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Abstract

Abstract
My Ph. D. thesis consists of three broad areas, which are focused on the synthesis,
characterization and application of nanomaterials.

The thesis is divided into four sections, with each section divided into appropriate chapter(s).

Section A
Chapter 1
1.1. Introduction
This chapter contains an overview of studies related to synthesis of shape selective
nanomaterials. It also contains a brief review of synthesis of multi-branched Au
nanoparticles (NPs) and their potential application in future nanoscience and technology.
Additionally, it also briefly outlined the importance of the functional nanomaterials and that
can be subsequently used for the generation of polymer-metal NPs composites, which is
having the high pontential impact for fabrication of nanodevice based application. Further,
this section also has briefly summarized the molecularly controlled assembly of
nanoparticles and their emphasis of controlling the properties of nanomaterials. Moreover,
the brief summary of the work reported in thesis also has been discussed.

Section B
In this section, we describe a simple method of preparation of shape selective Au
NPs by using Fe2+ as the reducing agent in the presence of various stabilizing agents.
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Chapter 2
2.1. Stabilizing Agent Specific Synthesis of Multi- branched and Spherical Au
Nanoparticles by Reduction of AuCl4- by Fe2+ ions.
Here, we report on the development of a new method of synthesis of Au nanoparticles (NPs)
of muti-branched and spherical shapes. HAuCl4 when reduced by Fe2+ ions in aqueous
solution, in the presence of sodium dodecyl sulfate (SDS), produced multi-branched Au NPs
including a shape that could be termed as a “nanofan”. On the other hand spherical particles
were produced in the presence of Na2S and SDS or starch (instead of SDS). UV-vis, X-ray
diffraction, transmission electron microscopic (TEM) studies revealed the difference in
optical properties and shapes under various conditions. The essential conclusion is that
stabilizing agent and other reagents have special roles in controlling the shape of the NPs
produced.

Section C
In this section, we discuss the development of a novel method for the generation of
green chitosan-silver nanoparticles composite (Chi-Ag NPs), which is subsequently used in
efficient catalysis for the reduction of 4-nitrophenol into 4-aminophenol. The composite
could also be used for the selective C-C bond formation of phenolic coupling reactions.
Further, the interaction of the thermoresponsive polymer hydrogel with different stabilizing
agent capped Au NPs has also been reported in this section. This section has been divided
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into three chapters with each chapter containing introduction, experimental section, results
and discussion and conclusion.

Chapter 3
3.1. A “Green” Chitosan-Silver Nanoparticle Composite as a Heterogeneous as well as
Micro-heterogeneous Catalyst
In this chapter, we report on the catalytic activity of a newly synthesized metal
nanoparticle-polymer composite consisting of Ag nanoparticle (NP) and environmentally
friendly (“green”) chitosan. The polymer (chitosan) not only acted as the reducing agent for
the metal ions, but also stabilized the product NPs by anchoring them. The majority of the
NPs produced in this way had sizes less than 5 nm. The catalytic activity of the composite
was investigated photometrically by monitoring the reduction of 4-nitrophenol (4NP) in the
presence of excess NaBH4 in water, under both heterogeneous and micro-heterogeneous
conditions. The reaction was first order with respect to the concentration of 4NP. We also
observed that the apparent rate constant, kapp, for the reaction was linearly dependent on the
amount of Ag NPs present in the composite. Moreover, the turn over frequency (TOF) of the
catalyst was found to be 1.5 ± 0.3 X 10-3 s-1, when the reaction was carried out under
heterogeneous conditions. The Ag NPs in the composite retained their catalytic activities
even after using them for 10 cycles.

Our observations also suggest that the catalytic

efficiency under micro-heterogeneous condition is much higher than the heterogeneous
condition.
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Chapter 4
4.1. A “Green” Chitosan-Silver Nanoparticle Composite as a Heterogeneous as well as
Micro-heterogeneous Catalyst
Herein we report on the use of chitosan-Ag NP composite as an efficient catalyst in selective
C-C coupling of phenolic compounds in the presence of molecular iodine. This is the first
report on the C-C coupling with Ag NPs as the catalyst. The reactions were carried out with
phenol and a few of its derivatives as well as naphthols. The results indicate that the reaction
proceeded via the formation of p-iodophenol followed by o-p coupling leading to the
products. The reactions were complete in 3 h with high yields. When the para position of
phenol was blocked by a substituent then iodination at the ortho position could only be
observed and the formation of coupled products did not occur. In the case of naphthols o-o
coupling could only be observed. Based on the results a mechanism is proposed for the
coupling reaction occurring at the surface of Ag NP.

Chapter 5
5.1. Stabilizer Specific Interaction of Gold Nanoparticles with a Thermosensitive
Polymer Hydrogel
In this chapter, we discuss the experimental results on temperature dependent studies of
interactions between a novel biocompatible thermosensitive polymer hydrogel and different
stabilizing agent capped gold nanoparticles (Au NPs). Stabilizing agents such as thioglycolic
acid, tryptophan and phenylalanine have been used as capping agents for Au NPs. The
poly-N-isopropyl acrylamide-co-acrylic acid (pNIPAm-AAc) was synthesized by radical
polymerization
TH-777_05612211
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Abstract
methylene-bis-acrylamide and acrylic acid (AAc). The capped Au NPs were mixed with a
solution of pNIPAm-co-polymer hydrogel. The temperature dependent properties of the
mixture were studied by UV-vis spectroscopy, dynamic light scattering based particle size
analysis and transmission electron microscopy (TEM). The observations indicated change in
the lower critical solution temperature (LCST) depending on the nature of the stabilizer,
with hydrophobic ones lowering the value while hydrophilic stabilizers increasing the same.
Also, the optical absorption due to Au NPs, when stabilized with hydrophobic groups,
reduced significantly at above LCST along with significant blue shift of wavelength
maximum.

Section D
The final section of this thesis deals with the molecularly controlled assembly of gold
nanopartilces (Au NPs) into one dimensional chain-like array of superstructures. Moreover,
this section also discusses the assemblies of the NPs and their associated optical and
catalytic properties. The length and nature of the assembly could be controlled by controlling
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the nature of the molecules that are involved in the assembly formation. Further, the
molecules involved in the assembly formation can subsequently be used for the different
shape and size selective polymer-metal NPs composite formation. Finally, that the ordinary
compound like vitamin C could also be used for assembling metallic NPs in the form long
linear or network of fibers is also discussed in this section. This section has been divided
into four chapters: chapter 6 and chapter 9 consist of two sub-chapters with each describing
introduction, experimental section, results and discussion and conclusion.
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Chapter 6
6.1. Acetanilide Mediated Reversible Assembly and Disassembly of Au Nanoparticles
In this chapter, we report the generation of Au nanoparticles (NPs) by sparingly soluble
acetanilide in water, leading to the formation of linear chain-like superstructures of
self-assembled Au NPs, in the presence of excess acetanilide. This could be achieved in two
different ways. In the first method, acetanilide was added, with increasing concentration,
into aqueous HAuCl4 to produce Au NPs as well as for the formation of assembly, which
varied according to the concentration of acetanilide. The other route involved formation of
spherical Au NPs at the lowest concentration of acetanilide, which was followed by the
formation of assembly of various lengths upon further addition of variable amount of
acetanilide. The assemblies were stable in aqueous solution for days with characteristic
UV-vis absorption spectra consisting of two peaks. While the wavelength of the first peak
remained the same, the position of the second peak changed to longer wavelength with
increasing acetanilide concentration. Interestingly, the linear chain-like arrays could be
broken into individual particles by first dilution of the solution concentration followed by
treatment with ultrasonic waves. The individual Au NPs again formed linear chain-like
arrays upon addition of excess acetanilide.
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6.2. Surface Area Controlled Differential Catalytic Activities of One Dimensional
Chain-Like Arrays of Gold Nanoparticles
In this chapter, we report on the formation of linear assemblies of citrate stabilised spherical
gold nanoparticles (GNPs) in the presence of acetanlide in aqueous medium. The length of
the assembly was dependent on the concentration of acetanilide. At higher concentrations
branching of the assembly occurred instead of increase in the length of assembly.
Interestingly, the catalytic properties of the assemblies were dependent on the concentration
of the acetanilide. This means the effective surface areas of the metal nanoparticles in the
assembly were much dependent on the length of the assembly, which could be controlled by
the concentration of acetanilide. The results indicate a linear dependence of the effective
surface area on the concentration of acetanilide. Also, the observations suggest that the
presence of NaBH4 in the reaction medium led to the fusion of GNPs into fibrous form thus
reducing the effective surface area for catalysis.
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Chapter 7
7.1. Acetanilide as a Precursor for Shape and Size Selective Polyaniline-Au
Nanoparticle Composite Synthesis
Here in we report the development of a method for the generation of water-dispersible and
stable polyaniline-Au NP nanocomposite with size and shape selectivity. Sparingly soluble
acetanilide has been used to first generate Au nanoparticles (NPs) by reduction of HAuCl4,
followed by polymerization leading to the formation of the composite. The size and shape
of the composites could by tuned by controlling the concentration of acetanilide. At the
lowest concentrations of acetanilide, nano-raspberry-like particles of PANI – Au NP
composites were formed. At higher concentrations these spherical structures were joined by
polymer to form continuous fibers. Moreover, this method offers composites that are water
soluble and stable for months without precipitating and thus overcome the fundamental
challenges of insolubility and intractability associated with polyaniline and their composites.
This work may pave various ways for systematic development of three-dimensional
water-soluble metal NP-polymer composites with tunable electrical, optical and chemical
properties.
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Chapter 8
8.1. Concentration Dependence and Specificity in the Amino acid Induced Assembly of
Gold Nanoparticles
We have recently found that several amino acids could assemble citrate-stabilized spherical
Au NPs into 1-D chain-like superstructures. The nature of the assembly formation and
associated optical properties were found to be dependent on the concentration of amino acid
as well as the nature of the side chain group present in the amino acid. The changes were
highly specific to the amino acid present in the medium. For example, when lysine or
tryptophan was used micromolar quantities of the acid was enough to induce a large scale
organization. On the other hand, when phenylanine and glutamine were used milli molar
quantities of amino acids were required to achieve significant changes in the absorption
spectra. Thus the assembly formation could not only be useful for identification of amino
acids but also may be used to estimate their solution concentrations. In addition, 1D chain of
necklace-like Au NPs converted into nanofibers when excess hydrophilic amino acid was
used. On other hand, at higher concentration of hydrophobic amino acids, the necklace-like
Au NPs did not get transformed into nanofibers. Our observations suggest that the nature of
the side chains present in the amino acids with their functional groups may play an important
role for controlling the interparticles interaction and their subsequent fusions in the amino
acid assembled Au NPs chain.
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Chapter 9
9.1. Ascorbic Acid as a Mediator and Template for Assembling Metallic Nanoparticles
In this chapter, we discuss the use of vitamin C (L-Ascorbic acid; AA) for the generation of
Au NPs as well as their organization in the form of one-dimensional nanowire like structures
consisting of Au NPs and polymerization product of AA. The fibrous degradation product of
AA also has been used as a template for deposition of metal NPs such as Au, Pt and Ag.
These fibers appear in the form of a fiber bundle with branched structures having overall
dimensions on the order of several millimeters.

They have typical widths of 1 – 4 m with length of each segment of fiber bundle on the
order of 40 m. The composite fiber bundle has been found to be electrically conducting
with surface resistivity on the order of 2.16 X 103 ohm cm. That the backbone of the
composite fiber has organic moiety provides additional chemical and mechanical flexibility.
The present work is expected to provide a new and interesting way of generating and
organizing metallic NPs into three-dimensional functional networks useful for
nanotechnology based devices.
9.2. Silver Fused Conducting Fiber Formation of Au@Ag Core-shell Nanoparticles
Mediated by Ascorbic Acid
In continuation of the method reported in chapter 9.1, we have found that core-shell of
Au@Ag NPs also could assemble into a one-dimensional fiber-like structure in the presence
of ascorbic acid (AA). AA acted as both reducing agent for the metal salts as well as
mediator for the formation of fibers. The process of fiber formation involved three steps –
reduction of HAuCl4 to Au NPs by AA; subsequent formation of Au@Ag core-shell NPs
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after addition of AgNO3 and spontaneous formation of fibers from the mixtures in water. It
took typically about 30 days to form complete fibers that are of lengths of several hundred
micrometers to millimeters, although nanofibers started forming from the first day of
solution preparation.

The width of each of these fibers was typically about 1-4 µm with length of each segment of
fiber bundle on the order of 40 µm. Formation of fibers was also observed in absence of
AgNO3. These fibers consisted of Au NPs and polymer of AA degradation products and
were not electrically conducting. Also, low concentrations of AgNO3 produced fibers with
low electrical conductivity.

However, it was observed that increase in the amount of

AgNO3 led to the formation of fibers that were electrically conducting with conductivity
values in the range of metallic conductivity. Spectroscopic and electron microscopic
investigations were carried out to establish the formation of fibers. The present method of
generating core-shell NPs and their subsequent self organization in the presence of
increasing amount of Ag introduces a new approach towards systematic development of
three-dimensional structures with nanoscale components.
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1.1 Introduction
1.1.1 Nanomaterials and their future
‘Nano’ is one of the most exciting topics in science and technology, which would be
considered as key in the modern technology of 21st century. This is due to newer size and
shape dependent properties of materials that arise when at least one of its dimensions fall
within 1-100 nm.

Realization of these new physical and chemical properties of

nanomaterials would lead to enormous applications in the field of chemical industries1,
medicine2, photonics, and optoelectronics3. Nanomaterials can be generated in the form of
metals nanoparticles (especially Au, Ag, Pt and Pd), semiconductors (Gr. II-IV metal oxides
or metal sulfides) with special optical properties, magnetic materials, polymer materials,
composites and ceramics, with a number of unusual properties that are either absent in their
bulk materials counterparts. The unusual properties may originate from quantization due to
reduced dimensions of matter4 and increased surface to volume ratio5. There could also be
properties that come from directed assembly of nanoparticles (NPs). In order to harness the
properties of nanomaterial for potential applications in the form of device collaborative
efforts of chemists, physists, biologists, computer scientists and engineers are required so
that the term ‘Nanotechnology’ could be appropriately made into reality.

1.1.2 Synthesis of shape selective nanomaterials
Recent developments in the nanoscale science and technology have witnessed rapid
growth in the number of synthetic methods for obtaining metal, semiconductor and other
NPs in the form of specific sizes and shapes - from spherical, prismatic to tetrapodes6. These
progresses have primarily been guided by the application potential of size and shape
dependent optical, chemical and biochemical properties of nanomaterials. Several synthetic
methods are available for their preparation and they may roughly be divided into two groups
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such as physical and chemical methods. Physical methods generally involve mechanical
grinding, mechanical alloying, spray coating, and use of light, laser, and electron and ion
beams7.

Chemical

methods

include

precipitation

and

redox

reactions,

thermal

decomposition of organometallic compounds, electrochemical and sonnochemical methods8.
In terms of ease of synthesis, sample handling and purification, and cost chemical methods
are convenient than their physical counterparts. In this respect, the most widely used and
convenient method is the ‘wet chemical’ process which is based on redox and precipitation
reactions in solution.9 The method essentially involves mixing various precursors under
controlled conditions such as reagent and additive concentrations, solvent polarity,
temperature and pH of the medium to obtain well-dispersed nanomaterials with desired
structural features. For example, Lin and coworkers synthesized spherical Au NPs, which
have been turned into penta-twinned, decahedron, truncated tetrahedron, cubes, octahedron
and finally hexagonal nanosheets by introducing a small amount AuCl4- salt into N,
N-dimethy formamide solution containing poly (vinyl pyrrolidone), in conjunction with
varying temperatures.10 Murphy, Yang and coworkers subsequently developed the process
for producing Au nanorods with different aspect ratio by adjusting the concentration of silver
ion in solution containing cetyl trimethyl ammonium bromide (CTAB) as a stabilizer11.
Chen et al reported the synthesis with high yield of nanocages by galvanic replacement
reaction of silver templated HAuCl4 in aqueous solution12. Although, various synthetic
methods are available for the production of different shaped nanomaterials, the biochemical
and biological methods of synthesis of well defined nanomaterials are powerful in their
ability of controlled growth as well as appeal as environmental friendly methods. Sastry and
coworkers have done significant work on the production of different shaped nanomaterials
by biochemical and biological approaches13.

At present there is a considerable interest for producing branched NPs of inorganic
nanomaterials to achieve their specific optical, chemical, electronic and other properties for
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important applications14. In addition, these mono or multi-branched particles would be of
particular importance in building hierarchical structures where each part of the NP may be
used for the specific purposes. Multi-branched NPs have been synthesized by Carroll and
coworkers where they have reported silver plate seeded synthesis of gold monopods, bipods,
tripods and tetrapods using CTAB as the capping agent15. Multi-pods of metallic NPs were
presented by Sau et al, where seeds of gold NPs were grown by reducing gold salts in the
presence of CTAB16. Kuo et al subsequently developed the synthesis of small
multi-branched gold NPs using multi step seeded growth approach with sodium dodecyl
sulphate (SDS) as the surfactants17. Most recently, Barker et al synthesized multi-branched
urchin like gold NPs by using water soluble thiol terminated molecules18. Our laboratory
developed the production of multi-branched gold NPs by reduction of AuCl4- by Fe2+ ions
in the presence of SDS as the capping agent, where the growth would be centered at multiple
places rather than a single one19. This is important not only in the understanding of growth
mechanism but also technically useful with respect to their spectroscopic and catalytic
properties and also using them for further selective growth of different structures using
individual branched sites.

