Shape dependent properties of these nanomaterials 

enable their application in fields like cancer hyperthermia,8,9 electromagnetic 

waveguides,10 SERS11-14 and infrared radiation absorbing optical coatings,4 

imaging,15 enhanced fluorescence.16-20 These exciting properties and various 

applications have encouraged researchers to take up the challenge to synthesize 

anisotropic nanoparticles more vigorously. 

Synthetic methods used for making of anisotropic materials include 

photochemical transformation of spherical particles,21-23 wet chemical synthesis 

with,6 or without template etc.24-30 Methods that utilize liquid crystals and polymer 

templates have also been found to be effective to control the shape of 

nanoparticles.31,32 A recent trend that has emerged in the syntheses of anisotropic 

nanoparticles is use of biological routes using plant extract, bacteria etc.4,8,33 

Synthesis of nanoparticles of various morphologies using droplet based micro-

fluidic techniques are also gaining lot of interest these days.34    

Inorganic fluorescent materials are of great interest and are considered as 

replacement for dyes in biolabeling and as solid state emitters.35,36 Amongst all the 

nanoparticles, semiconductor nanoparticles are well known for their unique size 

dependent emission characteristics. A clever combination of different sized semi-

conducting nanoparticles could lead to white light emission.37  So lots of 

investigations are on to develop semiconducting nanoparticle mixtures that may 

emit white light.37,38 However, considering the toxicity of the Cd2+metal ions that 
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constitute many of these semi conducting nanoparticles,39 greater attention is being 

paid to the search for the substitutes of such systems. One of the features noble 

metal nanotriangles/prism display is enhancement of fluorescence of fluorophores 

attached to them. Aslan et al. have shown fluorescence enhancement of 

Indocyaninegreen (ICG) in presence of silver nanoprisms.17,19,20 It is reported that 

presence of metal in the proximity of fluorphores also decreases the life time thus 

increasing the photo stability due to less excited state time for photochemical 

process to occur. Thus it is observed that presence of metal in the vicinity of 

fluorophore leads to increased intensity and a reduction in fluorophore lifetime.40  

Work presented in this chapter deals with formation of different shapes of 

Au nanoparticles in presence of different surfactants. We have used two surfactants, 

namely cetyltrimethyl ammonium chloride (CTAC) and cetyltrimethyl ammonium 

chloride (CTAB) for synthesis of gold nanoparticles. Tryptophan which is an amino 

acid was used as reducing agent in these experiments. Particles with different 

morphologies are observed for CTAC (monodispersed spherical particle) and 

CTAB (triangular particles). The difference in the type of halide ion present with 

these surfactants is probably one of the main factors for the formation of different 

shapes. The most exciting observation is white light emission from the oxidized 

tryptophan –gold nanotriangular combination when exposed to UV light of 365 nm. 
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Part A 

4.2 Synthesis of Au nanoparticles: 

  

Figure 4.1: Method for synthesis of Au nanoparticles using CTAB and CTAC as 

surfactants and tryptophan as reducing agent. 

 

 

Figure 4.2: Structure of cetyltrimethyl ammonium chloride (CTAC), cetyltrimethyl 

ammonium bromide (CTAB) and tryptophan. 
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Schematic of the Au nanoparticle preparation as used for the work described 

in this chapter is shown in Figure 4.1. As seen from the scheme we have used 

CTAC and CTAB as surfactants and tryptophan as reducing agent. Structures for 

CTAC, CTAB and tryptophan are shown in Figure 4.2. It is well known that the 

critical micelle concentration (CMC) for CTAC is 16 x 10-3 M while that of CTAB 

is 1 x 10-3 M. In our study we considered three different concentrations of CTAC 

and CTAB (at CMC, above CMC 10-2 M and below CMC 10-4 M). In a typical 

experiment, to 100 mL solution of CTAC/CTAB, tetrachloroauric acid (HAuCl4) 

was added so that it yields a final concentration of 10-3 M. HAuCl4 which is now 

present with CTAB or CTAC is reduced by adding 10-3 M tryptophan. Immediate 

colour change from orange yellow to wine red was observed for solution where the 

surfactant concentration is at CMC or below CMC, while in case of solution above 

CMC, no immediate change was observed. These solutions were kept in static 

condition. For CTAC slight colour change was observed after 5 min and with 

increase in time the colour changed from faint red to deep wine red. After about 45 

min, colour change is complete. In case of CTAB colour change was observed only 

after 2.5 hrs and gradually as time increases the colour developed to reddish brown. 