1.1.3 Functional Nanoparticles and Polymer-Nanoparticles Composite
Exploiting optical, electronic and catalytic properties of NPs for the development of
ultrasensitive detection and imaging methods for biomedical sensors20, catalysis for
chemical reaction21 and optoelectronic devices22 is becoming increasingly important. For
these kinds of applications, attaching specific molecular functionality on the surface of the
NPs has attracted maximum attention. In addition, introducing the multiple functionalities to
NPs would be of great value as it provides more flexibility and opportunity for multiplexing
in bioanalytical application. It also provides new tools for precise control in the bottom-up
assembly of nanoarchitectures23. In this regard, there are numerous reports that are available
in the literature for the application of functionalized NPs. For example, functionalized
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magnetic NPs are used as magneto-switch devices for sensing of glucose and lactose.24
DNA functionalized gold NPs are used in a bimolecular detection assay.25 In addition, many
bimolecularly functionalized gold NPs are used as building blocks of nanosuperstructures,
detection of proteins and specific recognition of enzymes.26 Another important
nanomaterial is the semiconductor quantum dot, which produces a new class of fluorescent
probes upon conjugating with biomolecules that have affinity for binding with selected
biological structures.27 On the other hand, water soluble hydroxylated quantum dots have
been developed for labeling of oligonucleotides used as the probe for applications in
fluorescent in situ hybridization assay in sperm cells.28 Recently, quantum dot labeled RNA
has been used in microarray assays for miRNA expression.29 This is followed by successful
use of streptavidin conjugated quantum dots for detection of human metaphase
chromosomes with biotinylated oligonucleotide.30 Additionally, functionalized carbon
nanotubes (CNTs) portend many applications in nanobiotechnology. The use of chemically
functionalized CNTs has been much emphasized to achieve specificity in binding to
biological structures and as to how an electrolyte facilitates the control of the electrical
properties of CNTs.31

Despite numerous methods that are available for the syntheses of molecular
functionalized nanomaterials, the most widely used are the solution based ones that exploit
chemical reduction of metal salts in the presence of surfactant molecules that wrap around
the NPs surface leading to the formation of monolayers, which not only protect the NPs from
agglomeration but also determine the nature of the interaction with their environment, hence
controlling their solubility in different media and assembly into complex superstructures. On
the other hand, functionality of the molecules on the NP surface is the key factor defining
almost every application of the nanomaterials.32 Recently, it has been realized that
molecule-surface interactions are mainly dependent on the crystallographic orientation of the
surface facets that will be particularly weak at the vertices of the NP polyhedron.33 In
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addition, covalent and strong noncovalent interactions between molecules attached to the
NPs have been used to engineer various nanostructures, including mono and multilayers and
nanocomposites with electrically conducting polymer and oligomers. In this regard, creation
of functionality on the surfaces of NPs is desirable, for the construction of superstructures
and controlled growth of nanocomposites of metal and polymer materials.34

Creating functionality on the surface of NP is desirable for the purpose of the
particles handling and construction of functional architecture and subsequently that can
combine the mechanical flexibility, optical properties of conducting polymer. High electrical
conductivity and magnetic properties of surface modified metal NPs have inspired the
development of several techniques for the controlled growth of nanocomposites of metal and
polymeric materials.35 These nanocomposite materials can act as substrates for catalysis and
help in the detection of biologically active species.36 In addition, these metal and polymer
nanocomposites have a variety of application potential, such as electrodes for fuel cells,
support for heterogeneous and homogeneous catalysis in selected chemical reaction and
optical and optoelectronics devices, chemical and electrochemical sensors and actuators.37
Among the composite materials, polyaniline-gold NP (PANI-Au NP) composites
have attracted extraordinary attention due to their ease of synthesis, environmental stability,
tunable conductivity and unique doping/dedoping chemistry.38 In addition, there is vast
number of recent works in the literature related to the composites of PANI with Ag NPs, Cu
NPs or semiconductor NPs.39 A significant scientific attention has been paid to the
discovery of newer methods of generation of nanoscale shape and size selective
1-dimensional nanofibers, nanotubes and raspberry like spherical structures, flowers, stars
and plates of PANI and their composites especially with gold NPs.40 It is also known that
PANI nanofibers decorated with Au NPs exhibit non-volatile memory devises.41 Metal NP
supported PANI can also be used as potential candidates for catalysis of some organic
reaction and subsequently that PANI can also act as a colorimetric sensor due to its acid-base
redox reaction.42 There are a vast number of techniques which have been developed to
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achieve PANI-Au NP composites. Sarma et al reported for the first time a one-spot synthesis
of PANI-Au NP composite by using hydrogen peroxide as reducing as well as oxidizing
agent.43 This has been followed by their report on water soluble colloidal dispersion of
PANI or PANI-Au NPs composites from monomer of aniline vapor, which can overcome
their poor processability.44 Kaner group have been developed a different technique to
achieve water dispersible PANI or PANI-Au NP composite with different size and shape
selectivity.45 Further, the attachment between the metal NPs and conducting polymer of
nanocomposite materials may play crucial role in electronics devices, because the charge
transfer at the contact between the metal NPs and polymer plays an important role in many
areas of technology. In this regard, the ‘grafting from’ approach is an effective means of
enhancing the attachment between polymer and filler of metal NPs matrices.46

Further,

tailored

sensoric,

electronic,

optical,

photoelectrochemical

and

bioelectroanalytical properties can be designed by organized molecular or biomolecular NP
hybrid configuration on surfaces.47 The surface modifier of the nanomaterials may then be
used to couple unique electronic, photonics and catalytic properties of quantum sized
nanomaterials with molecular or macromolecular functionalities to yield hybrid system of a
new feature. In this regard, there is an considerable interest in rapidly expanding field of
nanobiotechnology in integrating hard and soft structures into complex functional
nanosystem that have stimuli responsive properties.48 On the other hand stimuli responsive
materials such as hydrogels are important for futuristic nanoscale drugs, which can change
their properties such as size, shape and solubility in solvent in response to changes in stimuli
such as temperature, pH and other chemical or biological species, make the hydrogel ideal
for drug delivery and controlled release of bioactive molecules.49 One of the important
hydrogels is poly-N-isopropyl acrylamide (pNIPAm) with a lower critical solution transition
temperature (LCST) at 32oC and the same can be changed up to 60oC by various degree of
co-polymerization with monomer of acrylic acid (AAc), which offer a robust architecture
that can response very well to environmental changes such as temperature, pH, ionic strength
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and solvents.50 On the other hand, chemically or biologically functionalized NPs could be
encapsulated to hydrogels that are held by electrostatic (due to carboxylic acid group on the
backbone of the hydrogel) or van der Waals forces and the functionalized NPs could thus be
released in response to a stimulus and subsequently that can be applied to the delivery
system in the emerging field of biomedical sciences.51 In addition, pNIPAm hydrogels
grafted with thiol functionalized metallic NPs can also alter the physical properties of the
hydrogel as well as metal NPs. Zhu et al showed that hydrogel with hydrophobically
conjugated thiol attached gold NPs have enhanced the phase switching behavior of the
thermosensitive hydrogels.52 However, understanding the functioning of both kinds of
hybrids is important for the development of potential thermosensitive applications in
sensors, photonics, electronic devices and site specific drug delivery.53 Kumacheva and
co-workers reported photothermally triggered reversible deswelling of hydrogels loaded with
gold nanorods by absorbing near IR-light, which can be used promising application for drug
delivery and photodynamic therapy.54

One of most important goals in the fast growing field of nanotechnology is to
develop more environmentally friendly and sustainable methods for the synthesis of
nanomaterials. The primary challenges in this regard are maximization of usages of
environmentally friendly materials and integration of the principle of ‘green chemistry’ as far
as chemistry is involved in the generation of nanscale based products. Such approaches will
also be advantageous for the generation of metal NP based polymer composite into
biologically relevant systems.55 In recent years, biodegradable polymer based metal NP
composites have gained maximum attention due to their potential application for the design
of drug delivery system, support for homogeneous or heterogeneous catalysis for important
chemical reactions, antibacterial activities, biosensors and interconnects for the hierarchical
assembly of nanoscale component into macroscale systems.56 One of important
biodegradable polymers is chitosan, which is the second most abundant natural polymer after
cellulose. Chitosan (β-(1, 4) 2-amino-2-D-glucose) is a cationic biopolymer obtained by
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alkaline N-deacetylation of chitin, which is the main component of the shells of the crabs.
Chitosan has many potential applications in the field of biotechnology, pharmaceutical,
wastewater treatment, cosmetic coatings and food sciences.57 Another advantage of chitosan
is that the backbone of the polymer has significant content of primary amine and hydroxyl
functional groups making the polymer to have high affinity towards the metal ions. Several
groups have taken the opportunity to reduce the metal salts physisorbed onto chitosan to
corresponding NPs and shown their catalytic activity by reducing chromate (using Pd),
phenol (Pd) and aromatic nitro compounds (Ni, Cu, Cr, Zn).58 Most recently, our laboratory
developed a novel green method of synthesis of chitosan-silver NP composite and the
composite has a significant catalytic activity for the reduction of 4-nitro phenol into 4-amino
phenol and also higher antibacterial activity compared to the individual components of either
chitosan or silver NPs.59 In addition, some of the chitosan-metal NP composites have been
used for the catalysis of carbon-carbon bond formation involving Suzuki, Heck and
Sonogashiva type of reactions.60 Further, if chitosan can also be made in the form of beads,
fibers, membranes then the application potential of the chitosan based metal NP polymer
composite could become even more versatile.

1.1.4 Assembly of Nanoparticles Using Molecular Level Interactions
In the next generation, the frontiers of nanoscience and technology would depend
primarily on organization of one, two and three dimensional nanostructures into hierarchical
higher order functional structures.61 However, such organization of particles would
necessarily involve the principles of chemistry, physics and biology in order to have the
meaningful application. The ability to assemble the NPs with controllable sizes and shapes is
important because of the many frontier applications, such as sensors, catalysis, medical
diagnostics, information storages and quantum computation; require controlled arrays of
nanoarchitectures and component minaturation.62 Further, self assembly or assisted
assembly of anisotropic nanomaterials into linear chain-like array of superstructures has
currently attracted great attention due to their collective properties that are arise from
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coupling of optical and electronic properties individual NPs.63 Alternatively, these
properties of assembled materials can be used to make the potential devices such as
fabrication of plasmonics waveguides, surface plasmon based biosensors and single electron
transistor.64 In the literature, there are many different techniques that are available for the
assembling of NPs into different geometrics such as solvent evaporation hydrophobic NPs,
molecular cross linking in colloidal aggregates, template directed assembly using
biomacrolecules such as DNA, protein, antigen-antibody, peptide and biodegradable
synthetic polymer.65 Among them template directed self assembling of NPs attracted
interest in nanoscience and technology. Despite, numerous methods that are available for the
generation of 2D and 3D assembly of NPs, which are commonly in the form of squares,
hexagonal arrangement or stacks, their assembly into 1-D arrays, are limited because of the
difficulty that arises owing to their ways of preparation. There are some reports are available
in the literatures for the preparation of 1-D linear chain-like arrays involving methods such
as physical confinement in ion beam etched tracks glass, porous anodic alumina or using
linear supramolecular or macromolecular templates of DNA, oligonuleotides, protein,
peptides, tobacco mosaic virus rods and carbon nanotubes.66 However, these methods are
either expensive or require multiple steps; moreover materials used as templates may
influence the photonics and electronics properties of 1-D NP assembly. Furthermore, 1-D
NPs assembly can also produced by spontaneously self assembling isotropic NPs with
intrinsic magnetic and electric dipoles. However, in this way the assembly of face centered
cubic (fcc) crystalline metallic NPs (especially gold and silver NPs) into 1-D chain-like array
is very difficult because it does not have any intrinsic electric dipoles which is the origin of
electronic dipole-dipole interaction.67 To overcome this difficulty, the NPs surface charge
should be in heterogeneity and that can be achieved either in non uniform spatial distribution
of capping ligand on different crystallographic faces or nanospace separation in mixed ligand
stabilization layer which could be responsible for the driving force for the assembly of NPs
into 1-D linear superstructures.68
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The central themes of the part of the introduction presented above hover around
newer methods of syntheses of NPs, their organization into superstructures and their
composites with polymer. Each of the above topics has implicit in it a potential for
commercial applications, in addition to fundamental understanding of the process involved.
They guide the objective of the present thesis in developing newer synthetic methods for the
syntheses of NPs and their systematic assembly into hierarchical higher order structures and
syntheses and application of their polymer composites. Thus while only synthesis of NP has
been stressed minimum in the thesis the ulterior aim of organization and composite
formation followed by their use have been stressed in more detail. For example, molecularly
controlled assembled NPs would not only reveal a great deal about the nature of molecular
interaction between the NPs and assembling molecules but also offer newer materials with
tunable properties that could have real applications. This is especially true with respect to
use of molecular interactions as the driving force of organization. Availability of methods of
organization based on molecular interactions would allow the full use of chemistry in
building materials made of NPs. Especially, the use of ‘soft’ interaction may offer the
possibilities of molecular level control over reversible assembly and disassembly of NPs in
solution, which remain much to be explored. Further, understanding of the interparticle
interactions involving NPs, which is essential for controlling catalytic, electrical and optical
properties of the assembled GNPs, can be expected to aid in the development of robust
superstructures. Moreover, the formation of arrays of GNPs by using molecular interaction
could prove to be much superior over the hard and soft template based methods, as the
molecules involved in the organization may influence the properties of the assembled
structures. Additionally, the molecular assembly approach could turn out to be a convenient
way of generating well-defined composite nanowires and nanofibres that would pave the
further advancement in nanoscience and technology. Keeping the above points in view the
brief introduction about the chapters presented in the thesis is given below.
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1.1.5 Works described in the thesis
The work described in the thesis is to address the development of novel and simple
methods of syntheses of shape selective NPs and polymer metal NPs composites and
molecularly controlled organization of NPs and their subsequent use in applications based
on their physical, chemical and biological properties.
Chapter 2 reports the simple method of synthesis of Au NPs using an inorganic ion, Fe2+,
for reducing HAuCl4. Single or multiple branched Au NPs were formed when the reaction
was carried out in the presence of sodium dodecyl sulfate (SDS). In some cases specific
shapes of the particle took the forms such as the one which could be termed as a “nanofan”.
On the other hand when the same reaction was carried in the presence of SDS and Na2S,
spherical NPs of less than 10 nm diameters were formed. In addition, the reaction when
carried out in the presence of starch (instead of SDS) resulted in the production of spherical
Au NPs of primarily small sizes. Overall, the observations suggest that the combination of
factors that involve reagents and other reaction conditions such as the stabilizing agent that
finally contributes towards the shape in the formation of NPs. Also, the role of Fe2+ ions
towards the shape formation cannot be ruled out. This is important in order to understand the
growth mechanism of higher order structure, which can be potentially useful with respect to
their spectroscopic and catalytic properties.
Chapter 3 introduces a green and mild approach to one-step synthesis of Ag NP-chitosan
composite, by using chitosan as the reducing agent, at 95oC and in the presence of aqueous
sodium hydroxide. The NPs generated in the present method were of uniform and narrow
particle sizes; with typical sizes less than 5.0 nm. The composite was tested for
heterogeneous catalysis with Ag NPs being the active catalyst and chitosan as the support.
The catalytic efficiency for the reduction of 4NP to 4AP for the composite was high with a
TOF value of 1.58 ± 0.3 X 10-3 s-1. The small particle size and thus high number of surface
atoms makes the composite a rather appealing material for catalysis and other application.
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Further, the additional advantage of being able to use the catalyst under micro-heterogeneous
conditions makes its usefulness rather appealing. For example, while catalyst concentrations
needed under heterogeneous condition was on the order of several g/L, the same reaction
could be achieved in similar times using catalyst concentrations of mg/L. The synthetic
method, which we have developed in the present study, might be useful for further
development of green NP synthesis in other situations. Since chitosan is biocompatible, the
composite can be useful for biological applications such as antimicrobial agents. Recently,
our group reported that (not incorporated in the thesis) the antibacterial activity against E.
coli was significantly enhanced by the loading of chitosan-Ag NPs composite compared to
those of either chitosan or Ag NPs. Since, chitosan can be made in the form of beads, fibers,
membranes the application potential of the composite could become even more versatile.
Chapter 4 reports the application of the composite reported in Chapter 3, using Ag NPs
present in the composite as an efficient catalyst, in selective C-C coupling of phenolic
compounds, in the presence of molecular iodine. The reactions were carried out with phenol
and a few of its derivatives as well as naphthols. The results show that the reaction
proceeded via formation of p-iodophenol followed by o-p coupling leading to the product.
When the para position of phenol was blocked by a substituent then only iodination at the
ortho position could be observed without the formation of coupled products. In the case of
naphthols o-o coupling could only be observed. Based on the results a mechanism is
proposed for the coupling reaction occurring at the surface of Ag NPs. Iodine atoms present
on the surface of Ag NP catalyst plays the key role in the formation of selective coupling via
the p-iodophenol intermediate. Also, the formation of sandwich-type geometry between
phenoxyl radical and p-iodophenoxyl radical provides the key step in o-p coupling with high
yield. The present approach may open new vistas in synthetic organic chemistry; especially
Ag NP catalyzed C-C coupling reactions beyond the reported examples.
Chapter 5 reports the results of investigations related to the changes in the LCST (lower
critical solution temperature) of a thermosensitive polymer hydrogel, in the presence of
different stabilizing agent capped gold nanoparticles (GNPs), by using surface plasmon
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resonance (SPR) as a probe. Different stabilizing agent such as thioglycolic acid, tryptophan
and phenylalanine were attached to GNP surface by strong covalent bonding. The resulting
capped GNPs were then mixed with pNIPAm-co-polymer hydrogel. The pNIPAm- AAc
consists of a known bioadhesive and biocompatible thermoresponsive copolymer derived by
radical polymerization of selected mixture of N-isopropyl acrylamide (NIPAm),
methylene-bis-acrylamide and acrylic acid (AAc). Depending on the nature of the capping
molecules their volume phase transition temperature varied from 34oC to 40oC. The optical
absorption due to Au NPs reduced significantly when stabilized with hydrophobic groups
and with significant blue shift of wavelength maximum. Thus the surface plasmon resonance
absorption of Au NPs could be used as a probe for the studies of interaction between the
stabilizer of NPs and the polymer hydrogel. The more biocompatible nature of these
composites hydrogel polymer will create a number of applications as optical, electronic and
biomedical functional materials.
Chapter 6 reports the generation of assembly of 1-dimensional chain-like array of Au
nanoparticles (NPs) by sparingly soluble acetanilide in water. This was achieved in two
different ways. In the first method, acetanilide was added, with increasing concentration,
into aqueous HAuCl4 to produce Au NPs as well as for the formation of assembly, which
varied according to the concentration of acetanilide. The second method involved formation
of spherical Au NPs at the lowest concentration of acetanilide, which was followed by the
formation of assembly of various lengths upon further addition of variable amount of a
acetanilide. We found that the linear chain-like arrays could be broken into individual
particles by first dilution of the solution concentration followed by treatment with ultrasonic
waves. The individual Au NPs again formed linear chain-like arrays upon addition of excess
acetanilide. In addition, the role of acetanilide for the formation of linear chain-like array of
Au NPs is also discussed in this chapter. However, the present methods yielded the GNPs
with broad size distribution, which could not be used effectively for surface area controlled
catalytic activity studies. In order to study the surface area controlled catalytic activity of 1-D
assembly of Au NPs, we have developed a method for the formation of linear assemblies of
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citrate stabilized spherical gold nanoparticles (GNPs) in the presence of acetanilide in
aqueous medium. The length of the assembly was dependent on the concentration of
acetanilide. At higher concentrations branching of the assembly occurred instead of increase
in the length of assembly. The catalytic properties of the assemblies were dependent on the
concentration of the acetanilide. This means the effective surface areas of the metal
nanoparticles in the assembly were much dependent on the length of the assembly, which
could be controlled by the concentration of acetanilide. The results indicated a linear
dependence of the effective surface area on the concentration of acetanilide. Also, the
observations suggest that the presence of NaBH4 in the reaction medium led to the fusion of
GNPs into fibrous form thus reducing the effective surface area for catalysis.
Chapter 7 consists of description of the generation of water-dispersible and stable
polyaniline-Au NP nanocomposite with size and shape selectivity. Sparingly soluble
acetanilide has been used to first generate Au nanoparticles (NPs) by reduction of HAuCl4,
followed by polymerization leading to the formation of the composite. The size and shape of
the composites could by tuned by controlling the concentration of acetanilide. At the lowest
concentrations of acetanilide nano-raspberry-like particles of PANI-Au NP composites were
formed. At higher concentrations these spherical structures were joined by polymer to form
continuous fibers. Acetanilide has unique advantages over aniline because of its
environmental and solvent stability and is amenable to functionalization using
well-established synthetic schemes. The knowledge obtained from this work may pave
various ways of systematic development of three-dimensional water-soluble metal
NP-polymer composites with tunable electrical, optical and chemical properties.
Chapter 8 reports the results on the investigation of the effect of amino acids on the
assembly formation of citrate-stabilized spherical Au NPs into 1-D chain-like
superstructures. The nature of the assembly formation and associated optical properties were
found to be dependent on the concentration of amino acid as well as the nature of the side
chain group present in the amino acid. The changes were highly specific to the amino acid
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present in the medium. For example, when lysine or tryptophan was used micromolar
quantities of the acid was enough to induce a large scale organization. On the other hand,
when phenylanine and glutamine were used milli molar quantities of amino acids were
required to achieve significant changes in the absorption spectra. Thus the assembly
formation could not only be useful for identification of amino acids but also may be used to
estimate their solution concentrations. In addition, 1D chain of necklace-like Au NPs
converted into nanofibers when excess hydrophilic amino acid was used. On other hand, at
higher concentration of hydrophobic amino acids, the necklace-like Au NPs did not get
transformed into nanofibers. Our observations suggest that the nature of the side chains
present in the amino acids with their functional groups may play an important role for
controlling the interparticles interaction and their subsequent fusions in the amino acid
assembled Au NPs chain.
Chapter 9 reports the results on the use of an ordinary compound like vitamin C being used
not only as a reducing agent but also in the organization of the generated NPs into
one-dimensional wire-like structures. The spontaneous fiber formation and formation of Au
NPs by ascorbic acid (AA) have been coupled to generate fibers made up of composite of Au
NPs and the polymer from the degradation product of AA. The fiber appeared in the form of
a fiber bundle with branched structures having overall dimensions on the order of several
millimeters. They have typical widths of 1-4 μm with length of each segment of fiber bundle
on the order 40 μm. These fibers can also be decorated with previously synthesized metallic
NPs and the electrical conductivity with the characteristic of a metal can be achieved in the
fibers. We have also developed a new strategy for the generation and fibrous assembly of
core shell (Au/Ag) metal NPs using the same vitamin. These assembled wires have different
optical properties and electrical conductivities depending on the level of presence of metal
NPs. These structures have electrical properties ranging from insulator to metallic conductor
and thus can be useful for versatile usages.
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2.1 Stabilizing Agent Specific Synthesis of Multi- branched and
Spherical Au Nanoparticles by Reduction of AuCl4- by Fe2+ Ions
2.1.1 Introduction
In recent times, progresses in the nanoscale science and technology have witnessed
rapid growth in the number of synthetic methods for obtaining metal, semiconductor and
other nanoparticles (NPs) in the form of specific sizes, shapes (such as spherical, triangular,
hexagonal, rod, and helical) and also assemblies of some of these particles into structures of
higher dimensions1-3. These developments have primarily been guided by the possibilities
of applications of these materials with their shape and size dependent physical, chemical and
biochemical properties. However, the future frontiers of nano-technology would rely on the
ability to assemble or grow one, two and three dimensional structures using nanoscale
particles as the building block. The realization of this goal would be possible if the building
blocks of various sizes and shapes at different length scales, in addition to spherical ones, are
made available for the construction of hierarchical higher order structures. Chemical,
biochemical and biological methods of synthesis of well-defined NPs are powerful in their
ability of controlled growth using properties at the molecular level. The results are the
development of a significant number of methods for the production of shape and size
selective Au and other metallic or semiconductor NPs, and also their assemblies into higher
order structures4-7.

It is being increasingly realized that branched NPs of inorganic materials are also
important in achieving specific optical, chemical and other properties for practical
applications. In addition, these mono or multi – branched particles would be particularly
important in building hierarchical structures with parts of the NPs used for specific purposes.
There have also been a few recent reports on the synthesis of Au NPs in the form of bipod,
tripod, tetrapod and pentapod branched structures using seed mediated growth as one of the
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synthetic methods8-10. However, none of the methods reported have found evidence of
formation of multiply branched NPs, where the growth is centered around multiple places
rather than a single one. This is important not only in the understanding of growth
mechanism of higher order structures but also useful technologically where their
spectroscopic and catalytic properties could be used, and also for further sectional growth of
different structures using individual branched sites.
In this chapter, a new method of synthesis of Au NPs using an inorganic ion, Fe2+,
for reducing HAuCl4 is being reported. It was observed that single or multiple branched Au
NPs were formed when the reaction was carried out in the presence of sodium dodecyl
sulfate (SDS). In some instances shapes of the particle took the forms such as the one which
could be called as a “nanofan”. On the other hand when the same reaction was carried in the
presence of SDS and Na2S, spherical NPs of less than 10 nm diameters were formed.
However, the reaction when carried out in the presence of starch (instead of SDS) resulted in
the production of spherical Au NPs of primarily small sizes. The NPs formed were
characterized by UV-visible spectroscopy, X-ray diffraction (XRD) and transmission
electron microscopic (TEM) measurements. The observations suggest that the stabilizing
agent plays an important role in controlling the shape of the NPs. However, this may not be
the only reason as spherical Au NPs were produced in the presence of Na2S.

2.1.2 Experimental Section
The synthesis of the NPs was carried out using three different reaction conditions.
The details are given below.
Method 1
To a 10.0 mL aqueous solution of 8.3 mM sodium dodecyl sulfate (SDS), 50 µL of
HAuCl4 solution (diluted from 17% HAuCl4 in HCl - Aldrich) was added so that the final
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concentration of HAuCl4 was 8.4 x 10-5 M. To that a freshly prepared 25 µL of ferrous
ammonium sulfate (FAS) was then added with the final concentration being 1.25 x 10-4 M.
This immediately resulted into a purple coloured solution. The solution was used for
subsequent analysis. The pH of the final solution was measured to be 3.35.
Method 2
To a 10.0 mL SDS (8.3 mM) solution, 0.058 mM (final concentration) Na2S and
0.125 mM (final concentration), FAS (ferrous ammonium sulfate) were added. The resulting
solution was clear light yellow and the pH of the solution was measured to be 6.49. To this
solution 0.086 mM (final concentration) of HAuCl4 was added. The solution immediately
turned dark brown. After about 5 min the solution turned purple in color. The pH of the
final solution was 3.17.
Method 3
To a 10.0 mL aqueous solution of 0.15% starch, 100 µL of HAuCl4 solution was
added so that the final concentration of HAuCl4 was 1.7 x 10 -4 M. To that a freshly
prepared 50 µL of FAS was then added with the final concentration being 2.5 x 10-4 M.
That immediately resulted into a purple colored solution. The pH of the final solution was
measured to be 2.98.

2.1.3 Result and Discussion
When HAuCl4 was treated with FAS strong purple coloration of the solution was
observed indicating the formation of Au NPs. The formation could be justified by redox
potential in favor of the reduction of the Au3+ ions (equations 1-3)11.

3 Fe2+
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= 3Fe3+ + 3e-

E0/ -0.771 V

(1)
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AuCl4- + 3e-

= Au

E0/ 1.002 V

(2)

3 Fe2+ + AuCl4-

= 3Fe3+ + Au

E0/ 0.231V

(3)

However, FAS was used because of its inherent stability compared to that of FeSO4. It was
observed that FAS worked equally well in the reduction of HAuCl4. In all the cases, strong
visible absorption in the range of 532 to 580 nm region characteristic of that of Au NPs was
observed. However, there was observable difference in the position and nature of the peaks.
For example, the peak appeared at 542 nm when the reduction was carried out in the
presence of SDS and also the peak was generally broad (Figure 2.1.1A). On the other hand,
when the reaction was carried out in the presence of Na2S and other reagents as above, a
relatively stronger peak occurred at 535 nm (Figure 2.1.1B). Further, the peak was broader
and appeared at 565 nm when starch was used as the stabilizing agent instead of SDS
(Figure 2.1.1C).
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Figure 2.1.1. UV-Visible spectra of Au NPs prepared using Method 1 (A), Method 2 (B) and
Method 3 (C).

The results of XRD measurements of evaporated films of drops of freshly prepared solutions
are shown in Figures 2.1.2A, 2B and 2C for solutions obtained from Method 1 (in the
presence of SDS), Method 2 (in the presence of SDS plus Na2S) and Method 3 (in the
presence of starch) respectively. The XRD of the film obtained from solution in Method 1
contains a single peak occurring at 38.4o, due to the (111) lattice plane of Au. In addition,
there is one more peak occurring at 40.3o possibly due to the product formed from oxidation
of FAS12-13. The XRD of films obtained from solution generated Method 2 consists of two
peaks at 38.4o, 44.5o and 77.5o (not shown here) due to (111), (200) and (311) planes
respectively of Au, whereas the other two occurring at 42.2o and 51.7o are due to possible
formation of iron sulfides12, 14. The reaction carried out in the presence of starch (Method
3) produced Au particles with growth in the (111) and (200) and (220) planes due to which
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the peaks occurred at 38.4o, 44.5o and 64.5o respectively. It may be mentioned here that the
number of peaks due to Au NPs generated using Method 1 varied from sample to sample and
sometimes two peaks could be observed, the additional one being due to (200) plane of Au
indicating the possible growth of different planes.

Figure 2.1.2. X-ray diffraction patterns of the nanoparticles generated under various conditions
as in (A) Method 1; (B) Method 2 and (C) Method 3. The lattice planes of Au are identified.

Further analysis of the samples were pursued by TEM of individual samples recorded
after evaporating a drop of liquid on a carbon-coated copper grid and the experiments were
performed at 200 KV in a JEOL TEM. Figure 2.1.3A shows the TEM of a sample obtained
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from Method 1. As is clear from the figure the particles formed are multi-branched with no
simple pattern of growth. The diameters of the branched particles are on the order of 20 nm,
while the lengths are different for different particles occurring in the range of 10-50 nm
length scale.

Figure 2.1.3. TEM micrographs of the samples prepared using Method 1 (A and B). (C) Shown is
the expanded picture of (B) indicating the presence of lattice fringes in the lighter area. (D) TEM
micrograph of another sample prepared using the same method and corresponding SAD (inset).

However, the width of a sharp edge of a branch-head could be as low as 2 nm. It is also
interesting to note that the growth seems to have occurred with multiple nucleation points
giving rise to branched wings and the TEM of the nucleation points appear to be darker than
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the wings, indicating more (three-dimensional) growth at those points than at the wings.
This can be more easily seen in Figure 2.1.3B, where the growth appeared to have occurred
in the form of a “fan” with two major “blades” and each blade also has branched structure.

Figure 2.1.4. TEM micrographs of samples prepared using Method 2 (A, B and C) and
corresponding FFT image (D).

There is also the apparent three dimensional “darker” growth points near the centre of the
“fan”. An expanded picture of (B), as shown in Figure 2.1.3C, indicates the presence of
lattice fringes (due to metal) in the lighter area of the fan. Thus the whole fan is made of Au
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and surfactants (stabilizing agent) do not constitute the structures in the lighter area. It may
be mentioned here that we have also observed bipodal and tripodal growth in some cases and
also the formation of spherical particles. However, those cases were less prominent than the
multi-branched growth. Figure 2.1.3D represents the TEM of another sample prepared under
identical condition. A typical selected area diffraction (SAD) pattern of the sample in Figure
2.1.3D is also shown in inset. The lattice parameters matched with those of Au.

Figure 2.1.5. TEM micrograph (A) of a sample prepared using Method 3 and corresponding
particle size distribution (B). Y-axis in (B) represents relative % population.

On the other hand, the TEM of samples prepared using Method 2 indicates formation of
nearly spherical and uniform particle in the range of 10-15 nm. A closer look (Figure
2.1.4B) into the pictures reveals the formation of ‘stone-like’ three dimensional particles.
This is consistent with the XRD of the same which shows the growth of (111) and (200)
planes of the crystal. Further, a typical SAED pattern of the particles is shown in Figure
2.1.3C, which represents the formation of Au NPs.
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TEM images of Au NPs prepared using Method 3 (Figure 2.1.5) shows that generally
very small particles were formed in the presence of starch as the stabilizing agent. An image
in this regard is shown in Figure 2.1.5A. A typical distribution of particle sizes, shown in
Figure 2.1.5B, indicates that the majority of particles formed were in the range of 2 nm sizes.
In addition, there were a few larger particles, which had diameters greater than 50 nm (not
shown here), possibly being the reason for the broadness and shift of the visible spectrum of
Figure 2.1.1C.
It is known that shape formation in the growth of NPs could be kinetically controlled
in which case the shape could evolve with time. Additionally, the shape could also be
molded by the stabilizing agent or the motif of the structure based on which different
shape-selected materials have been generated. A large number of methods in this regard have
been reported that include biomimetic fabrication of metallic nanowires15. In a recent
report the effect of SDS on the formation of multipod Au NPs have been described8. On the
other hand, what we have observed indicates that it is not only the stabilizing agent but also
the reaction conditions such as the reagents used are important in the formation of NPs with
various shapes. Our observations demonstrated that when the reduction of HAuCl4 was
carried out by FAS in the presence of SDS multiply branched Au NPs were formed. On the
other hand, when the same stabilizing agent was used but Na2S was used as an additional
reagent spherically shaped NPs were formed. Here, Na2S reacts with FAS to produce FeS
which then reacts with HAuCl4 to produce Au NPs. Although SDS as the stabilizing agent
contributed in the shape formation but the presence of sulfide in Na2S might have helped
stabilize the NPs, which would contribute towards the shape formation. As the pH of the
medium was quite low (acidic), the formation of polysulfide in the medium and its
subsequent role in the shape formation could possibly be discounted. Further, the presence
of starch as the stabilizing agent led to the formation of small Au NPs indicating that even
under the same reagent condition the product formation could finally be influenced greatly
by the stabilizing agent present in the medium. The reason for the formation of smaller and
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spherical particles in starch is probably due to its hydrophobic core (helical) in the
generation of NPs that are inside the core and form nearly uniform spherical particles. It is
also important to mention here that there are a large number of reports with the use of SDS
to generate primarily spherical shaped NPs under various experimental conditions for a
number of systems6. Thus overall a combination of factors that involve reagents and other
reaction conditions such as the stabilizing agent that finally contributes towards the shape in
the formation of NPs. Also, the role of Fe2+ ions towards the shape formation cannot be
ruled out. In the present case the reaction in the presence of SDS produced multi-branched
Au NPs while in other conditions the same reaction produced spherical NPs.

2.1.4 Conclusion
In this chapter we have reported a new method of preparation of Au nanoparticles
(NPs) of muti-branched and spherical shapes. HAuCl4 when reduced by Fe2+ ions in
aqueous solution, and in the presence of sodium dodecyl sulfate (SDS), produced
multi-branched Au NPs including a shape that could be termed as a “nanofan”. On the other
hand spherical particles were produced in the presence of Na2S and SDS or starch (instead
of SDS). The essential conclusion of this chapter is that stabilizing agent and other reagents
do play special roles in controlling the shape and size of the NPs produced. This is important
in understanding the growth of higher order structures, which can be potentially useful with
respect to tuning the spectroscopic and catalytic properties of these materials.
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3.1 A “Green” Chitosan-Silver Nanoparticle Composite as a
Heterogeneous as well as Micro-heterogeneous Catalyst
3.1.1 Introduction
The future development of sustainable nanoscale science and technology would not
only depend on overcoming knowledge barriers in developing newer principles, but also on
appropriately addressing the environmental and societal concerns, especially when
large-scale material production and use would be involved. The primary challenges in this
regard are the maximization of usage of environmentally friendly materials and integration
of the principles of “green chemistry”, as far as chemistry is involved, in the production of
nanoscale-based materials. In this regard, polymer-metal nanoparticle composites seem to
get special attention because of their multiple application potentials in sensors1, actuators2,
electrodes for fuel cells3, supported micro-heterogeneous and heterogeneous catalyses4, and
in optical and optoelectronic devices5. Further, advantages of mechanical, optical, thermal
and electrical properties of the polymer and optical, electrical and catalytic properties of the
metal NPs can be suitably integrated to achieve superior performance. For example, our
laboratory the first time reported the synthesis of Au nanoparticle-polyaniline composite in a
single reaction condition where the composite product had higher electrical conductivity in
comparison to the polymer alone6. There were subsequent development of methods for
syntheses of polymer-metal composite nanoparticle and a polymer-TiO2 nanoparticle thin
film composite with superior photocatalytic properties7. In addition, it was also
demonstrated that Au NP-polyaniline composite on a resin bead could act as catalyst for the
oxidation of glucose with simultaneous colorimetric detection of the product8. Several other
groups have subsequently developed various synthetic schemes for the generation of metal
NP-polymer composite keeping in view appropriate applications. For example, Ballauff and
coworkers9 have reported the synthesis of several metal NP-polymer composites for

TH-777_05612211

35
Chapter 3

A “Green” Chitosan-Silver Nanoparticle Composite

catalysis with demonstrate of thermosensitive activity as one of the major advantages. On
the other hand, Gronnow et al10 have used expanded starch supported Pd catalyst with high
activity for Suzuki, Heck and Sonogashira coupling reactions. Among the metal NPs, Ag
NPs generated under various conditions, are known to be efficient catalyst for reduction of
organic dyes11 and also for the reduction of 4-nitrophenol (4NP) to 4-aminophenol
(4AP)12. However, incorporation of Ag NPs into polymer, especially biopolymer, has not
received much attention, possibly because of experimental difficulty in the syntheses of
composites.
Chitosan, being a novel biopolymer, is a product of deacetylation of chitin, which is
the second most abundant natural polymer in the world after cellulose. The biocompatibility
and antibacterial properties of chitosan and being an environmentally friendly polyelectrolyte
makes it appealing for several applications such as water treatment13, novel fibers for
textiles14, photographic paper15, biodegradable films16, biomedical devices and
microcapsule implants for controlled release in drug delivery17. Considering the
physicochemical properties of Ag NPs, a composite of Ag NPs and chitosan would ideally
be suited for various commercial applications, especially if generated under benign
condition. Although, there are methods that are available for the synthesis of Pd NP-chitosan
composite, currently there is no simple method of synthesis of a composite of Ag
NP-chitosan.
In this chapter, the development of a mild one-step method of Ag NP-chitosan
composite, by using chitosan as the reducing agent, at 95oC and in the presence of aqueous
sodium hydroxide, is reported. Interestingly, the NPs produced in the medium get attached to
the chitosan and are stable for weeks without noticeable change in their properties. The NPs
produced were small with sizes mostly below 5.0 nm and were found to have high catalytic
activity. Also, the amount of Ag NPs produced could be easily controlled by controlling the
amount of starting material (AgNO3), without significant variation in sizes. The catalytic
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reduction of 4NP to 4AP by the composite using NaBH4 as the reducing agent was studied,
under both heterogeneous and micro-heterogeneous conditions. When the heterogeneous
catalytic reaction was carried out in the presence of excess NaBH4, it was observed to follow
pseudo first order kinetics and the apparent rate constant depended linearly on the
concentration of Ag NPs present in the composite. The turn over frequency (TOF) was
observed to be (1.5 ± 0.3) X10-3 s-1 (when the reaction was carried out in heterogeneous
condition).