Complete colour change was observed after 6 hrs. Samples were purified by 

centrifuging them at 8000 rpm for 15 min. Pellet obtained were re-dispersed in de-

ionized water. Centrifugation was carried out twice to ensure complete removal of 

excess surfactant and tryptophan.   
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4.3 Results: 

U4.3.1: UV-visible 

        

Figure 4.3: UV-Visible spectra recorded for Au nanoparticles synthesized using 

tryptophan as reducing agent in presence of CTAC (A) and CTAB (B). Curve 1-3 

corresponds to CTAC/CTAB concentration below CMC, at CMC and above CMC 

respectively. 

Figure 4.3 shows the UV-spectra for Au nanoparticles synthesized in 

presence of CTAC (A) and CTAB (B) at different concentrations as illustrated. It is 

seen that for CTAC at all concentrations only one peak centered around 520 nm is 

present. This peak  is the feature of UV-visible spectra for Au nanoparticles which 

occurs due to surface plasmon resonance.41 In case of CTAB for concentration at 

CMC and below CMC are similar to the case of CTAC. But at a concentration 

above CMC, we observe two peaks one centered around 520 nm and other 

appearing at 710 nm. This indicates the formation of anisotropic nanoparticles or 

aggregated spherical structure. However transmission electron microscopy images 

(vide infra) conclude that the absorbance features are due to the formation of 

anisotropic triangular particles. Time dependent UV-visible spectra were recorded 

for this sample in order to see the development of the peak.  
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Figure 4.4: Time dependent UV-visible spectrum for Au nanoparticles synthesized 

in presence of CTAB with concentration above CMC. Curves 1-5 correspond to 

time interval of 2, 5, 8, 24 and 70 h respectively. 

Figure 4.4 shows the time dependent UV-visible spectra, which shows that  

at about 2 h only peak at 520 nm is dominant (curve1). As time increases 

absorbance at around 700 nm starts increasing. In the anisotropic particles the 

absorbance at 520 nm is attributed to the dipolar plasmonic vibrations perpendicular 

to the plane of the particle called the transverse peak while that at 700 nm is 

attributed to the longitudinal vibrations. In the present case as time increases the 

longitudinal peak starts developing and becomes stronger with time and dominates 

the transverse peak. Finally after 5 h the longitudinal peak is observed at 620 nm 

which gradually shifts to 780 nm with advancement of time (by 70 h). 

4.3.2: TEM Measurements 

TEM measurements were carried out for Au nanoparticles synthesized in 

presence of CTAC (Au_CTAC) and CTAB (Au_CTAB) with their concentration 
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above CMC. Figure 4.5 demonstrates the TEM images of Au_CTAC along with 

particle size distribution. 

 

Figure 4.5: TEM micrograph image for Au_CTAC at different magnifications (A-

C). Particle size distribution is shown in figure D indicating average particle size to 

be 13 nm. Inset in B shows the electron diffraction which is indexed as shown.     

 

TEM analysis shows that the particles obtained in this case are spherical and 

mono-dispersed in nature. The average particle size obtained is 13 nm as can be 

observed from the histogram plotted. TEM measurements were also carried out for 

Au_CTAB. 
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Figure 4.6: (A-C) TEM micrographs of Au_CTAB recorded at different 

magnifications. (D) Shows the edge length measurement for the triangular 

nanoparticles. Inset in B shows the electron diffraction which clearly shows the 

hexagonal arrangement. 

Figure 4.6 (A-C) shows the representative transmission electron microscopy 

(TEM) images of Au nanotriangles synthesized using CTAB as surfactant when its 

concentration is above CMC (10-2 M). Selected area electron diffraction (SAED) 

was also recorded for Au_CTAC (Figure 4.6B, inset) and Au_CTAB (Figure 4.6B, 

inset). For Au_CTAC the particles are clearly polycrystalline and the rings could be 

indexed based on the fcc structure of Au. While SAED pattern for Au_CTAB 

shows a hexagonal arrangement again corresponding the fcc phase of Au 

nanoparticles. TEM images are recorded at different magnifications as can be seen 

form the scale bars.  It can also be concluded that nanotriangles have varied edge 

length from 40 nm to 105 nm. The sizes of the nanotriangles were also verified with 
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atomic force microscopy measurements that are presented in Figure 4.7. The 

thickness obtained form AFM measurement is 27 nm.  

 

 

Figure 4.7: Atomic Force microscopy image of nanotriangle in contact mode 

(A).Height and length profile is shown in figure B.  

4.3.3: X-ray Diffraction Measurements (XRD) 

 

Figure 4.8: XRD measurements for Au_CTAC (A) and Au_CTAB(B). Au_CTAC 

can be indexed to fcc gold while we see that Au_CTAB is single crystalline in 

nature. 