Interestingly, the composite could be used for catalyzing the same reaction at

least for 10 cycles without significant loss of its activity. Transmission electron microscopic
(TEM) evidences indicated that Ag NPs were present and sizes were retained even after
several cycle of catalytic reductions. On the other hand, when the reaction was carried out in
micro-heterogeneous conditions the rate constant was much higher.

3.1.2 Experimental Section
Materials
Silver nitrate (AgNO3, 99.5 %; Merck), acetic acid (glacial, 99-100 %; Merck),
chitosan of high molecular weight (75 % deacetylated; Sigma-Aldrich), sodium borohydride
(NaBH4, 95 %; Merck), sodium hydroxide (NaOH, 98 %; Merck) and 4-nitrophenol (95 %;
merck) were used as received without further purification. Milli-Q grade water was used in
all experiments.
Synthesis of Chitosan-Ag-Nanoparticles Composite
A 100 mL beaker containing 50 mL of Milli-Q water was kept in an oil bath at
temperatures 93-95o C with constant magnetic stirring. This was followed by addition of
0.1g of chitosan into the beaker. Freshly prepared 1.0 mL solution of 20 mM AgNO3 was
then added to this mixture, which was followed by addition of 100 µL of 0.3 M of NaOH.
The pH of the solution was measured to be 10.4. The resultant solution turned yellow in
color in about a minute, indicating the formation of Ag NPs in the medium. The reaction
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was allowed to continue for additional 10 min. In the end, powdered yellow colored solid
appeared at the bottom of the beaker. The beaker was then taken out from the oil bath and
cooled to room temperature. This was followed by separation and washing of the powder
with Milli-Q water and the cycle was repeated for five times. The solid thus obtained was
then air dried and kept for further use. The filtrate was treated with conc. HCl to check for
any excess of Ag+ present in the medium, which was negative. Thus, all of Ag+ ions had
reacted in the production of Ag NPs. In order to prepare chitosan-Ag NP composite with
varying amount of Ag, the concentration of AgNO3 was appropriately varied keeping all
other conditions the same.
Catalysis Study
Heterogeneous condition
Investigations for the catalytic activity of chitosan-Ag NPs composite with different
Ag content were pursued in the following way, using the reduction of 4NP to 4AP by
NaBH4 as a model reaction. In a 3.0 mL quartz cuvette, a given amount chitosan-Ag-NPs
composite powder was added and this was followed by addition of 2.5 mL of 10 mM
NaBH4 solution. Subsequently, 25µL of 10.0 mM of 4NP was added to the mixture and the
cuvette was shaken vigorously for mixing. The cuvette was then placed in a UV-vis
spectrophotometer followed by monitoring time-dependent absorption at 400 nm at room
temperature (23-24o C).

Micro-heterogeneous condition
40 mg of Ag NP-chitosan composite was dissolved in 20 mL of 0.1 % (V/V) acetic
acid in water. The corresponding solution of the pH was found to be 4.3. The pH of the
solution was then adjusted to 6.3 by addition of NaOH solution. This stock solution was
used for further catalysis studies under micro-heterogeneous condition. The resultant
solution was also used for physical characterization studies of the composite. For catalysis
studies, in a 3.0 mL cuvette containing 2.5 mL of freshly prepared 10 mM NaBH4 solution,
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25 µL of 10 mM of 4-NP solution was added. This was followed by the addition of a
specific amount of the Ag-NP-chitosan composite stock solution (2.5-15 L of the solution).
The solution was thoroughly mixed, followed by measurements of time-dependent
absorption at 400 nm. It may be mentioned here that starting with higher amount of catalyst
(more than 30 mg/L) lead to immediate precipitation of the same. Thus the reactions were
carried out at a maximum of the above catalyst concentration. Also, during the course of the
reaction the precipitation of the composite was not observed thus making the reaction
condition as micro-heterogeneous.
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Analytical Measurements
UV-visible spectra of the liquid samples as well as samples used for catalytic studies
were recorded using a Perkin-Elmer Lambda-25 spectrophotometer in the range of 250 to
800 nm. FT-IR spectra of chitosan and the composite powders were measured using a
Perkin-Elmer Spectrum one spectrometer. Both the chitosan and chitosan-Ag NPs composite
powders were mixed with KBr in order to make pellets for FTIR studies. The dynamic light
scattering (DLS) measurements of the liquid samples were performed with an LB-550
(HORIBA) DLS measurement system. Transmission electron microscopy (TEM) of the
particles, were performed using a JEOL-2100 equipment operating at a maximum
acceleration voltage of 200 kV. The TEM samples were prepared by placing a drop of liquid
sample on carbon coated copper grid (300 mesh) followed by evaporation of the solvent at
room temperature.

3.1.3 Results and Discussion
Chitosan, a well-known biodegradable polymer, consists of linear -1, 4-linked
polysaccharides similar to cellulose that is obtained by deacetylation of naturally occurring
chitin. Chitosan does not have a single well-defined molecular structure. The structures can
differ in molecular weight, degree of acetylation and sequence depending on whether the
acetylated residues are distributed along the backbone in a random or block manner18. The
advantage, however, lies in its significant content of primary amines and hydroxyl groups,
leading the polymer to have high affinity towards metal ions, which could be adsorbed either
by chelation or by ion exchange route. Several groups have taken advantage of this and
reduced metal salts physisorbed onto chitosan to corresponding NPs and shown their
catalytic activity by reducing chromate (using Pd), phenol (using Pd) and aromatic nitro
compounds (using Ni, Cu, Cr and Zn)19. It was observed that chitosan powder in neutral
pH condition did not react with AgNO3. On the other hand in the presence of NaOH and at
an elevated temperature, reduction of Ag+ to Ag NPs could be observed as indicated by the
formation of yellow colored powder. Thus under alkaline conditions, chitosan produced Ag

TH-777_05612211

40
Chapter 3

A “Green” Chitosan-Silver Nanoparticle Composite

NPs in the medium. Also interesting to note is that chitosan here acted as both reducing
agent and also stabilizer for the NPs produced. This was further substantiated by yellow
coloration in the powder with no color or characteristic spectrum (of Ag NPs) present in the
solution. Further, the powder was found to be insoluble in water at pH values above 6.30,
whereas clear yellow colored solution could be obtained at below that pH.
FTIR spectrum of chitosan (Figure 3.1.1 (a)) indicated the presence of substantial
amount of OH and NH2 groups, in addition to other functional groups in the polymer. This
is especially indicated by the broad peak in the region 3700-3100 cm-1 with small peaks
superimposed on it. On the other hand, when the polymer was treated with Ag+ under
aqueous alkaline condition the small structures disappeared and substantial narrowing of the
peak could be observed (Figure 3.1.1 (b)). This possibly indicates the involvement of OH
and NH2 groups, in the reduction of Ag+ to Ag, whose intensity (and thus content)
decreased upon oxidation. It may be mentioned here that both the heating of the mixture at
about 95o C and presence of NaOH were essential in the production of the composite as we
have observed that only heating in the absence of NaOH did not produce any coloration.
Also, addition of NaOH alone at room temperature did not produce any color change,
indicating the lack of Ag NPs formation.
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Figure 3.1.1. FTIR spectrum of (a) Chitosan (CS), (b) CS-Ag NPs composite powder.

When the yellow powder of the composite was dissolved in acetic acid and UV-vis
spectrum was recorded, spectrum characteristic of the absorption due to surface plasmon
resonance of Ag NPs could be observed. A collection of spectra with varying initial
concentration of AgNO3 are shown in Figure 3.1.2. As is clear from the figure, the spectra
consisted of a single, rather sharp peak occurring in the range of 410-417 nm for all samples.
It is also interesting to note that at lower concentrations of AgNO3, the peak appeared at
slightly higher wavelengths in comparison to those at higher concentrations of the precursor.
For example, when the AgNO3 concentration was kept at 0.08 mM, the peak appeared at
417 nm, while the same appeared at 410 nm when the initial concentration of AgNO3 was
set at 0.4 mM, along with increase in absorption intensity. This implies that when the
concentration of silver ions was increased, the loading of the silver content also increased on
the chitosan. However, increasing the number of Ag+ ion lead possibly to increase in the
number of NPs but not their size. It is also possible that their sized decreased with the
loading. This could be due to different nucleation mechanisms operating at lower and higher
Ag+ concentrations attached to chitosan.
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Figure 3.1.2. UV-Visible spectra of the AgNO3 treated chitosan dissolved in 0.1 % (V/V) acetic
acid in water. The concentration of silver ions in the original solutions used for preparation of NPs
were (i) 0.08 mM AgNO¬3 (ii) 0.16 mM AgNO¬3 iii) 0.24 mM AgNO¬3 (iv) 0.32 mM AgNO¬3
and (v) 0.4 mM AgNO¬3 respectively. The amount of chitosan used for synthesis was 0.1 g in 50

TH-777_05612211

43
Chapter 3

A “Green” Chitosan-Silver Nanoparticle Composite

It is important to mention here that the excess amine and hydroxyl groups present in the
chitosan polymer support the nucleation as well as stabilization of the Ag NPs formed in the
process. Thus, the Ag NPs adsorbed on the surface of the polymer are prevented from
further aggregation. In order to investigate the size distribution of the Ag NPs on the surface
of the chitosan polymer, the TEM studies were pursued.

Figure 3.1.3. (a) and (b) Transmission electron micrographs of chitosan-Ag NP composite. (c) is
the particles size distribution histogram as obtained from figure 2 (a) and (d) is selected area
electron diffraction pattern corresponding to a particle.
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Typical TEM micrographs of drop cast composite are shown in Figure 3.1.3 (a) and (b) and
the corresponding particles size histogram, corresponding to the micrograph 3.1.3 (a), is
shown in Figure 3.1.3 (c). As is clear from the figures, small NPs were formed and
deposited uniformly all over the polymer. The majority of the particles formed had sizes less
than 5.0 nm. It is also interesting to note that the particles were rather uniform in sizes. The
selected area diffraction (SAD) pattern of the NPs (Figure 3.1.3 (d)) consisted of a
hexagonal structure of the (111) face of single crystalline Ag NPs. Further, these results
correlated well with the dynamic light scattering study of the composite particles. The
dynamic light scattering (DLS) measurements of the composite, dissolved in 0.1 % (V/V)
acetic acid in water, also indicated the formation of small particles with nearly uniform
particle size distribution. A typical particles size histogram from DLS measurements is
shown in Figure 3.1.4. Clearly, more than 90% of the particles formed were of the sizes in
the range of 2-4 nm with majority of the particle formed were about 3.0 nm in diameter.
Thus the present method produced stable, small sized Ag NPs in the form of
chitosan-Ag-NP composite with uniform and narrow particle size distributions.
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Figure 3.1.4. The particles size distribution histogram of the Ag NPs in the composite as obtained
from dynamic light scattering (DLS) measurements.
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Also important to mention here is the observation that when chitosan-Ag NP composite was
dissolved in 0.1 % (V/V) of acetic acid in water and kept for a couple of months, no
discernible precipitation could be observed and there was no change in the UV-vis spectrum,
indicating that these particles were also stable in solution form when present with the
polymer as a composite. The ease of synthesis of chitosan-Ag NPs composite and the
stability of the NPs in the composite provide opportunities for applications especially with
respect to catalysis of important chemical reactions. This is especially advantageous where
the NPs act as the catalyst and the adherence of the NPs to the bulk and insoluble polymer
helps in recovery and thus repeated use.
The test of efficacy of the present composite in catalyzing heterogeneous chemical
reactions was pursued by studying the reduction of 4-NP to 4-AP by NaBH4 in the presence
of the composite. The reactions have been monitored spectrophotometrically. Also, it is
important to mention here that the use of excess NaBH4 was necessary so that the kinetics of
the reaction could be followed as a function of concentrations of Ag NPs. An aqueous
solution of 4NP shows a distinct spectral profile with absorption maximum at 317 nm,
which shifts to 400 nm in the presence of NaBH4 due to the formation of 4-nitrophenolate
ion20. The anionic species remain stable for weeks in absence of any other reagent.
However, it was observed that in the presence of the solid chitosan-Ag NPs composite the
peak at 400 nm gradually decreased with time along with the appearance of a new peak at
290 nm, which is known to be due to absorption of 4-amino phenol.20b A typical time
dependent catalytic reduction of 4NP as followed spectrophotometrically is shown in Figure
3.1.5. As is clear from the figure, under the reaction condition, the reduction took place in
about 25 min. Also important to note here is the presence of isosbestic point at 320 nm
(Figure 3.1.5) indicating the formation of the product 4AP as a result of reduction from 4NP.
Investigations were further pursued with respect to the rate of the reaction as a function of
concentration of the catalyst (Ag NPs) in the composite. This was achieved by varying the
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amount of composite while keeping the ratio of chitosan to AgNO3 keeping the same as
shown in Table 3.1A. Since our observations indicated absence of Ag+ in the medium after
the formation of the composite, it is possibly safe to assume that all the Ag+ ions present in
the medium reacted to form NPs in the composite. Also, since the particle size distribution
studies indicated that the NPs formed were nearly uniform in sizes and spherical in nature,
the method adopted by Pikramenou et al21 to calculate the number of particles present in
each amount of composite used for catalysis was used herein. Further, the same method was
used to calculate the number of surface atoms present in the NPs, which was further used for
the calculations of turn over frequency (TOF).

Figure 3.1.5. UV-visible spectra of solution of 4NP measured at different time intervals in the
presence of chitosan-Ag NP composite particles. The reaction conditions were as follows: [4NP] =
0.1 mM dm-3, [NaBH4] = 10 mM dm-3, amount of chitosan-Ag NP composite powder = 2.1 mg in

The details of the method and calculations are reported in Appendix I. For each
concentration of the composite (and thereby Ag NPs) the conversion of the 4-NP to 4-AP
was studied by following time dependent absorption changes of 4NP spectrophotometrically
as reported before. Since absorbance of 4-NP is proportional to its concentration in the
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medium, the ratio of absorbance at time t (A) to that at t = 0 (t0) i.e. A/A0 could be used as
the ratio of concentrations of 4-NP at time t to that t0 (i.e. A/A0 = C/C0). The concentrations
of 4-NP and NaBH4 (used in excess) were kept constant for all the reactions. The amount of
chitosan-Ag NPs composite used in each of these reactions is indicted in Table 3.1.A
Amount of chitosan-Ag
NPs composites in unit
volume
of
catalysis
reaction mixture (g/L)

Corresponding amount
of Ag present in the
composite
in
the
catalysis
reaction
mixture (mg/L)

Concentration of Ag in
the composite in the
catalysis
reaction
mixture (X10-3 mol
dm-3)

0.40
1.20
1.60
2.00
2.84
3.24
3.60
4.40
5.20

21
63
84
105
149
170
189
231
273

0.19
0.58
0.77
0.97
1.33
1.57
1.75
2.17
2.53

Table 3.1.A. Chitosan-Ag NPs composites used in the catalysis studies and corresponding Ag
NPs present in the reaction mixture. For synthesis of the composite, 0.1 g of chitosan and 0.4
mM AgNO3 in 50 mL solution were used. Different amounts of the composite were taken from the
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Also, since the concentration of NaBH4 used in the reactions was in far excess of that of
4-NP the reaction can be considered as a pseudo first order reaction. The rate of the reaction
is then proportional to the concentration of 4-NP alone and can be written as follows.
(1)

Here, ct is the concentration of 4-NP at time t. It was observed that the rate of the reaction
increased with the increase in the amount of chitosan-Ag NPs composite used for the
reactions. A plot of the normalized concentration change as a function of time for the
reduction of 4NP for various amounts of chitosan-Ag-NP composite (and thus Ag NPs) is
shown in Figure 3.1.6. As is clear from the figure, the longest time taken for the completion
of the reaction was 32 min when the concentration of the Ag used was 0.19 mM. On the
other hand, the reaction was over in about 5 min when the concentration of the same was
2.53 mM. It is thus evident that the catalytic reaction was sensitive to the amount of Ag NPs
present in the composite. Also interesting to note is that when the concentration of the
catalyst was low (0.19 mM) there was significant induction period (about 13 min) in the
reaction, whereas the reaction started immediately when the concentration was high (2.53
mM).
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Figure 3.1.6. Plot of the absorbance at  max of 4NP versus time at different amount of
chitosan-Ag NP composite per unit volume.

Corresponding concentrations of Ag in

heterogeneous condition are given in the Table 1. The reaction conditions were as follows: [4NP]

At the intermediate concentrations the induction period was also in between the two and
decreased with the increase in the concentration of the catalyst. It may be mentioned here
that the induction periods and their reduction with the concentration of the catalysts have
been observed also by previous researchers working with metal NPs and have been
attributed to the activation of the catalyst present in the reaction mixture20(b), 22. In view of
the above observations, equation (1) can be rewritten as
(2)
Here

is the concentration of p-nitrophenol at time , kapp is the apparent rate constant,

which is a function of the concentration of the chitosan-Ag NPs used.
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A plot of the apparent rate constant with the concentration of the catalyst, as obtained from
the ln(C/C0) versus time plot using the data from Figure 3.1.6, is shown in Figure 3.1.7 (a).
As is clear from the figure, the apparent rate constant of the reaction is linearly proportional
to amount of catalyst used for the reaction. Thus equation (2) can be written as
(3)

Here
Ag present in the composite as per Table 3.1A;

is the concentration of

is the weight of the chitosan-Ag NPs

present in the unit volume of the system, which was observed to increase linearly with the
amount of Ag+ in the parent salt that had been used to generate the composite (Figure 3.1.7).
k1 and k1’ are constants. Since the reaction carried out was heterogeneous and the same
volume of reaction mixture was used for all the reactions the weight (
can be assumed to be equivalent to concentration of Ag NPs (

) used herein

1
). The rate constant (k )

of the reaction in the present system was calculated from the slope of the graph in Figure
3.1.7 (b), which was found to be 1.06 mol-1 dm3 s-1.

An important parameter indicating the efficiency of a catalyst is the turn over
frequency (TOF). Since the surface atoms of the catalyst are involved in the catalysis the
efficiency is related to the number of surface atoms present in the catalyst. Also, since the
number of surface atoms present in NPs is high compared to its volume the efficiency is
expected to be higher for NPs in comparison to the bulk catalyst, especially when the surface
to volume ratio is the overriding determining factor. The TOF is defined as
(4)
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Where, M is the number of molecules (4NP here) reacted in the presence of catalyst in time t
to produce the product and Ns is the number of surface atoms of the catalyst that is involved
in the reaction. In calculating the TOF, it was assumed that the average particles size of Ag
NP was 4.0 nm, which was obtained from the TEM image. Since the amount of Ag as well
as the number of Ag NPs were known the number of surface Ag atoms present for each
amount of composite could then be calculated. Also, the number of reactant molecules
(4NP) used in each case was fixed at 1.50 x 1017. Hence the TOF was calculated for each
of the reaction carried out with different amount of catalyst. Table 3.1.B lists the amount of
Ag NPs used, the total time taken and TOF for each reaction.
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Figure 3.1.7. The plot of rate constant kapp obtained from Figure 3.1.6. Plot (a) represents rate
constant kapp as function of amount of chitosan-Ag NPs composites normalized to the unit

An average value of TOF was found to be 1.9 ± 0.1 s-1. The calculations were performed
using the total time as observed, which included the induction periods for lower
concentrations of Ag NPs (and the lowest concentration data was not considered). However,
if we subtract the induction time period and discount the first data (with very low
concentration of catalyst) then an average value of 2.8 ± 0.4 s-1 was obtained for the TOF.
Table 3.1.B. Calculation of the number of surface atoms and TOF (turn over frequency) with
induction period and without induction period. The values in the rows i.e. number of Ag NPs
correspond to amount of chitosan-Ag NP as in Table 1.

No. of
Ag NPs
(NNPs)
x 1014.

No. of
surface
atoms.
(NS) x
1017

Time (s)
Including
induction
period

Time (s)
excluding
induction
period.

0.60
1.80
2.40
3.01
4.27
4.87
5.41
6.61
7.82

0.37
1.12
1.49
1.87
2.66
3.03
3.33
4.12
4.85

1920
1404
984
750
576
510
438
396
330

1110
804
594
432
378
354
348
306
240
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TOF (s-1)
x 103
Including
induction
period
2.10
0.95
1.00
1.00
0.98
0.97
1.00
0.92
0.94

TOF(s-1) x
103
Excluding
induction
period.
3.6
1.6
1.7
1.8
1.5
1.4
1.3
1.2
1.3
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This value is reasonable for a nanocatalyst such as small Ag NP and is consistent with
literature value. One may point out that since Ag NPs are supported on the chitosan the
exact number of surface atoms may not exactly be the same as calculated. However, as
indicated in Table 3.1B, the consistency of the TOF value at different Ag NP concentration
suggest that the effect of the support - if any - may be minimal in terms of error in the
calculation.
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We were further interested in finding out the reusability of the catalyst, which is important
for commercial applications. This was pursued by carrying out a set of reactions, in
sequence, where the ratio of the amount of catalyst (chitosan-Ag NP composite) and the
reactant (4NP) were kept nearly the same. For example, 10 mg (conc. of Ag was 1.9 mM) of
the composite was taken in a cuvette with addition of 2.5 mL of a solution containing 4NP
and NaBH4 as before (see the caption of Figure 3.1.5). Once the reactions were over (as
observed by absorbance decay of 4NP), the composite was recovered by decantation of the
liquid (using a micropipette). This was followed by washing of the solid composite with
Milli-Q grade water and decantation of the liquid again.

Figure 3.1.8. Reusability of the composite catalyst as demonstrated by several cycle of reactions
catalyzed by the same catalyst. The plot indicates changes in the visible absorption spectra of 4NP
due the reduction to 4AP, as a function of time, for several cycles of use of the composite catalyst.
The numbers on the right box indicate the cycle number in the catalysis.

Then 2.5 mL of the same reaction mixture was added to the cuvette. The absorbance decay
of 4NP with time was followed as before. The completion of the reaction was taken as the
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completion of the 2nd cycle. Similarly, the cycles were pursued for 8 more times to have 10
cycles of reaction using the same catalyst. The results are shown in Figure 3.1.8. As is clear
from the figure, the catalytic activity was retained quite well even up to the tenth time. For
example, when the reaction was completed in 516 s in the first cycle, it took 1716 s to be
completed in the fifth cycle, while the same reaction took 1075 s in the eighth cycle. The
apparent difference between the progressive cycles could be due to loss of catalyst during
handling in between two cycles.

(a)

(b)

Figure 3.1.9. (a) TEM image of CS-Ag NPs composite powder recovered after fourth catalytic
cycle (refer to Figure 6 in the manuscript). (b) Corresponding SAED pattern.

Also, oxidation of Ag NPs and subsequent reduction by NaBH4, while in the composite (in
the reaction medium), may alter the average size of the particle which may also be the reason
for observed differences between cycles. This means Ag NPs were stable in the composite
and retained their activity. That the catalytic Ag NPs were stable and remained attached to
chitosan polymer was evident from the TEM measurements of the catalyst after four cycles
of catalytic reactions. A typical TEM image, shown in (Figure 3.1.9 (a)), clearly indicates
the presence of small Ag NPs in the composite after the fourth cycle of operation. The
SAED patterns (Figure 3.1.9 (b)) corresponding to the NPs also corroborate the presence of
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Ag NPs. These results show that metal NPs on the surface of the chitosan were not getting
leached significantly during the course of the reaction. This possibly indicates that strong
affinity of chitosan for Ag NPs leads to stabilization of the NPs on the surface and that might
prevent the metal from leaching during the catalytic reaction. Thus we have an efficient,
workable, easily recoverable Ag NP catalyst with reasonably high TOF. This is important in
terms of value of a catalyst in industrial applications.
Finally, we were further interested in finding the potential of the composite as
catalyst working under micro-heterogeneous conditions for increased efficiency. This would
be even more advantageous if the reaction condition was such that the composite would be
dispersible in the reaction mixture at a certain pH and the reaction can be carried out without
catalyst getting precipitated out of the solution. Fortuitously, the Ag NP-chitosan composite
was dispersible in the reaction mixture (aqueous solution) up to a pH of 6.3 and the
reduction of 4NP to 4AP could be carried out under this condition using NaBH4 as the
reducing agent. The results of the catalysis of the conversion of 4NP to 4AP by the
composite in the presence of NaBH4 are shown in Figure 3.1.10. As is evident from the
figure, the reduction of 4NP under micro-heterogeneous conditions was much faster than
that while using the catalyst under heterogeneous conditions (Figure 3.1.6). Also, it is
important to note that the concentrations of catalyst needed to carry out the same reaction
(with similar concentrations of reactants) were much less when carried out in
micro-heterogeneous conditions in comparison to that under heterogeneous conditions. For
example, while catalyst concentrations needed under heterogeneous condition was on the
order of several g/L, the same reaction could be achieved in similar times using catalyst
concentrations of mg/L under micro-heterogeneous conditions. This indicates that the
reaction when carried out using the composite as the catalyst under micro-heterogeneous
condition is much more efficient than under heterogeneous conditions. That the reaction is
faster in micro-heterogeneous condition could be explained using the concentration of metal
NPs present in the medium where the rate will directly depend on the available surface area
of the NPs in the medium. In that case the rate of the reaction can be expressed as
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(5)

Here Ct is the concentration of 4NP at time t, k2 is the rate constant, S is the total available
surface area of the NPs in the medium (normalized to the unit volume of the system). The
validity of this approximation can be made from Figure 3.1.10, where it can be observed that
increase in the concentration of the chitosan-Ag NP composite leads to rapid increase in the
rate of the reaction. Also, the values of rate constants supports that the apparent rate constant
kapp is proportional to the total surface area of the NPs and as well as concentration of
composite chitosan-Ag NPs used in the system.

Figure 3.1.10. The Plot of the absorbance at λmax of 4NP versus time, in the presence of
different amount of chitosan-Ag NP composite per unit volume. The reaction was conducted
under micro-heterogeneous condition. The reaction conditions were as follows: [4NP] = 0.1 mM

Further, the amount of chitosen-Ag NP composite used in the micro-heterogeneous reaction
condition is much smaller than the heterogeneous condition. From above the observations, it
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can be concluded that the rate of the reaction in the micro-heterogeneous condition, which
can be carried out with less amount of catalyst, is much faster than that under heterogeneous
condition.
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Figure 3.1.11. The plot of rate constant kapp obtained from Figure 3.1.10 (reaction under
micro-heterogeneous condition). Plot (a) represents rate constant kapp as function of amount of
chitosan-Ag NPs composite and (b) is the rate constants as varied with concentration of Ag

Finally, our observations suggest that the catalytic activity of chitosan-Ag-NP composite that
has been prepared, is much higher in comparison to results available in the literature. For
example, Pradhan et al12 have used Ag NPs with an average size of ca. 25 nm to catalyze
4NP to 4AP using NaBH4 and have obtained a rate constant kapp = 2.3 x 10-3 s-1 with 5.0 x
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10-6 mol / L Ag catalysts at 20oC. The rate constant when normalized with the surface area
of the catalyst was calculated to be k = 3.78X10-7 s-1m-2L.
On the other hand, Lu et al22 synthesized Ag NP composite with a themosensitive polymer,
having average diameter of the Ag NPs between 8 nm to 10 nm, to catalyze the above
reaction. They obtained a rate constant, k = 5.2 x 10-2 s-1 m-2 L, higher than that obtained
by Pradhan et al12. In the present case, with the sizes of the Ag NPs (in the composite) much
smaller, the rate constant was calculated, from Figure 3.1.11 (b) to be k2 =1.5X10-1 s-1 m-2
L, which is higher than the literature reports. However, considering the sizes of the NPs in
the present system and also the catalyst working in the micro-heterogeneous conditions, this
increase in rate constant is not surprising. The present set of results demonstrate that
conditions of reaction (micro-heterogeneous versus heterogeneous), sizes of the particle
(catalyst) are crucial in the catalysis involving metal NPs.

3.1.4 Conclusion
Herein, we have reported the development of a simple synthetic scheme for the
generation of stable chitosan-Ag-NP composite with high catalytic activity.

The NPs

generated in the present method were of uniform and narrow particle sizes, with typical sizes
less than 5 nm. The composite was tested for heterogeneous catalysis with Ag NPs being the
active catalyst and chitosan as the support. The catalytic efficiency for the reduction of 4NP
to 4AP for the composite was high with a TOF value of (1.5 ± 0.3) X 10-3 s-1. The small
particle size and thus high number of surface atoms makes the composite a rather appealing
material for catalysis and other application. Further, the additional advantage of being able
to use the catalyst under micro-heterogeneous conditions makes its usefulness rather
appealing. To the best of our knowledge, there exists no other report of chitosan being used
as a reducing agent for the production of Ag NPs as well as their stabilizer, although reports
exist of functional NPs that were separately attached to chitosan for catalysis. The synthetic
method, which has been developed in the present study, might be useful for further
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development of ‘green’ NPs synthesis in other situations. Since chitosan is biocompatible,
the composite can be useful for biological applications which we are currently being pursued
in the laboratory. Since, chitosan can be made in the form of beads, fibers, membranes the
application potential of the composite could become even more versatile.
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3.1.5 Appendix I
Calculation of number of nanoparticles and number of surface Ag atoms
These calculations were based on the model used by J. D. Lewis, et al21
In 50.0 mL of water containing 0.1 g of chitosan, 1 mL of 2 X 10-2 mol dm-3
AgNO3 was added. So, the final concentration of AgNO3 was 4 X 10-4 mol dm-3. After,
completion of reaction, we have observed that all the Ag+ ions were converted Ag NPs.
Since the concentration of Ag+ ion was 4 X 10-4 mol dm-3 in the original solution, this
means 2.15 mg of Ag was present in 0.1 g of chitosan. So the amount of Ag nanoparticles
formed in this reaction,

(eq. 1)

Where,

is the Ag NPs formed on the chitosan particles, V is the final volume of the

reaction, M is molar concentration of Ag+ ion and A.wt is the atomic weight of Ag atom.

From the TEM result, it was observed that Ag nanoparticles were spherical in shape, and one
can roughly write,
(eq. 2)
then
(eq. 3)
Here, Vcluster is the volume of a cluster (nanoparticle) and Vatom is the volume of an atom,
Rcluster is the radius of a cluster and Ratom atomic radius and N is the total number of
atoms within the cluster. Rearranging the eq. 2 and eq. 3, we obtain:
(eq. 4)
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Knowing the cluster radius we may also be able to calculate the surface (S) area of
nanoparticles with the following equation:

(eq. 5)
For large crystals, we can calculate the number of surface atoms, NS, directly by dividing the
surface area of the cluster by the cross sectional of an individual atom, and then applying the
(eq. 4):
(eq. 6)

From the TEM result we know that Rcluster = 2 nm, and Ratom = 160 pm. The number of
silver atom per nanoparticle was estimated using (eq. 4):

silver atom per nanoparticle.
The number of surface atoms, Ns, on single silver nanoparticle was also estimated using
(eq. 6):

Silver surface atom per nanoparticles.
The fraction of silver atom on the surface of their nanoparticles is, therefore, 32 %.
Calculation of the amount of silver nanoparticles formed (NNP) when 2.15 mg of Ag
particles was used to make the composite particles with chitosan.

TH-777_05612211

65
Chapter 3

A “Green” Chitosan-Silver Nanoparticle Composite

Amount of silver particles used,
No. of silver atoms,

.
No. of nanoparticles in 2.15 mg of Ag particles.
Nanoparticles were formed per 2.15 mg of Ag.
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4.1 ‘Green’ Chitosan bound Silver Nanoparticles for Selective C-C
bond Formation via in situ Iodination of Phenols
4.1.1 Introduction
Chemical reactions involving C-C bond formation continue to evoke research
passions in the development of synthetic methods involving systems as diverse as aliphatic
and aromatic compounds to complex polymers. These developments are being driven by the
demands in pharmaceutical, agrochemical, polymer and even electronic industries where
C-C bond formation is an important step in the designer intermediate generation, towards
building complex architectures of a variety of organic molecules. As an example one can
consider the case of coupling of phenols which is essential in the generation of a number of
pharmacologically useful compounds such as terpenes, lignanes, tannins, flavanoids and
alkaloids.1 Further, selective C-C coupling of phenol derivatives have been used in the
generation of metal complexes used as chiral metal catalysts and helical polymers.2
Typically, coupling reactions of phenols are performed using oxidizing agents such as
FeCl3, ferricyanides and oxides of Pb(II), Ti(III) and V(V).3 However, their use results in
poor selectivity in the product formation and generation of mixtures of quinones, dimers,
trimers and polymers. In addition, some of these reagents are environmentally hazardous for
large-scale usage. Further, in many instances the selectivity in coupling is either not achieved
or can be achieved through blocking appropriate positions in the aromatic ring, which
require additional reagents, catalysts and not to mention the increase in the number of
reaction steps and consequent yields. A new method that would involve minimum and
greener reagents, reduced number of steps and that provides greater selectivity would
arguably be a welcome addition to the repertoire.
Recently, a broad range of C-C coupling reactions, such as Suzuki, Heck,
Sonogashira and Hiyama reactions, have been performed efficiently with the use of metal
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nanoparticles (NPs) as catalyst under homogeneous or heterogeneous condition. For
example, Crooks and Co-workers4 reported that dendrimer encapsulated Pd NPs could be
used as efficient catalyst for Suzuki coupling reactions in homogeneous conditions. In
addition, chitosan supported Pd NPs were used for C-C coupling under heterogeneous
catalysis.5 Separately, Au NPs and Ag NPs have been used as catalysts for oxidation and
reduction of a few selected molecules.6 Interestingly, although there have been reports of
coupling reactions involving Ag NPs and Au NPs in a medium,7 microheterogeneous
coupling with high selectivity using an isolated polymer-Ag NP composite has not been
reported. We have recently reported the development of a “green” chitosan Ag NP (Chit-Ag
NP) composite using chitosan as both reducing as well as stabilizing agent in the presence of
NaOH. The resultant composite consisted of 21.6 mg of Ag per gram of chitosan. The
average size of the Ag NPs present in the composite was 4.0 ± 1.2 nm and they exhibited
high catalytic efficiency for the reduction of 4-nitrophenol to 4-aminophenol, and also have
high antimicrobial activities.8 Also, the composite is soluble in water at acidic pH, while it
precipitates out when the pH is turned alkaline.
In this chapter, we report the use of the Ag NPs present in the composite as an
efficient catalyst, in selective C-C coupling of phenolic compounds, in the presence of
molecular iodine. This is possibly the first known report on C-C coupling with Ag NPs as
the catalyst. Typical reactions were carried out with phenol and a few of its derivatives as
well as naphthols. The results indicate that the reaction proceeded via the formation of
p-iodophenol followed by o-p coupling leading to the product. Interestingly, when the para
position of phenol was blocked by a substituent then only iodination at the ortho position
could be observed, without the formation of coupled products. On the other hand, in the case
of naphthols o-o coupling could only be observed. Based on the observed results, a
mechanism is proposed for the coupling reaction occurring at the surface of Ag NPs.
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4.1.2 Experimental Section
Materials
Phenol and its derivatives and iodine were purchased from Sigma-Aldrich Chemical
Corporation. Absolute ethanol, Ethyl acetate (EtOAc), Hexane and dichloromethane were
purchased from Merck.
Synthesis of Chitosan Ag nanoparticles (Chit-Ag NPs)
Chit-Ag NP composite was prepared by a procedure recently developed in the
laboratory7. The details of the method are given in Chapter 3. 0.2 g of Chit-Ag NP
composite powder was dissolved in 100 mL of 0.1 % (V/V) acetic acid in water. The
resulting Chit-Ag NP composite solution was used as a stock solution for catalysis.
General procedure for the synthesis of the compounds
Substrates (1.0 mol dm-3) were added to a solution of catalyst dissolved in a mixture
of water (0.4 mL) and absolute ethanol (0.6 mL). The mixture was stirred for 1 min,
followed by the addition of molecular iodine (0.6 mol dm-3). The stirring was continued at
room temperature until the completion of the reaction as indicated by thin layer
chromatography (TLC). The reaction mixture was then poured into 10 mL of water and then
extracted with dichloromethane (3 x 15 mL). The extracted organic layer was dried over
anhydrous Na2SO4 and evaporated under reduced pressure to furnish crude product. The
crude product was further purified by column chromatography, (Hexane: EtOAc (9: 1)) to
provide pure product.
Analytical Measurements
NMR spectra (400 MHz for 1H and 100 MHz for 13C) were recorded using a
DRX-400 Varian spectrometer with CDCl3 as the solvent and Me4Si as internal standard.
Column chromatography was performed on silica gel (60 - 80 mesh) using ethyl acetate
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(Merck) and hexane (Merck) as eluent. The mass spectra were recorded using a Waters
instrument (ACQUITYTM UPLC) in ESI mode.