Powder diffraction pattern was recorded for Au_CTAC and Au_CTAB 

nanoparticles. Figure 4.8A corresponds to Au_CTAC while Figure 4.8 B 

corresponds to Au_CTAB. The XRD pattern in case of Au_CTAC corresponds well 

to the fcc crystalline phase of Au. In case of Au_CTAB we observe single peak 
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corresponding to (111) Bragg reflection of fcc gold. Magnified pattern (inset 4.8 B) 

of Au_CTAB indicates absence of peaks other than those form (111) planes from 

other Bragg plane of fcc gold. 

 U4.3.4: Fourier Transform Infrared Spectroscopy (FTIR)       

Figure 4.9: FTIR analysis for pure tryptophan (curve 1) and tryptophan reduced 

Au nanotriangles (curve 2). 

Interaction of tryptophan with surface of Au nanotriangles was studied by 

FTIR analysis that is shown in Figure 4.9. Curve 1 corresponds to pure tryptophan 

while curve 2 represents tryptophan reduced Au nanotriangles. An FTIR spectrum 

of pure tryptophan shows a peak at 2073 cm-1 (marked by circle) due to the 

combination of the asymmetrical NH3+ bending vibration and the torsional 

oscillation of the NH3+ group. This peak is absent after reduction of chloroaurate 

ions with tryptophan. This is the main difference between the two spectra. 
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4.4 Discussion: 

In this section, detail discussion on formation of anisotropic nanoparticles 

will be stressed upon. Various factors that could be infusing the formation of 

anisotropic nanoparticles are delineated. The synthesis was carried out in the 

presence of two surfactants namely cetyltrimethyammonium chloride (CTAC) 

having CMC as 16 x 10-3 M and cetyltrimethyammonium bromide (CTAB) with 

CMC as 1x 10-3 M. Tryptophan was used as reducing agent. Three different 

concentrations of both the surfactant as mentioned in section 4.2 were considered 

for the synthesis purpose. From the UV visible results obtained for Au 

nanoparticles for CTAC and CTAB at all the three different concentrations the 

following observations have been made. 

a. For CTAC the surface plasmon resonance (SPR) peak corresponding to Au 

nanoparticles is centered at 520 nm which is the characteristic for spherical 

Au nanoparticles. For all the three concentrations (above, at and below 

CMC) SPR peak is centered at 520 nm. 

b. In case of CTAB for concentration above CMC (10-2 M) we observe two 

SPR peaks positioned at 520 nm (transverse) and 700 nm (longitudinal). 

c. Time dependent UV-visible for CTAB above CMC concentration shows 

that at start, the transverse peak is more prominent than the longitudinal 

peak. But with progress in time, the longitudinal peak becomes more sharp 

and strong.   

TEM images recorded (Figure 4.5 and 4.6) for the samples above CMC for 

both the surfactants show that spherical nanoparticles are obtained in case of CTAC 

while for CTAB formation of triangular nanoparticles resulted. These nanoparticles 

are also observed to be arranged edge to edge. Selected area diffraction pattern 

clearly shows that the Au_CTAC nanoparticles are polycrystalline in nature and the 

rings can be indexed to face centered structure of gold. While the SAED pattern for 

Au_CTAB reveals that it is single crystalline. The hexagonal nature of the 

diffraction spots is a clear indication that the triangular gold nanoprisms are highly 

[111] oriented with the top normal to the electron beam. The spots could be indexed 

based on the face centered cubic (fcc) structure of gold. The circled spots, boxed 
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spots and spots circumscribed by triangles correspond to the forbidden 1/3{422}, 

allowed {220} and {311} Bragg reflections with lattice spacing of 2.5, 1.44 and 

1.23 Å respectively. The presence of the 1/3{422} reflections indicates that the gold 

triangles could have stacking faults along the <111> direction.42,43   

X-ray diffraction studies carried out for CTAC and CTAB also reveals 

preferential orientation in <111> directions for nanotriangles while the XRD data 

obtained for Au_CTAC can be indexed to fcc phase of gold particles. Thus XRD 

results also support the TEM measurements. 