4.1.3 Results and Discussion
It was observed that when phenol was treated with molecular iodine in the presence
of the catalyst 6-iodo-2,4′-bis-1,1′-phenol was formed (Scheme 4.1.1). The product was be
obtained in high yield when 1.0 M of the substrate was stirred with 0.8 g/L of Chit-Ag NP
composite solution at room temperature and in the presence of 0.6 M of molecular iodine.
Also, the reaction was complete in 3 hrs. The concentration of Ag was 0.16 mM. The
number of Ag NPs in solution was calculated to be 4.8 X 1016 NPs/L.8a The above
concentration of the composite was found to be the best (with 100% yield of the product), as
at lower concentrations complete conversion was not achieved and the intermediate
compound (p-iodophenol) was present in the reaction mixture. For example, at 0.4 g/L and
0.6 mg/L of the composite the yields of the coupling product were 55% and 62%
respectively, while p-iodophenol was formed in large excess. Plot of the product yield versus
surface area of Ag NP catalyst (Figure 4.1.1) indicated rapid increase in product yield with
the surface area. As is clear from the figure, at lower values of surface area, the intermediate
compound was produced in high yield, whereas yield was 100% at a minimum surface area
of 2.5 m2/L. On the other hand, when the available surface area of the NPs was low the
product did not form at high yield even after prolonged stirring (12 hrs). Thus it can be
concluded that the total available surface area of the nanocatalyst is crucial for the formation
of coupled products in the present system. Further, it may be mentioned here that when the
reaction was carried out in presence of bulk Ag no coupling could be observed. Also, the
intermediate (p-iodophenol) was not formed. It is known that enormous increase in surface
area and surface free energy in the NP in comparison to the bulk metal make the metal NPs
efficient catalysts.9 The present results demonstrate that Ag NPs, similar to other traditional
metal NPs (Pt, Pd, Rh and Ru), could be used as efficient catalyst for C-C coupling
reactions.10
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Figure 4.1.1. The plot of the surface area per unit volume of the total Ag NPs in the composite
versus the
yield ofitproduct.
The concentration
I2 was 0.6 M. of molecular iodine necessary to
Further,
was found
that optimumof concentration

form the coupling product with high yield (>95%) was 0.6 M, under the above reaction
condition. At lower concentrations either no product was formed or product was formed
with low yield, while excess starting material (phenol) was present in the reaction mixture. A
plot of the product yield with the amount of iodine – shown in Figure 4.1.2 – indicates that
the yield increased rapidly with the concentration of iodine, the highest being at 0.6 M. The
requirement of excess iodine in the reaction could be due to the formation of its well-known
complex with chitosan11 (in the composite).
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Figure 4.1.2. The plot of the selective coupling product of phenol with concentration of molecular
iodine. The amount of the composite was 0.8 g/L.

At lower concentrations of iodine, chitosan-iodine complex might have been formed
exclusively and preferentially, rendering the availability of iodine low for reaction to occur
at the surface of the Ag NP catalyst, while at higher concentrations excess iodine may be
available for the formation of coupling product. It was also observed that use of iodine
beyond 0.6 M led to a slurry mixture and the product could not be easily isolated and hence
not pursued further in this regard. It is important to mention here that when the amount of
the composite used was higher (> 0.8 g/L) - keeping the concentration of iodine constant the yield of the coupling product decreased. The amount of the unreacted starting materials
was also high (in comparison to the product) – that increased with the increasing amount of
the composite (in the presence of a constant amount of iodine). Interestingly, it was observed
that at the completion of the reaction (3hrs), complete conversion took place and the
intermediate p-iodophenol was also consumed completely in the process (when optimum
concentrations of iodine and composite were used). Thus careful choice of concentrations of
iodine as well as the catalyst is important in obtaining products with high yield.
In order to have a better understanding of the mechanism of the coupling reaction
and the scope of the reaction with substituted phenols, further reactions were carried out
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with ortho and para substituted phenols. The results are shown in Table 4.1A and Table 4.1B
respectively. The ortho substituted phenols yielded coupling product exclusively – except for
catechol - (Table 4.1A), while para substituted ones resulted in iodinated phenols instead of
coupling products (Table 4.1B) under the same reaction condition. Moreover, the yields of
the iodinated product of para substituted phenols were ≥ 98%. Although, the two ortho
positions are available for reactions in para substituted phenols, the iodination took place
only in one ortho position (Table 4.1B). Therefore, the above results clearly indicate that
para position of phenols should be free and available for the coupling reaction to take place.
Interestingly, ortho or para amino or nitro substituted phenols did not provide any iodinated
phenol or coupling product.

Scheme 4.1.1. Chit-Ag NP catalyzed o-p phenolic coupling reaction.

Further, 1,2-dihydroxy benzene (catechol) resulted in neither iodination nor coupling
product formation even when the reaction was carried out for a relatively longer period.
Additionally, in the case of naphthols, the coupling products were devoid of iodinated
compounds (Table 4.1C). The product formation was through 2-2′ coupling for -naphthol,
while 3-3′ coupling occurred in -naphthol.
Table 4.1A. Chit-Ag NP catalyzed selective o-p phenolic coupling reaction via iodination.
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Recently, Temma et al reported the oxidative cross coupling of the naphthol derivatives
using a chiral catalyst.12 Their observation was that coupling of β-naphthol or β-naphthol
derivatives mainly took place at the carbon nearest to the hydroxyl group. Similarly, Gao et
al 13 concluded that the hydroxyl group at ortho position remains attached to the copper
metal centre in the complex, leading to selective coupling in metal catalyzed reactions.

Scheme 4.1.2. Chit-Ag NP catalyzed C-C bond formation of para substituted phenols.
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The above results demonstrated that under the present reaction conditions, C-C
coupling of phenols took place between ortho and para positions of the two moieties. This
was evident from the absence of coupling of the reagents in which the para positions were
blocked (Table 4.1B). On the other hand, when one of the ortho positions was blocked by
substitution, the coupling took place with the other free ortho position (except for the –OH
substitution).
Table 4.1B. Chit-Ag NP catalyzed coupling of p-substituted phenols.

The absence of intermediate or product formation from catechol could be due to strong
intramolecular hydrogen bonding between the neighboring OH groups, preventing
adsorption on the surface of the NP catalyst. It can therefore be concluded that one of the
ortho positions and the para position of the phenols must be free in order for the selective
coupling to take place.
Table 4.1C. Chit-Ag NP catalyzed coupling of naphthols.
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This was further confirmed by detection of p-iodophenol as the intermediate. Therefore, the
above observations suggest that selective coupling of the phenols, under the present reaction
conditions, took place via formation of p-iodophenol as the intermediate. At lower
concentrations of the catalyst, the formation of coupled product was low, which gradually
increased with increasing catalyst concentration and consequently the yield of the
p-iodophenol decreased. On the other hand, at higher concentrations of the catalyst,
p-iodophenol, albeit formed quickly, was converted into the coupled product. It is
well-known that molecular iodine adsorbs onto the surface of bulk Ag under ultra high
vacuum (UHV) condition and splits into iodine atoms.14

Scheme 4.1.3. The plausible mechanistic pathway for the formation of p-iodophenols by Chit-Ag
NP catalysts. Iodine on the surface is indicated by purple spheres.

The iodine atoms generated on the surface can further react with organic moieties for
iodination. Similarly, in the present experimental conditions, molecular iodine when added
to chit-Ag NPs dissociates into iodine atoms, and the resulting iodine atoms remain adsorbed
onto the surface of the NPs; which in turn would react with phenol adsorbed on the surface.
The iodine atoms present on the surface may first abstract hydrogen from phenol leading to
adsorption of phenoxyl radical on the surface. This is followed by iodination at the para
position and subsequent desorption from the surface leading to the formation of
p-iodophenol. The plausible process for p-iodophenol formation is schematically shown in
Scheme 4.1.3. The proposed mechanism is consistent with the report that the OH group of
phenol can be weakly chemisorbed onto Ag metal surface, with the ring plane nearly parallel
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to the surface15. Further, it is worth pointing out here that when NaI was added to the
reaction mixture instead of molecular iodine, with the same amount of catalysis (0.8 g/L),
there was neither formation of any iodinated product nor coupling reaction took place. This
is because addition of I- onto Ag NPs surface might result in the formation silver-iodide
complex at the surface of the NPs and the resulting complex may be converted into
molecular silver iodide, which is known to be catalytically inactive for selective coupling of
phenols16. Thus iodine atoms derived from molecular iodine at the surface of Ag NPs are
possibly responsible for the formation of intermediate as well as coupling products.

Scheme 4.1.4. The plausible mechanistic pathway for the formation of selective coupling of phenol
by Chit-Ag NP catalyst.

Further, based on the results with different substituted phenols, a plausible mechanism for
the formation of C-C coupled product is shown in Scheme 4.1.4. Here again, the iodine
atoms present on the surface facilitate the adsorption of phenoxyl radical as well as
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p-iodophenoxyl radical on the surface. The two phenoxyl radicals subsequently form a stable
species having sandwich-type geometry on the surface (Scheme 4.1.4). This geometry results
in ortho-para coupling between the two with elimination of HI.

This is followed by

iodination at the ortho position that is nearest to the surface and the results are
ortho-iodinated C-C coupled products. It has been demonstrated in other coupling reactions
and from the minimum energy calculation that the sandwich-type geometry 17 between the
two phenoxyl radical species as shown in Scheme 4.1.3 is the most stable form. Perkins and
co-workers have shown that this sandwich-type geometry, with the staggered configuration,
could lead to either the o-o coupling or o-p coupling of phenols.18 Their observation was
that at room temperature o-p coupling led to the major product formation, whereas at higher
temperatures the o-o coupling was the route to the major product formation. This is
consistent with our observations of selective o-p coupling via intermediate p-iodophenol
formation at room temperature and the surface of the Ag NP played the key role in the
selectivity of phenolic coupling. This conclusion is further substantiated by the works of
Bent and coworkers,19 where it was suggested that adsorbed iodobenzene molecules tilt
away from surface plane and in this configuration the transient phenyl radical formed upon
C-I bond dissociation has sufficient life time - possibly physisorbed in a second layer - to
find and couple with another flat lying phenyl group bound directly to the Cu (111) surface.
C-C coupling of phenols could be further facilitated by the excess co-adsorbed iodine atoms
on the Ag NP surface, because the co-adsorbed iodine atoms on the surface can reduce the
reaction barrier of phenolic coupling.20 This is supported by the observation that the yield of
o-p coupling product increased with increased amounts of adsorbed iodine. Further, in the
reactions involving naphthols, iodine atoms present on the surface may facilitate the
formation of napthoxyl radical, which subsequently leads to coupling with the neighboring
moiety, without the formation of a sandwich complex.
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4.1.4 Conclusion
In this chapter we have reported the use of a novel and green method in the formation
of selective coupling of phenols and its derivatives using a Chit-Ag NP composite as the
catalyst. Iodine atoms present on the surface of Ag NP catalyst played the major role in the
formation of selective coupling via p-iodophenol intermediate. Also, the formation of stable
sandwich-type geometry between phenoxyl radical and p-iodophenoxyl radical provides the
key step in o-p coupling with high yield. The present approach is expected to open new
vistas in synthetic organic chemistry; especially Ag NP catalyzed C-C coupling reactions
beyond the chosen present examples.

4.1.5 Appendix I
6-Iodo-2,4′-bi-1,1′-phenol

1H NMR (400 MHz, CDCl3): δ 3.91 (bs, 2H), 6.63 (d, J = 9.2 Hz, 1H), 6.84 (d, J = 8.4 Hz,
2H), 6.94 ( t, J = 7.6 Hz, 1H), 7.24 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.8 Hz, 1H).
13C NMR (100 MHz, CDCl3): δ 82.77, 115.49 (2C), 118.03, 121.01 (2C), 129.88 (3C),
138.62, 153.2, 155.65.
ESIMS: 311.96.
2,2′-dimethyl-6′-iodo-6,4′-bi-1,1′-phenol
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1H NMR (400 MHz, CDCl3): δ 2.25 (s, 3H), 2.30 (s, 3H), 5.29 (bs, 2H), 6.58 ( t, J = 8.0 Hz,
1H), 7.08 (d, J = 7.2 Hz, 1H), 7.38 ( s, 1H), 7.48 (d, J = 8.0 Hz, 1H), 7.75 (s, 1H).
13C NMR (100 MHz, CDCl3): δ 17.08, 17.38, 82.89, 122.41, 127.54, 131.71 (2C), 135.93,
140.16 (2C), 142.92 (2C), 153.24 (2C).
ESIMS: 343.02.
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2,2′-Bi-1,1′-naphthol21

1H NMR (400 MHz, CDCl3) : 5.17 (bs, 2H), 6.74 (d, J = 7.2 Hz, 2H), 7.21 (t, J = 8.0 Hz,
2H), 7.34 (d, J = 8.4 Hz, 2H), 7.38 – 7.42 (m, 2H), 7.72- 7.74 (m, 2H), 8.07 – 8.10 (m, 2H).
13C NMR (100 MHz, CDCl3): : 108.86, 120.92, 121.68, 124.51, 125.49, 126.02, 126.64,
127.88, 134.94, 151.46.
ESIMS: 287.10.
3,3′-Bi-2,2′-naphthol22

1H NMR (400 MHz, CDCl3):  4.93 (bs, 2H), 7.11 ( d, J = 8.8 Hz, 2H), 7.16 (s, 2H), 7.34
(t, J = 6.8 Hz, 2H), 7.44 (t, J = 6.8 Hz, 2H), 7.69 (t, J = 8.0 Hz, 2H), 7.77 (t, J = 7.2 Hz,
2H)21.
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13C NMR (100 MHz, CDCl3):  109.76, 117.92, 123.87, 126.59, 126.76, 127.97, 129.16,
130.08, 134.76, 153.4.
ESIMS: 288.19.

4.1.6 Appendix II
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Figure 4.1.6B. 13C-NMR spectrum of compound 6-Iodo-2, 4′-bi-1, 1′-phenol.phenol.
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Figure 4.1.6C. 1H-NMR spectrum of compound 2,2′-dimethyl-6′-iodo-6,4′-bi-1,1′-phenol.
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Figure 4.1.6D. 13C-NMR spectrum of compound 2,2′-dimethyl-6′-iodo-6,4′-bi-1,1′-phenol.
.
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Figure 4.1.6E. 1H-NMR spectrum of compound 2,2′-Bi-1,1′-naphthol.
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Figure 4.1.6F. 13C-NMR spectrum of compound 2,2′-Bi-1,1′-naphthol.
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Figure 4.1.6G. 1H-NMR spectrum of compound 3,3′-Bi-2,2′-naphthol.
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5.1 Stabilizer Specific Interaction of Gold Nanoparticles with a
Thermosensitive Polymer Hydrogel
5.1.1 Introduction
Stimuli responsive materials such as hydrogels are important as delivery vehicles for
future nanoscale drugs. The changes in size, shape and solubility in a solvent in response to
changes in stimuli such as temperature, pH, ionic or other chemical and biological species
make hydrogels ideal for drug delivery and controlled release of bioactive molecules and
other drugs1-3. Interestingly, the advent of nanoscale materials in therapeutics and medical
diagnostics brings about newer challenges in conjugating hydrogels with nanomaterials for
targeted delivery4-6. In this regard, nanoparticles (NPs) could be chemically bonded to the
three-dimensional structure of the gel and thus generated hybrid gel would act as both the
delivery vehicle as well as the drug itself. Additionally, chemically or biologically
functionalized NPs could be encapsulated to hydrogels that are held by electrostatic or van
der Waals forces and the functionalized NPs could thus be released in response to a
stimulus. Understanding the functioning of both kinds of hybrids is important for the
development of better drugs as well as delivery systems.
Hydrogels are classified as neutral, cationic and anionic. The swelling behavior of
the gels in water depends on the polymer backbone and the nature of polar groups attached
to the backbone, which make the stimuli responsive properties tunable. Among the
thermosensitive polymers that has been extensively studied poly (N-isopropyl acrylamide)
(pNIPAm) represents an important member in the family. It has been found that, although,
the lower critical solution temperature (LCST) of pNIPAm is at 32oC, the same can be
changed up to 60oC by various degrees of copolymerization with acrylic acid (AAc)7-15.
Furthermore, copolymerization with AAc can also cause the particles in solution to undergo
a rapid and discontinuous transition, combined with a large change in volume. In addition to
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tunable LCST and large volume change accompanying transition, AAc copolymerized in the
backbone of pNIPAm offers a robust architecture with the ability to respond to
environmental changes in temperature, pH, ionic strengths and solvents8-9. These
advantages have consequently contributed to the significant scientific and technological
literature related to pNIPAm-AAc copolymers as environmentally sensitive delivery
system16-17.