The mechanism of formation of anisotropic nanoparticles like nanosheets, 

nanotriangles, rods etc has been very intriguing. Reasons cited for formation of 

anisotropic particle formation include preferential binding of surfactant,44,45 

oriented attachment,45 soft templates,3,46 aggregation of spherical particles8 and 

kinetic control.5,44,46-48 

Studies carried out by Xia and co-workers clearly illustrated the role of 

reaction rates on the morphology of Pd nanoparticles.48 The thermodynamically 

favorable shapes of Pd nanocrystals are cubooctahedral and multiple twinned 

particles (MTT). It was observed that when PdCl4
2- is reduced by ethylene glycol to 

generate Pd(0), atoms formed at relatively higher rates will mould into the 

thermodynamically stable forms of cubooctahedral and multiple twinned particles. 

Slowing down the reduction rates resulted in reduction of nucleation and growth 

and deviation in shape from its thermodynamic state. Thus transformation from 

cubooctahedral and MTT to triangular nanoplates or hexagonal shape is observed 

on reduction of reaction rate.  

Pileni et al have demonstrated that the particle shape can be controlled by 

using different anions.49,50 They have studied the effect of different anions on shape 

of nanoparticles keeping all the other preparation conditions same. In absence of 

any external anions, added spherical particles were obtained. Presence of ions like 

Cl- during the synthesis resulted in rod formation. In case of Br- ions, formation of 

rod with higher aspect ratio is observed. Addition of NO3
- ions addition resulted in 

formation of aggregates. In case of SO4
-, slight elongation was observed. To explain 

the change in shape of nanoparticles on addition of these ions, Pileni and co-
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workers have considered the Hofmeister series51  The Hofmeister series for anions 

is given as follows 

  SCNClOINOBrClFHPOCOSO 43
2
4

2
3

2
4  

When these above mentioned anions are added to an organic solvent/water-

surfactant mixture, solubility of surfactant in the aqueous phase increases from left 

to right. The anions desorb at the water-oil interface and then decrease the solubility 

between water and surfactant. Water molecules are highly bound to surfactant and 

induce high rigidity of the water-surfactant interface. They hypothesized that such 

changes result in decreasing the desorption of metal ions to the water phase and 

thus resulting in more spherical particles than cylindrical without perturbing the 

template.   

 Ravishankar and co-workers have based their argument related to formation 

of anisotropic nanoparticles on a morphology diagram formulated by them.52,53 As a 

representative the morphology diagram for Au is shown in Figure 4.10. Here their 

argument is based on the fact that crystal growth occurs through nucleation and 

growth where the driving force is the volume free energy change. They have 

observed that depending on the nature of the driving force, the nucleation and 

growth pattern takes different routes as shown in Figure 4.10 A & B. Large driving 

force leads to continuous growth while at low driving force, growth resulted in 

formation of steps and a lateral motion of steps on the surface.54-56 In the 

morphology diagram for Au the region represented by grey colour represents the 

condition of G > 0 thus no reduction occurs in this region. As the reactant 

conditions are changed the free energy reverses its sign from positive to negative. In 

the region represented by yellow the condition is -G<G2D
crit and favors 2D 

structure formation. 3D structures are obtained when the free energy condition is -

G>G3D
crit which is represented by the red portion. Transition from 2D to 3D is 

represented by the green portion. Thus, from the morphology diagram it is found 

that at lower temperature and low pH anisotropic nanoparticles can be obtained.  
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 Figure 4.10: Schematic illustration of (A) two-dimensional nucleation mechanism 

and (B) continuous growth mechanism. Morphology diagrams illustrate pH and 

temperature regimes where the two-dimensional nucleation mechanism (yellow) 

and continuous growth (red) is operative for Au. 

Another reason cited for formation of anisotropic nanoparticles is the 

differential stress caused by the adsorption effect of halide ions. Br- and Cl- are 

known to form a hexagonal close packed adlayer on gold nanosurface. Slight 

mismatch between the halide adlayers and the atomic Au (111) lattice planes might 

cause some residual strain at the surface and lead to the development of the defects 

like twin planes. This may be one of the factors that influence the formation of 

triangular nanoparticles as reported by Lofton and Sigmund.43 This has been 

postulated as the reason for the observation that anisotropic particles are 

preferentially formed in presence of the Br- ions and not in presence of Cl-. Murphy 

and co-workers also have employed CTAB for formation of nanorods. They 

postulated that CTA+ head group binds to the side surface with some preference. 

The preferential binding is based on sterics - the Au atom spacing on the side faces 

is more comparable to the size of the CTA+ head group than the close-packed {111} 

face of gold, which is at the ends of the nanorods. Such binding stabilizes the side 

faces, which have relatively large surface energy and stress (tension) compared to 
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other faces. This allows material addition along the [110] common axis on {111} 

faces, which do not contain the CTA+ headgroups.57 

In the present case, formation of triangular nanoparticles in presence of 

CTAB can be attributed to preferential binding of bromide ions to the specific 

planes. There have been many reports where in presence of CTAB as surfactant 

leads to formation of anisotropic nanoparticles. Various reports suggest that Br- ions 

chemisorbs onto the surface of Au more strongly and form hexagonal packed 

adlayer on the Au (111) surface.58-62 Earlier report suggest that the edges of triangle 

are bound by the (110) and (111) faces42 but it appears that Br- ions are strongly 

adsorbed on to (110) thus enhancing growth of nanotriangles in <111> direction. It 

is also known that there is a mismatch between the Br- ion adlayer and gold lattice 

plane which results in strain on the small particles synthesized at initial stages. This 

strain leads to defect formation like twin boundary resulting in orientational growth 

of small nanoparticles to form nanotriangles.43          

We also noticed that the reaction rates with CTAB are lower than those with 

CTAC. Therefore this also could have had an effect on the formation of triangular 

particles. Apart from the above reasons, role of tryptophan and the oxidized 

products of tryptophan influences the shape of resulting nanoparticles cannot be 

ruled out.    

  

Figure 4.11: Structure of kynurenine the products obtained when tryptophan is 

oxidized. 

It is well known that tryptophan in process of reducing Au3+ ions gets 

oxidized and leads to formation of  kynurenine.63  In our FTIR studies we noticed 

that absence of peaks corresponding to pure tryptophan but could not detect any 
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specific peaks that confirm the formation and adsorption of kynurenine on the gold 

surface. But the fluorescence studies indicate the tryptophan is getting oxidized.  

Part B 

4.5 White light emission: 

This section of the chapter deals with emission of white light observed from 

Au_CTAB when exposed to UV light of 365 nm. This phenomenon was not 

observed for Au_CTAC (spherical nanoparticles). Experimental observations are 

shown in Figure 4.12 with UV light ON and UV light OFF. 

   

 

Figure 4.12: Photographs of Au_CTAB solution when UV-light is OFF (A) 

Au_CTAB solution exposed to UV-light of wavelength 365 nm (B). Au_CTAC 

solution when UV-light is OFF (C) and when exposed to UV-light of wavelength 

365 nm (D). 
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The Au-CTAB solution is reddish brown in colour. Interestingly, when 

unexposed to UV-light (Figure 4.12 A) of wavelength 365 nm we observe an 

intense white light (Figure 4.12B) from the same sample. In case of Au_CTAC no 

such emission is observed when the solution is exposed to same UV-light (Figure 

4.12 C and D). In order to confirm the white light which was emitted is not due to 

scattering it was passed through the prism. Similar experiment was carried out with 

just tryptophan. The observed results are shown in Figure 4.13.  

    

Figure 4.13: (A) Light spectrum obtained when white light emitted from Au_CTAB 

nanotriangles is passed through prism. (B) Spectrum obtained when light emitted 

from tryptophan is passed through prism.  

 In the case of white light emitted from Au_CTAB the splitting into various 

components (red, green, cyan and blue) is clearly observed (Figure 4.13 A). When 

same experiment was carried out by illuminating pure tryptophan only blue light 

was observed. To entice more information about this phenomenon detailed 

fluorescence and life-time measurements were carried out. 
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U 

4.6: Fluorescence measurements   

 

  Figure 4.14: Fluorescence measurements carried for pure tryptophan (A). 

Excitation wavelength was 280 nm. Fluorescence spectrum for oxidized tryptophan 

is shown in figure B, curve 1 while fluorescence for Au_CTAB nano-triangles is 

represented by curve 2. For both the samples excitation was 365 nm. 

Fluorescence for pure tryptophan is shown in Figure 4.14 A. The excitation 

for this was 280 nm. We observe that the emission for pure tryptophan is centered 

around 350 nm. It is known that during the reduction of Au3+, the tryptophan will 

be oxidized. Mandal et al63 have confirmed that the oxidized product of tryptophan 

in this reaction would be kynurenine. But in our studies we could not confirm the 

formation of kynurenine and hence we would restrict calling the formed product as 

oxidized tryptophan. To see what emission characteristic this oxidized product will 

have, we prepared oxidized tryptophan with H2O2.  Spectrum for oxidized 

tryptophan excited at 365 nm is shown in Figure 4.14 B. A clear peak with a weak 

intensity is observed at 460 nm (curve 1). In the emission spectra for Au_CTAB 

nanotriangles again a peak centered at 460 nm could be seen. The total initial 

concentration of tryptophan used to obtain the spectrum 1 and 2 is the same. From 

the spectra we can see that the intensities of the emission peak in case of Au_CTAB 

sample is much higher than that observed with H2O2 oxidized tryptophan. This 

suggests that in presence of Au_CTAB the emission intensity of oxidized 

tryptophan is getting enhanced. 
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The results obtained from the fluorescence were supported by life time 

measurements. Measurements were recorded for excitation of 365 nm and collected 

at 460 nm with accordance with fluorescence measurements. Milk was used as the 

reference to eliminate scattering effects. Life time measurements recorded for milk 

as background and oxidized tryptophan are shown in Figure 4.15.  