On the other hand, recent developments in the controlled syntheses of inorganic NPs
such as Au NPs and quantum dots (Qdots) bring additional potential for use of the NPs as
drugs such as hyperthermia treatment with Au NPs or imaging at the intracellular level using
Qdots 18-23. However, these materials too need appropriate delivery vehicle in order for
their controlled release and targeted delivery. In this respect, pNIPAm has been proposed as
a stimuli responsive carrier of the NPs24. There have been some recent reports on the
temperature-dependent study of Au functionalized pNIPAm using the surface plasmon
resonance (SPR) of Au NPs25-28. However, these studies were limited to chemical
attachment of the NPs on the polymer, by suitably modifying the backbone of the polymer.
The Au NPs were generated in situ and thus their sizes and shapes were fixed. On the other
hand, the versatility of Au NPs can be achieved by utilizing its tunable shapes, sizes and
various functional groups that provide additional properties to the NPs. Interestingly, there
have been no reports of temperature dependent interactions between functionalized Au NPs
and pNIPAm polymer or its derivative. This is important as understanding the interaction
between the functionalized NPs and the carrier polymer and its temperature sensitivity may
play pivotal roles in drug delivery and chemical sensors of the future29. It is important to
mention here that in the literature there are significant number of reports on using molecules
and ions for the study of their interaction with hydrogels accompanying volume phase
transition30-32.
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In this chapter, we report the study of temperature dependent interactions of
pNIPAm-AAc with Au NPs, functionalized by different stabilizing agents; using UV-vis
spectroscopy, dynamic light scattering (DLS) based particle size analysis and transmission
electron microscopy (TEM) as the probes. There were five types of systems that were
investigated. The temperature dependent properties of the polymer alone, polymer
functionalized Au NPs, tryptophan, thioglycolic acid or phenylalanine capped Au NPs
dispersed in the polymer medium were investigated. It was observed that functionalization of
the polymer with Au NPs or the presence of functionalized Au NPs affected the LCST of the
polymer significantly. In this respect, we observed that more hydrophilic capping agent
shifted the LCST to higher temperature. In all cases, the coi1 to globule transition occurred
at above the LCST and the final particle sizes for all the systems studied here were nearly
identical after the transition. Interestingly, the coil to globule transition accompanied change
in the absorption maximum wavelength and also intensity in the cases involving Au NPs
capped with either hydrophobic or hydrophilic groups. These results indicate that SPR of the
stabilized Au NPs could act as a sensitive indicator for the change in the environment of
such systems. Further, the absorption characteristics of the NPs could themselves act as clear
indicators of LCST. Essentially, the results demonstrated that functionalized Au NPs could
be used not only for probing LCST transitions but also the nature of the environments the
polymer is in before and after the transitions. Thus, the present method could provide a fast,
inexpensive and accurate approach to study the interaction between the different molecules
and polymer gel by using SPR of Au NPs as the indicator.

5.1.2 Experimental Section
Materials
N-isopropyl acrylamide (NIPAm, 97% purchased from Sigma-Aldrich), acrylic acid
(AAc, 99% from Sigma-Aldrich), N, N’-methylene-bis-acrylamide (MBA. 99 % from
Sigma-Aldrich),

potassium

perdisulphate

(KPS,

98%

from

Merck),

hydrogen

tetrachloroaurate (HAuCl4, 17 w/w% Au in HCl from Sigma-Aldrich), L-tryptophan (99%
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from Sigma Aldrich), thioglycolic acid (98% from Sigma Aldrich), L-phenylalanine (95%
from Merck) and sodium borohydride ( 95 %, from Merck) were used as received without
further purification. Milli-Q grade water was used in all the experiments.
Synthesis of pNIPAm-AAc hydrogel
Typically, 50 mL of aqueous NIPAm (98.7 mg/mL) was taken in a 100 mL
three-necked round-bottom flask. To this solution 63.0 L of acrylic acid (0.126 % V/V) and
300.0 L (4.9% W/V) of methylene-bis-acrylamide were added under magnetic stirring.
These mixtures were kept in an oil bath; and the temperature of the solution was maintained
at 70oC under N2 atmosphere. When the reaction mixtures were turned into homogeneous
solution, 50.0 L (5 % W/V) of potassium perdisulphate was introduced to this solution
under the same condition and the reaction was allowed to proceed for 4 h. At the end of the
period, the product was centrifuged at 20,000 rpm and washed with copious amount of water
to remove the unreacted monomer as well as excess potassium perdisulphate. Finally, this
hydrogel was dialyzed overnight using a Hi-Media membrane dialysis bag (12000 cut off).
The dialyzed solution was again centrifuged and excess of water was removed, the hydrogel
was lyophilized to obtain powdered products for subsequent use.
Synthesis of thioglycolic acid capped Au NPs
In a typical experiment 50 mL aqueous solution containing 15.0 mg of trisodium
citrate which was kept in ice-water bath under constant magnetic stirring. To this solution
600.0 μL of 17.262 mM HAuCl4 solution was added. This was followed by addition of 1.2
mL of 20.0 mM freshly prepared sodium borohydride (NaBH4) solution. The resultant
solution was dark red in color, indicating formation of Au NPs. This solution was kept under
the same condition for 2 h.
In a 5 mL beaker containing 14mM of sodium hydroxide solution, 120.0 μL of
thioglycolic acid was added. The solution was then slowly poured into citric acid capped Au
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NP solution prepared as above. The mixture was then stirred for 1h after which purple
colored precipitation appeared. The precipitate along with the solution was subjected to
centrifugation (1000 rpm at 4oC). The pellet was washed with copious amount of ethanol to
remove the excess of citrate ions, redispersed in 5 mL water and was used as the stock
solution for further characterization studies.
Tryptophan and phenylalanine capped Au NPs
100 mL aqueous solution containing 0.1 mM of HAuCl4 was mixed with 0.01g of
solid NaBH4. The mixture was kept under constant magnetic stirring for 2 hrs at room
temperature. The color of the solution was ruby red, indicating the formation of Au NPs.
This was followed by addition of 10 mL aqueous solution containing 1.0 mM of
L-tryptophan to 90 mL of the above Au NP solution. The mixture was stirred for 2 hrs, after
which the solution color turned red indicating possible formation of tryptophan capped Au
NPs. Finally, the solution was subjected to ultra-speed centrifugation (70000 rpm/15oC),
and the resulting pellet was washed with copious of water to remove the excess of
uncoordinated tryptophan. The pellet was redispersed in 5 mL water; the resulting solution
was stable for weeks. In the preparation of phenylalanine capped Au NPs, the same
procedure was followed, taking 10 mL of 9.7 mM of L-phenylalanine solution instead of
tryptophan solution, which was added into 90 mL ruby red Au NP solution. All other
conditions were the same as above.
Synthesis of pNIPAm-AAc stabilized Au NPs composite
300 µL of 17.3 mM HAuCl4 solution was added to 50 mL of 0.04 % (W/V)
polymer hydrogel solution. To this solution 600 μL of 20 mM NaBH4 solution was added.
This mixture was then stirred for 3 h at room temperature. The solution was then centrifuged
at a high speed (20000 rpm/37oC) and lyophilized to obtain powdered of composite Au
NPs-hydrogel products. Finally, 10 mg of composite Au NPs-hydrogel powder was
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dissolved in 50 mL water and subsequent solution was used for further characterization
studies.
Preparation of different stabilizing agent capped Au NP-hydrogel composite
Typically, in a 100 mL beaker containing 50 mL of 0.02 % polymer hydrogel
solution, 2 mL of a particular stabilizing agent capped Au NP solution as prepared above
was added. The resulting solution was stirred for 2 hrs which was used for further
experiments. Finally, the pH of all the solutions was measured. The pH of the polymer
hydrogel solution was measured to be 5.60; bare Au NP hydrogel composite solution to be
5.40, tryptophan-capped Au NP composite solution to be 5.22, thioglycolic acid-capped Au
NP composite solution to be 4.69 and that for phenylalanine capped Au NP composite
hydrogel solution was measured to be 5.27.
Analytical Measurements
UV-vis spectra of the polymer hydrogel, composites of polymer-Au NPs hydrogel
and different stabilizing agent capped Au NPs with polymer hydrogel samples were recorded
in the range of 250 to 800 nm, using a Perkin-Elmer Lambda-45 spectrophotometer with
temperature controlled sample compartment. The phase transition for polymer hydrogel,
composites of polymer-Au NPs hydrogel and different stabilizing agent capped Au NPs with
polymer hydrogel were examined in the temperature range of 20 to 45oC with a heating rate
of 0.1oC/min. FT-IR spectra of the samples were recorded using a Perkin-Elmer Spectrum
one spectrometer. The different stabilizing agent capped Au NPs were dried as a powder and
mixed with KBr, the resulting mixtures was turned into a pellet for FTIR measurements. The
1H-NMR spectra of the polymer hydrogel in DMSO-d6 (20 mg/mL) at 20oC were recorded
using a Varian 400 MHz spectrometer, with TMS as the internal reference. The molar mass
and polydispersity of the polymer hydrogel were determined with a Waters gel permeation
chromatogram (GPC) using a Waters 2410 refractive index detector. The HPLC grade of
tetrahydrofuran was used as an eluent and calibrations were carried out with polystyrene
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standard. The dynamic light scattering (DLS) measurements of the polymer hydrogel,
composites of polymer-Au NPs hydrogel and different stabilizing agent capped Au NPs with
polymer hydrogel samples were performed with an LB-550 (HORIBA) DLS measurement
system. The volume phase transition of the above liquid samples was examined with
increasing temperature at heating rate of 0.1oC/min. Transmission electron microscopy
(TEM) of the particles, were performed using a JEOL-2100 equipment operating at an
acceleration voltage of 200 kV. The TEM samples were prepared by placing a drop of liquid
sample on carbon coated copper grid (300 mesh) followed by evaporation of the solvent at
room temperature. The grid was then observed under the TEM.

5.1.3 Results and Discussion
pNIPAm-AAc and pNIPAm-AAc Au NP composite
It is well-known that pNIPAm, a thermosensitive polymer, undergoes a
coli-to-globule transition in aqueous solution at a lower critical solution temperature (LCST)
of ca 32oC. The co-polymerization of pNIPAm with different monomers is one of the
common means to alter the phase transition temperature. The nature of the co-monomer,
specifically its hydrophilicity or hydrophobicity generally drives the direction of temperature
shift of LCST. The choice of AAc monomer for co-polymerization stems from its easy
solubility in water, bioadhesivenesss and biocompatibility33-36. The synthesis of
pNIPAm-AAc was achieved from the free radical precipitation polymerization reaction37.
The copolymerization of pNIPAm with AAc has been confirmed by 1H–NMR using DMSO
as the solvent (Figure 5.1.1).
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Figure 5.1.1. 1H NMR spectrum of the hydrogel (at 20 mg/mL) in DMSO-d6 solution at 25 oC.

Figure 5.1.1 shows 1H-NMR spectrum of pNIPAm-AAc. The peak at 12.04 ppm is
attributed to the carboxylic acid (-COOH) proton of the acrylic acid group. The resonance
for the amine proton of the amide group of the (-CO-NH) is observed at 7.234 ppm. The
peak at 3.84 ppm is ascribed to the protons of the methenyl in isopropyl group. The peak at
1.92-2.66 ppm is due to the polymer backbone of the (-CH2-CH-) protons and the peak at
1.032 ppm is the methyl proton of the N-isopropyl group. The existence of the –COOH
proton in the spectrum confirmed that acrylic acid was successfully copolymerized with
N-isopropyl acrylamide. The molecular weight of the polymer and their polydispersity index
(PI) were measured by gel permeation chromatography.
Table 5.1A. Molar mass of the PANIPAm-AAc hydrogel and their polydispersity obtained from

No of
Sample
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pNIPA
m-AAc

5553

5553

5553

5554

5554

1.0000

The ratio of weight averaged and number averaged molecular weight was close to unity
(Table 5.1A), meaning that molecular size distributions in the hydrogel were narrow.
Analytical and other studies were pursued by dissolving pNIPAm-AAc as well as
pNIPAm-AAc stabilized Au NPs in water at fixed compositions.

Figure 5.1.2. (a) Optical transmittance of the pNIPAm-AAc and (b) pNIPAm-AAc stabilized Au NPs
at different temperatures. Plots in (c) and (d) are dynamic light scattering based particle size
analysis results of pNIPAm-AAc and pNIPAm-AAc stabilized Au NPs hydrogel at various
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The polymer only solution was colorless and transparent at room temperature (below 30oC),
while the solution consisting of NP-polymer composite assumed characteristic color of Au
NPs owing to their SPR absorption. The solutions became progressively opaque with
increasing temperatures. Temperature dependent optical transmission of the polymer and
the composite measured at the wavelength of 450 nm38 (Figures 1a and 1b) did not vary till
about 30oC. However, a sharp decrease in transmittance could be observed between
32-35oC and the transmission was constant beyond 35oC in both the samples. The sharp
decrease in transmission is associated with phase transition of the hydrogels i.e. transparent
coil to opaque globule transition. Importantly, the phase transition temperature of
pNIPAm-AA stabilized Au NPs (32.5oC) is slightly lower than that of pNIPAm-AAc
(34.3oC). Also, the phase transition of the composite is not as sharp as that of the polymer
alone. The interactions between the COOH groups of the polymer with Au NPs might lead
to collapse of the structure at a lower temperature than that of the polymer. The temperature
dependent particle size measurements of the two species indicated that the collapse of the
diameters of the composite started at temperature lower than that of the polymer. Also, the
reduction in diameter of the composite occurred at a slower rate than the polymer alone. The
results of the particle size analysis by DLS measurements, of the pNIPAm-AAc as well as
pANIPAm-AAc stabilized Au NPs, at different temperatures are shown in Figures 5.1.2 (c)
and 5.1.2 (d) respectively. Interestingly, at room temperature the hydrodynamic diameter of
pNIPAm-AAc polymer was measured to be 3.0 + 0.7 μm (at 28oC), while that
pNIPAm-AAc stabilized Au NPs was found to be 1.8 + 0.1 μm (at 28oC). The decrease of
the hydrodynamic diameter of the polymer stabilized Au NPs compared to that of the
polymer could be due to the reduction of the electrostatic repulsion among the free –COOmoieties39 in the polymer hydrogel in the presence of Au NPs. The slow and early change in
volume phase transition of the composite in comparison to the polymer is consistent with the
results of optical transmission studies. The results of the DLS studies also indicate that Au
NPs connected to the polymer lead to change in collapsing behavior of the polymer and also

TH-777_05612211

94
Chapter 5

Stabilizer Specific Interaction of Au NPs with pNIPAm-AAc Hydrogel

hastening the volume phase transition in the composite. It is plausible that the electrostatic
interaction between the carboxylate moieties of the polymer and Au NPs lead to a structure
that favors coil to globule transition at a temperature lower than that of the polymer. UV-vis
spectra of the pNIPAm-AAc stabilized Au NPs at different temperatures, shown in Figure
5.1.3 consist of a single peak with absorption maximum at ca 530 nm. As is clear from the
figure max did not vary with temperature. At above the transition temperature the intensity
of the absorption (after due consideration of the change in background) decreased slightly,
which is possibly due to change in the immediate environment (and hence refractive index of
the medium) 40 of the Au NPs upon collapse of the original structure. However, there was
no shift in the absorption, which probably indicates that, the interaction between the
carboxylate moieties and Au NPs did not change significantly upon transition to globule
form.

Figure 5.1.3. The UV-visible absorption spectra of pNIPAm-AAc stabilized Au NPs at different
temperatures.

It is also interesting to note that upon increase in temperature and resulting volume phase
transition of the composite there was no agglomeration of the NPs, as is clear from the
UV-Visible spectra. This implies that the interaction between Au NPs and the carboxylate
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moieties of the polymer is sufficiently strong so as to prevent agglomeration due to increase
in temperature, by strongly binding with COOH group of the AAc moieties that might
prevent aggregation of Au NPs with increasing temperature. It is important to mention here
that the temperature dependent optical as well as hydrodynamic behavior of the composite is
completely reversible, indicating that the composite could represent a good model for the
study of the behavior of Au NPs in thermosensitive hydrogels.
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Figure 5.1.4. The transmission electron microscopy (TEM) images of pNIPAm-AAc stabilized Au
NPs at 25oC (a); while (b) and (c) are the expanded views of (a). The plot in (d) is TEM picture of

TH-777_05612211

97
Chapter 5

Stabilizer Specific Interaction of Au NPs with pNIPAm-AAc Hydrogel

Further, in order to understand the effect of swelling and de-swelling of the polymer
hydrogel on the structural aspects of Au NPs, TEM measurements the polymer stabilized Au
NPs were carried out. In this regard, two samples were prepared – one from a solution that
was evaporated at below the phase transition temperature (at 24.3oC), while the other
sample was prepared by evaporation at above the phase transition temperature (at 40oC).
Figures 5.1.4 (a), 5.1.4 (b) and 5.1.4 (c) show different views of the TEM images of the
polymer stabilized Au NPs with the sample prepared at below the LCST. As could be seen
in the figures, the composite consisted of blobs of particles of about 200 nm in diameters
interconnected with each other. The Au NPs (darker spots) were of 10-20 nm in sizes and
were separated well from each other in the composite. The particles present in between the
blobs evidenced the presence of polymer in the intervening region too. Overall, small and
individual NPs connected to the polymer were present in the composite. On the other hand,
the sample prepared at above the LCST also consisted of individual NPs without the
presence of any significant agglomeration (Figures 5.1.4 (d), 5.1.4 (e) and 5.1.4 (f)).
However, the density of the particles (Au NPs) appears to be higher in comparison to the
sample prepared at below LCST. This is because at above the phase transition temperature
the diameters of the polymer particles and thereby volumes were significantly reduced. This
increased the apparent density of the particles. The overall structure of the polymer seems to
be similar, with a slight decrease in the diameter of the blobs at higher temperature. The
increases in density of the NPs on the blobs of the composite at higher temperature supports
that the structure indeed collapsed into more compact globule form at the higher
temperature.
As discussed before, the pNIPAm-AAc undergoes volume phase transition with a
lower critical solution temperature (LCST) of 34.3oC. Also, the temperature of the transition
could be influenced by the presence of Au NPs as demonstrated in the preceding section.
Further probe of the effect of additional agents on the volume phase transition was pursued
using thioglycolic acid; tryptophan or phenylalanine stabilized Au NPs. Thioglycolic acid
capped Au NPs were generated from citrate stabilized Au NPs using the ligand exchange
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method. The typical sizes of the Au NPs generated were 5.0 ±1.7 nm. The interaction of the
–SH group of the thioglycolic acid with Au NPs resulted in the loss of a peak due to –SH
stretching frequency at 2541cm-1, which was confirmed by FTIR spectroscopy41 (Figure
5.1.5). The acid functionalized Au NPs were then mixed with pNIPAm-AAc in aqueous
solution. The composite of thioglycolic acid capped Au NPs and pNIPAm-AAc shall
henceforth be referred to as pPA-thio-Au for simplicity.

(a)
(b)

Figure 5.1.5. (a) FTIR spectrum of thioglycolic acid only (black line) and (b) thioglycolic acid
capped gold nanoparticles (red line).