U 

4.7: Life time measurements:    

        

Figure 4.15: Life-time measurements recorded for milk as reference (A) and life 

time data for tryptophan collected at 350 nm. 

The lifetime data for milk does not show any decay as can be seen form 

Figure 4.15 A. Lifetime measurement for tryptophan (Figure 1.15 B) was carried 

out by exciting the sample at 280 nm and collecting the data at 350 nm which is the 

wavelength of emission of pure tryptophan. The experimental data could be fitted to 

decay with two different life time values of 2.7 ns (90.7%) and 5.9 ns (9.3%). Our 

experimental life time values are in good agreement with reported values (1=2.1 ± 

0.2 and 2=5.4 ± 1.1 ns).64  

The lifetime measurements carried out for oxidized tryptophan and the 

Au_CTAB nanotriangles are shown in Figure 4.16. Excitation of the sample was 

carried out at 365 nm and the data was collected at 450 nm. The obtained lifetime 

values are 1=0.23 ns (2%), 2= 2.32 ns (10%), 3= 13.9 ns (88%) for H2O2 oxidized 
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tryptophan and 1=1.99 ns (9 %), 2=3.71 ns (16 %), 3=18.2 ns (75 %) for 

Au_CTAB. 

 

 Figure 4.16: (A) Lifetime measurement for oxidized tryptophan. (B) Lifetime 

measurement for Au_CTAB nano-triangular solution. Both the samples were 

excited at 365 nm while the emission was recorded at 450 nm.    

4.8 Discussion 

Observance of white light from Au nanotriangles (Figure 4.12 A and B) is 

well studied by fluorescence and life time measurements (Figure 13-16). 

Tryptophan has earlier been used as reducing agent for gold nanoparticles.65,66 

Fluorescence of pure tryptophan occurs at 345 nm when excited at 280 nm,67 which 

is also observed by us for pure tryptophan (Figure 4.14 A).  The most striking result 

in the emission experiments, is the observation of a broad peak from Au_CTAB 

where emission maximum is centered at 450 nm (Figure 4.14 B, curve 2). From our 

control experiments we could surmise that the origin of the emission could be from 

the oxidized tryptophan. Accordingly fluorescence was recorded for oxidized 

tryptophan prepared using H2O2 as oxidizing agent. As expected a clear peak with 

emission maximum again centered at 450 nm could be clearly seen (Figure 4.14 B, 

curve1). However the intensity of peak for Au_CTAB is much higher than the 

oxidized tryptophan. This enhancement is attributed to binding of oxidized 

tryptophan molecule to the tips of nanotriangles. Aslan et al. have shown 

enhancement in fluorescence spectra by ten orders of magnitude in presence of 
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anisotropic metal nanoparticles.16,17 This enhancement is attributed to increased 

local excitation fields around the edges of the triangles and interaction of excited 

state fluorophores with free electrons in the metal (surface plasmon electron).40,68,69 

El-Sayed and co-workers have demonstrated the lighting gold nanorod effect, 

which is explained based on electron hole recombination and the increase in the 

emission yield results from the enhancement effect of the incoming and outgoing 

electric fields via coupling to the surface plasmon resonance in the rods.70  

Thus, our fluorescence data clearly point out the possibility of attachment of 

oxidized tryptophan molecules to the sharp edges of nanotriangles. The enhanced 

intensity of this emission which is very broad with these different life times could 

be the cause for white light emission observed. 

4.9 Conclusion: 

Au nanoparticles were prepared with two different surfactants (CTAB and 

CTAC) with tryptophan as reducing agent. Spherical particles are obtained in case 

of CTAC while use of CTAB resulted in formation of Au nanotriangles. White light 

emission was observed from nanotriangles when illuminated with UV-light of 365 

nm. Occurrence of white light is attributed to the enhancement of fluorescence of 

oxidized tryptophan attached to sharp tips of nanotriangles.   
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Chapter 5 

 
Conclusion 

 
 

This chapter includes summary of the work carried out in this thesis with 

conclusion drawn from the work. We also give the futuristic aspect of this work. 
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5.1 Summary of the thesis: 

The work described in this thesis focuses on the use of ligands during the 

synthesis of nanoparticles. Effects of these ligands on the shape, size, crystalline 

phase of nanoparticles formed have been studied in detail. The nanoparticles 

considered in this these are cobalt (Co), Silver (Ag) and Gold (Au) and the ligands 

that have been used by us during the synthesis of these nanoparticles are  

1. A biosurfactant called as sophorolipid. 

2. Organically synthesized ligand 2 (Dodecyloxy) acetic acid (DDOA) 

3.  Cetyltrimethyammonium Chloride (CT AC). 

4. Cetyltrimethyammonium Bromide (CTAB). 

Applications of nanoparticles in many fields require them to be dispersed in 

aqueous medium. To address this issue we have picked a bio-surfactant named as 

sophorolipid which is derived from fatty acids like oleic acid. Oleic acid is one of 

the most widely used ligand in synthesis of magnetic nanoparticles. We have 

considered synthesis of Co nanoparticles using oleic acid derived sophorolipid 

(OASL) as capping ligand. We obtained stable CoNPs dispersed in aqueous 

medium. The second ligand that we tested in CoNPs synthesis is 2-(Dodecyloxy) 

acetic acid (DDOA). CoNPs obtained using these two different ligands resulted in 

formation of different phases of CoNPs. Mixture of hcp and -phase was obtained 

when OASL was used while in case of DDOA pure hcp phase is obtained.  

Extending the use of sophorolipid we also explored the reducing capability 

of the sophorolipid in synthesis of AgNPs. To optimize the reaction condition with 

respect to type ligand, temperature, time of reaction we have used three different 

types of sophorolipids LASL, OASL and SASL. These three sophorolipid differ in 

number of double bonds present. LASL has 2 cis double bonds; OASL has one cis 

double bond while SASL contains no double bond. The presence of double bonds is 

found to affect the reaction rate which in turn controls the size and shape of 

nanoparticles. It is found that reaction rate is faster for SASL case as compared to 

other sophorolipids. Use of SASL also resulted in smaller and monodispersed 

nanoparticles. Thus, using SASL as the reducing/capping ligand Ag nanoparticle 
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synthesis was carried out in continuous manner in micro-reactors. The particles 

obtained in this case were also similar to that obtained in case of batch process. 

One of the important factors that determine the property of nanoparticles is 

the shape of the nanoparticles. The choice of surfactants could influence the shape 

in a dramatic manner as revealed by our results with the Au nanoparticle synthesis 

in presence of CTAC and CTAB. CTAC resulted in modispersed spherical 

nanoparticles while CTAB resulted in formation of triangular nanoparticles. The 

striking feature of this study is the white light emission from the triangular 

nanoparticles. From the life time measurements it was concluded that the emission 

observed is due to the oxidized tryptophan attached to the surface of triangular 

nanoparticles. 

5.2 Scope of future work: 

Our studies shows that sophorolipid capped nanoparticles are well dispersed 

in aqueous medium. Taking advantage of this situation this work can be extended by 

tagging the sophorolipids with drug molecule.  This particular system can be used in 

drug delivery of nanoparticles. Modification of DDOA also can be achieved to 

make the molecule completely water soluble and employ it for further synthesis of 

nanoparticles. By appropriate modification of this ligand we can target to achieve 

assembly of the magnetic nanoparticles and study their magnetic properties. 

The mechanistic aspect of triangle formation should be further studied. 

Linear arrangement of nanotriangles can be achieved. Arrangement of such 

nanoparticles in a linear fashion could enable their usage in multiple applications 

such as light diodes, wave guides, solar cells etc.     
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APPENDIX-I 
(Instruments used) 

 

Ultraviolet-visible (UV-vis) absorption spectrophotometry: UV-vis 

Spectroscopic measurements were carried out on a JASCO model V-   570 dual-

beam spectrophotometer operated at a resolution of 1 nm. 

X-ray Diffraction:The diffractograms were recorded on a PANalytical Xpert pro 

machine using a CuKα (=1.54Å) source and operating conditions of 40 mA and 30 

kV at different scan rates depending upon the sample. 

FTIR spectrophotometer:FTIR spectra were recorded on a Perkin Elmer 

Spectrum One FTIR spectrophotometer in diffuse reflectance mode, operating at a 

resolution of 4 cm-1. 

Transmission Electron Microscopy:TEM measurements were performed on a 

JEOL Model 1200EX instrument operated at an accelerating voltage of 80 kV. In 

addition, for HRTEM measurements, a TECHNAI G2 F30 S-TWIN instrument 

(Operated at an acceleration voltage of 300kV with a lattice resolution of 0.14 nm 

and a point image resolution of 0.20 nm) was also employed. The same set of 

instruments was used for electron diffraction analyses. TEM samples were prepared 

by placing drops of dispersed samples over carbon coated copper grids and 

allowing the solvent to evaporate. 

Fluorescence spectrophotometer: Measurements were carried out on a Perkin 

Elmer LS55 fluorescence spectrophotometer with slit widths of 5 nm. Alternatively 

spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer 

with slit widths of 5 nm. 

Lifetime measurements: Luminescence lifetimes were measured using IBH 

(Floropcube) Time-Correlated Picosecond Counting system. Solutions were 

excitedat 365 nm and the emission was collected at 450 nm. 

Atomic force microscopy: A VEECO Digital Instruments multimode scanning 

probe microscope equipped with a Nanoscope IV controller was used for AFM 

measurements. Samples were drop coated on to a Si (111) substrate and were 
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analyzed using contact mode AFM using long silicon nitride probes (100 μm). The 

height data was collected at a scanning frequency of 1Hz. 

Dynamic Light Scattering: DLS measurements were carried out on Brookhaven 

Instrument model 90 Plus Particle Size Analyzer. 

Magnetic measurements: The magnetic characteristics of the cobalt nanoparticle 

powder samples were measured using a EG&GPAR 4500 vibrating sample 

magnetometer. Zero-field-cooled (ZFC) magnetization curves were obtained after 

cooling the sample from room temperature to 2 K without any external magnetic 

field and then measuring the magnetization while warming the sample under an 

external field of 50 Oe. For field cooled (FC) measurements, the sample was cooled 

to 2 K under an external field of 50 Oe and the magnetization was measured while 

warming in the same field. 

Ferromagnetic resonance measurements: The ferromagnetic resonance spectra of 

the samples were obtained using a conventional X-band ESR spectrometer (JEOL 

JES-TE20) at room temperature, where the magnetic field and microwave 

frequency were calibrated using NMR Gauss meter and a frequency counter, 

respectively. The ESR spectra were obtained by taking about 0.5 mg of powder 

samples in a quartz tube. The sample tube was purged by He before performing the 

room temperature experiments.  
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APPENDIX II 
 

List of Abbreviations: 
 
OA: Oleic acid. 

LA: Linoleic acid. 

SA: Stearic acid. 

SL: Sophorolipid. 

OASL: Oleic acid derived sophorolipid. 

LASL: Linoleic acid derived sophorolipid. 

SASL: Stearic acid sophorolipid. 

SPR: Surface Plasmon Resonance.  

ODA: Octadecylamine. 

TOP: Trioctylphosphine. 

TOPO: Trioctylphosphine oxide 

DDOA: 2 (Dodecyloxy) acetic acid. 

OASL-CoNPs: oleic acid derived sophorolipid capped cobalt nanoparticles.  

DDOA-CoNPs: 2 Dodecyloxy acetic acid capped cobalt nanoparticles. 

Ag_OASL: Ag nanoparticles synthesized using oleic acid sophorolipid. 

Ag_LASL: Ag nanoparticles synthesized using linoleic acid sophorolipid. 

DLS: Dynamic Light Scattering. 

CTAC: Cetyltrimethyl Ammonium Chloride. 

CTAB: Cetyltrimethyl Ammonium Bromide. 

Au_CTAC: Au nanoparticles synthesized using  

ICG: Indocyaninegreen. 

CMC: Critical Micelle Concentration. 

HAuCl4: Tetrachloroauric Acid. 

CoCl2: Cobalt chloride. 

NaBH4: Sodium Borohydride.  

Au: Gold. 

Ag: Silver. 

Pt: Platinum. 

FC: Field cooled 
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ZFC: Zero field cooled 

fcc: Face centered cubic 

hcp: Hexagonal closed packed 

FTIR: Fourier Transform Infrared Spectroscopy. 

TEM: Transmission Electron Microscopy. 

XRD: X-ray diffraction  

AFM: Atomic Force Microscopy. 

SAED: Selected Area Electron Diffraction. 

Rpm: Rotations per minutes.   

XPS: X-ray photon spectroscopy. 

NMR: Nuclear Magnetic Resonance. 

1D: One Dimensional. 

2D: Two Dimensional. 

3D: Three Dimensional. 

SDS: Sodium Dodecyl Sulphate. 

MPA: 3-mercaptopropionic acid. 

MUA: 11-mercaptoundecanoic acid. 
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