The temperature dependent UV-Vis spectra of pPA-thio-Au are shown in Figure 5.1.6 (a).
The characteristic SPR band of Au NPs is present in all the spectra (at all temperatures
recorded). As is clear from the spectra, the spectral characteristics changed little from 25oC
to ca 34oC. Also, the absorption due to the NPs did not change in this temperature range.
However, the background scattering increased significantly at above this temperature
(LCST), indicating phase transition to have taken place. Interestingly, the absorption due to
Au NPs alone (obtained after appropriate background correction) also changed significantly
at above the LCST. The normalized absorption values were obtained as follows. The
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absorption values at 350 nm for all temperatures were first measured. That value was made
to be unity for all temperatures and all other values were adjusted by dividing them with the
value of absorption at 350 nm for a particular temperature. The absorption at the maximum
wavelength was then taken as the absorption. Sample normalized absorption versus
wavelength plots are shown in Figure 5.1.5A (a). (Refer Appendix-I,). This method of
normalization is based on the works of Tenhu and coworkers.56 A plot of normalized Au
NP absorbance at 529 nm (Figure 5.1.6 (b)) indicated significant decrease in absorbance due
to Au NPs at above the LCST. The value of absorbance (at λmax) levels off slowly at above
LCST. Also, interesting to note is the blue shift in absorption maximum (λmax) with as
much as 6 nm change with temperatures (Figure 5.1.6 (c)).
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Figure 5.1.6. (a) UV-visible spectra of pPA-thio-Au NPs with increasing temperature. (b) The plot
of normalized maximum absorbance of the SPR band at different temperatures; while (c) is the
temperature dependence absorption maxima (wavelength) of SPR band of Au NPs in pPA-thio-Au
NPs.
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For example, the absorption maximum was 529 nm at 25oC, while at 36oC the absorbance
maximum shifted to 525 nm. The blue shift of absorption maximum could be ascribed to the
changing dielectric constant of the medium surrounding the capped Au NPs42-44. In other
words, when thioglycolic acid capped Au NPs were mixed with pNIPAm-AAc in aqueous
solution there can be several types of interaction between the polymer and thioglycolic acid
capped Au NPs.

Figure 5.1.7. (a) Temperature-dependent hydrodynamic diameters of the PPA-thio-Au NPs as
measured by dynamic light scattering technique. (b) the histogram of hydrodynamic diameters of
pPA-thio-Au NPs at 27oC, (c) 35.6oC and (d) 39oC obtained by dynamic light scattering

This interaction might be either van der Waals or hydrogen bonding interaction (inter or
intra molecular H-bonding). The polymer itself could form H-bonding among its own
-COOH groups as well as with water molecules. Similarly, the -COOH groups of the
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thioglycolic acid could form H-bonds with water as well as with the polymer at below
LCST.
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Figure 5.1.8. (a) TEM image of pPA-thio-Au NPs at 25oC; while (b) and (c) are the expanded
views of the picture from (a). The image in (d) is the TEM picture of the same at 40oC; while (e)

At above the LCST the polymer could possibly shrink to a form where water molecules are
expelled from the network and when thioglycolic acid stabilized Au NPs are part of the
polymer structures then hydrogen bonding would primarily be between the –COOH groups
of the stabilizer and those (along with amide groups or –COOH group of AAc moieties) of
the polymer. Thus a change in the environment might well be reflected in the observed
change in the absorption characteristic of the Au NPs at above LCST. The shift in the
UV-vis absorption of Au NPs indicated that the phase transition temperature here was 36oC,
which is different from pure polymer. The observation implies that SPR absorption of Au
NPs could act as good probes for measuring the phase transition temperature of
thermosensitive polymers.
Further, to understand better the volume phase transition of the pPA-thio-Au NPs,
DLS measurements of the composite hydrogel were carried out at different temperature. The
results are shown in Figure 5.1.7. At temperatures below LCST there were two types of
particles sizes – one corresponding to the polymer with a value of 1.4 + 0.5 m, while the
other one possibly was due to thioglycolic acid stabilized Au NPs with particles sizes of 116
+ 26 nm when measured at 27oC. Thus the average particle sizes mentioned in the figures
are the averages of the values, automatically reported by the software used in measuring the
particle sizes. On other hand at 35.6oC the sizes were reduced down to 116 + 26 nm. The
gradual change in the particle sizes at above the LCST indicates gradual deswelling of the
composite in comparison to the polymer alone.
The above results suggest that at temperatures below LCST thioglycolic acid
stabilized Au NPs and pNIPAm-AAc hydrogel remain as individual species in aqueous
medium, where intermolecular H-bonding is predominant. When the temperature of the
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medium is increased, the intramolecular H-bonding in polymer and intermolecular
H-bonding between the polymer and thioglycolic acid stabilized Au NPs are favored. At
above the LCST these H-bonding provide the driving force for the formation of a composite
structure consisting of Au NPs (with the stabilizer) and the polymer. The results are the
formation of particles of uniform sizes and change in the SPR spectral characteristics of the
Au NPs. Further, the attractive forces leading to composite formation, at above LCST,
between the functionalized Au NPs and the polymer might be responsible for the changes in
the SPR peak of the Au NPs. However, the above investigation of the DLS measurements
shows that there will be a marked attraction between the thioglycolic acid capped Au NPs
and pNIPAm-AAc polymer network and this may lead to the decrease of the hydrodynamic
radius of the polymer network gel towards to the thioglycolic acid capped Au NPs sizes,
with increasing the temperature of the system. This leads to the change in the λmax of the
SPR towards to the lower wavelength. In other words, at higher temperature the water
molecules are gradually removed from polymer hydrogel and the removal induces a decrease
in total volume of the polymer gel, bringing thioglycolic acid capped Au NPs very close to
the polymer network leading to the blue shift of the SPR absorption of the Au NPs in the
system. It must be mentioned here that all of the above behaviors have been found to be
reversible with respect to change in temperature. Further, TEM analysis of the pPA-thio-Au
NPs samples prepared at below the phase transition temperature (25oC) and at above the
phase transition temperature (40oC), was pursued in order to have a better understanding of
the structural transitions due to temperature increase. The results are shown in Figure 5.1.8.
As is clear from the figure, at a temperature below the LCST, the Au NPs could be observed
to have been dispersed rather uniformly all over the polymer (Figure 5.1.8 (a)).
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(a)
(b)

(c)
(d)

Figure 5.1.9. FTIR spectrum of (a), (c) is bare tryptophan and phenylalanine (black lines) and (b),
(d) is FTIR spectrum of tryptophan and phenylalanine capped gold nanoparticles (red lines).

Individual Au NPs could be seen spread over the network of polymers (Figure 5.1.8 (c))
indicating uniform distribution of particles in the medium, which upon evaporation formed
such structures. On the other hand, at above the LCST (at 40oC), the density of the particles
becomes much higher and clusters of particles could be seen deposited over the polymer
(Figures 5.1.8 (d)-(f)). The average diameter of the Au NPs was found to be 8.0 ± 0.3 nm in
all cases, indicating that there was no apparent agglomeration of particles. The increase in
density of the particles clearly indicates the shrinking of polymer along with the
functionalized Au NPs. This means that the Au NPs were bound to the polymer at above
LCST, possibly through electrostatic interaction between the polymer and the stabilizers of
Au NPs.
In addition to thioglycolic acid, we were interested in studying the effect of amino
acids on the volume phase transition by incorporation of amino acid capped Au NPs into
pNIPAm-AA hydrogel solution. Sastry and coworkers have reported that amino group binds
more strongly to the surface of Au NPs than carboxylic acid group45-47. In addition to their
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studies, there has been several report of synthesis of different amino acid capped Au NPs,
which are useful for biological applications48-50. The motivation has been that since the
amino acids could have different side chain group - such as hydrophilic or hydrophobic,
polar or non-polar – interactions of the stabilizer with biological molecules would also be
different. In the present study, we have taken two different amino acids such as tryptophan
and phenylalanine. Tryptophan contains hydrophilic indole moiety, while phenylalanine
consists of hydrophobic phenyl ring. Thus the phase behaviors of the two different amino
acid-stabilized Au NPs with the polymer, at different temperature, would be different and
potentially interesting. The capping of Au NPs by amino acids has been confirmed by FTIR
spectroscopy (Figure 5.1.9). Figure 5.1.9 reveals the peak at 1510 cm-1, due to the
symmetrical bending mode of NH3+, after capping with gold nanoparticles. The intensity of
the peak is much decreased in both the amino acids. The broad band at 3064 cm-1 is
ascribed to the asymmetric stretching mode of NH3+. This band disappeared in amino acid
capped Au NPs. This indicates that both amino acids were strongly attached to the surface of
the NPs by interacting with NH3+group. On the other hand, other functional groups of the
amino acids are not affected by the presence of Au NPs. Tryptophan and phenylalanine
capped Au NPs have absorption maxima at 543 nm and 519 nm respectively. For subsequent
studies, the amino acid capped Au NPs were mixed in aqueous solutions containing
pNIPAm-AAc hydrogel.

We shall henceforth refer the resultant composites hybrid

hydrogels as pPA-try-Au NPs (for pPA-AA-tryptophan capped Au NPs) and pPA-phe-Au
NPs (for pPA-AA- phenylalanine capped Au NPs). Our observations as detailed below
suggest that the phase transition as well as optical behavior of the two differently stabilized
Au NPs are different.
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(a)

(b)

(c)

(d)

Figure 5.1.10. (a) Temperature-dependent UV-visible spectra of pPA-try-Au NPs; while (b) is the
plot of normalized absorbance at different temperatures obtained from (Figure 5.1.5A (b)), and (c)
is the change of λmax of the surface plasmon band of the pPA-try-Au NPs from normalized graph of
Figure 5.1.5A (b). The plot in (d) is the dynamic light scattering measurement results

The temperature-dependent UV-vis spectral changes and hydrodynamic diameters of
pPA-try-Au NPs and pPA-phe-Au NPs are shown in Figures 5.1.10 and 5.1.11 respectively.
The as-observed UV-vis spectra are shown in Figure 5.1.10 (a) and 5.1.11 (a) respectively.
The normalized absorbances at the maxima are shown in Figures 5.1.10 (b) and 5.1.11 (b)
respectively. It may be mentioned here that in order to obtain normalized absorbance from
Figure 5.1.10 (a), the method similar to calculations in Figure 5.1.6 (a) was followed (Refer
to Appendix-I, Figure 5.1.5A (b)). On the other hand, the normalized absorbance values at
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the maxima from Figure 5.1.11 (a) were obtained by drawing a baseline between 475 nm and
555 nm and then measuring the value of absorbance from the baseline to the maximum
absorption at the max (refer to Appendix-I, Figure 5.1.5A (c)). For the pPA-try-Au NPs
composite the SPR band of Au NPs hardly changed with temperature in terms of intensity (at
λmax, Figure 5.1.10 (c) ), while there was discernible change in the values of λmax (Figure
5.1.11 (c)).

(a)

(b)

(c

(d)

Figure 5.1.11. (a) Temperature dependent UV-visible spectra of pPA-phe-Au NPs. The plot (b) of
normalized absorbance at different temperatures is based on figure shown in Figure 5.1.5A (c)
(refer to Appendix-I); while (c) is the plot of the λmax of the surface plasmon band of the
pPA-phy-Au NPs also calculated from Figure 5.1.5A (c). Here (d) is the average hydrodynamic

For example, at below the transition temperature the λmax of the pPA-try-Au NPs was 543
nm, while at above the phase transition temperature the λmax was observed to be 539 nm.
The results, however, indicate behavior similar to the ones of thioglycolic acid as the
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stabilizer, although they are less remarkable. Further, the phase transition temperature as
measured from the UV-vis studies (Figure 5.1.10 (b) and 5.1.10 (c)) occurred at 39oC,
which is significantly higher than that of the pure polymer. In addition, the results of
measurements of hydrodynamic diameters (Figures 5.1.10 (d) and 5.1.11 (d) respectively)
also support the above results. Essentially, although the general behavior of the hydrophilic
tryptophan moiety (in the composite) is similar to that of thioglycolic acid there are
significant differences as described above, which indicates that the interaction between the
polymer and the stabilized Au NPs could be substantially different at different temperatures.
The H-bond that could be formed between the indole group of tryptophan and the
carboxylate or amide moieties of the polymer could possibly be the reason for the behavior
described above. Further evidence in support of the above conclusion came from the
temperature dependent UV absorption due to П- П* transition of the indole moieties of the
tryptophan occurring at 265 nm. It is worth pointing out that the tryptophan has absorption
maxima at 278 nm, which shifted to 265 nm after the formation of stabilized Au NPs. This
indicates interaction between the Au NPs and the -electron cloud of tryptophan51. Figure
5.1.12 (a) shows the temperature dependent absorption spectrum of a mixture of pPA-try-Au
NPs composites solutions, recorded in the range of 190 nm- 420 nm. As is evident from the
figure, the band at 265 nm vanished at phase transition temperature (39oC) of the
pPA-try-Au NPs. It should be mentioned here that the band could again be observed when
the temperature reverted back to a temperature below LCST. This observation clearly
indicates that there was a significant interaction between the polymer hydrogel and
tryptophane capped Au NPs, which is reversible with respect to change in temperature. It
might be that encapsulation of the tryptophan moieties inside the globule of the polymer
leads to vanishing of the absorption.
The results involving pPA-phe-Au NPs were remarkably different from those
mentioned above. The UV-vis absorption due to SPR of Au NPs virtually disappeared with
increase in temperature (Figures 5.1.11 (a) and 5.1.11 (b)). Moreover, the changes were
more gradual than in the cases with the other stabilizers. The changes in the wavelength
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maxima were also significant. For example, at room temperature (25oC) the λmax was 517
nm, while that at 36oC was shifted to 508 nm. Further, the λmax shifted gradually to still
lower wavelengths with increasing temperatures (Figure 5.1.11 (c)). The phase transition
temperature was found to be 36oC (Figures 5.1.11 (b) and 5.1.11 (c)). It is important to
mention here that the volume phase transition temperatures of the systems pPA-try-Au NPs
and pPA-phe-Au NPs were found to be 39oC and 36.3oC respectively, as obtained from
temperature dependent DLS measurements (Figure 5.1.10 (d) and 5.1.11 (d)). These results
are consistent with phase transition temperatures obtained from temperature dependent
absorption maxima of the stabilized Au NPs.

Figure 5.1.12. (a) The UV-visible absorption spectra of pPA-try-Au NPs at different temperatures,
measured in the region of 225 nm -420 nm. (b) is the histogram of hydrodymaic diameters of
pPA-try-Au NPs at 30oC, at 36oC (c) and (d) is at 39oC obtained by dynamic light scattering
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The above results suggest that SPR absorption of Au NPs could act as a probe for
understanding the nature of interactions between the stabilizer molecules and polymer
hydrogel. This is especially true in establishing the LCST of the polymer hydrogel in the
presence of NPs with different stabilizers. Further, a question may arise about the volume
phase transition temperature of pPA-Try-Au NP composite hydrogel being higher than that
of pPA-phe-Au NP composite hydrogel. This could be explained in terms of side chains of
the individual amino acids. For example, tryptophan has more hydrophilic moiety of the
indole ring, which can make the stronger intermolecular H-bond with polymer hydrogel, as
well as with the surrounding water molecules. When the temperature is increased gradually,
the intermolecular H-bond between the water and polymer and between the water and
tryptophan may gradually be lost due to the thermal motion of the water molecules and
consequently the volume of the pPA-try-Au NP composite hydrogel slowly shrinks (Figure
5.1.10 (d)). Luisi et al52 reported that H-bonding interaction between the indole-water is
more energetically favorable than that that of aromatic ring. They considered that H-bonding
interaction between the heterocyclic ring and water is much stronger than simple aromatic
benzene ring53. This could be responsible for higher volume phase transition temperature of
the pPA-Try-Au NPs than that of pPA-phe-Au NPs composite hydrogel. This was further
supported by the results of temperature dependent UV-vis spectra of NPs in both the
systems. At the phase transition temperature, the SPR peak of the pPA-phe-Au NPs was
more affected than that of pPA-try-Au NP composite hydrogel. This could be ascribed to the
more hydrophobic nature of the phenyl ring than indole. Further, the hydrophobic interaction
with the polymer is more dominant in the phenylalanine capped Au NPs, which leads to
significant shift of the SPR peak in comparison to tryptophan capped NPs40b, 42, 54. In
addition, phenylalanine contains a highly hydrophobic side residue that would have different
interaction with the polymer than the highly hydrophilic thioglycolic acid or tryptophan.
Also, the coil to globule transition of the polymer at above the transition temperature
involves reinforced intramolecular hydrogen bonding and strong Van der Waals interactions
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(attraction) among its hydrophobic moieties55. This would lead to localization of the
stabilized Au NPs into the hydrophobic pockets of the globule. This is probably the reason
for reduced optical absorption as the NPs that are buried within the “particles” of the
globule. The same may be the reason for changes in the absorption maximum.
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Figure 5.1.13. (a) TEM pictures of pPA-try-Au NPs at 25.4oC; while (b) and (c) are the expanded
view of the (a). (d) The TEM image of pPA-try-Au NPs at 40oC; while (e) and (f) are the expanded
views of (d).

Raula et al56 have shown that both λmax and absorption of the SPR peak of thermosensitive
hydrogel coated Au NPs, at above the LCST changes similar to the above. The reason here
has also been proposed to be due to formation of hydrophobic pocket after the collapse of
the structure into globule form.
Temperature-dependent particles size histogram plot of DLS measurements of
pPA-try-Au NPs and pPA-phe-Au NPs indicated specific interactions between the stabilized
Au NPs and the polymer. The results are shown in Figure 5.1.12 for (pPA-try-Au NPs) and
Figure 5.1.6A (Appendix-II) for (pPA-phe-Au NPs). In these cases the particles consisted of
two distributions of sizes. The higher particles diameters with average values of 1.3 ± 0.8
μm and 1.15 ± 0.9 μm for pPA-try-Au NPs and pPA-phe-Au NPs respectively, in addition to
lower particle diameters of values 62 ± 18 nm and 50 ± 15 nm respectively for the above.
This means that polymer particles were probably dispersed separately in the medium from
the stabilized Au NPs. However, since the average value of the polymer particles herein
were smaller than those of polymer alone or polymer stabilized Au NPs; it is plausible that
there were at least some interactions between the two. Further, at higher temperatures the
particle collapsed into sizes, which are considerably less than those of all three cases
discussed before. For example, at 39oC the hydrodynamic diameter of the pPA-try-Au NPs
was 62 + 18 nm while pPA-phe-Au NPs showed a value of 52 + 15 nm at 36oC. This means
the interactions between phenylalanine capped NPs and tryptophan capped NPs and the
polymer led to globular structures with diameters smaller than that of the polymer (in its
globular form) at above the LCST. Seida et al57 reported the effect of various organic
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molecules on the nature of interaction with the polymer at above and below the phase
transition temperatures. They observed that organic molecules (phenol and benzoic acid and
aniline) are absorbed much into the polymer at above the phase transition due to the
domination of hydrophobic interaction. This could be the reason that when the phenylalanine
capped Au NPs interacted with polymer hydrogel that led to the decreasing of the
hydrodynamic diameter of the pPA-phe-Au NPs than that of pPA-try-Au NPs at above the
phase transition temperature. On the other hand, strong hydrophobic interactions between
phenyl groups and the hydrophobic backbone of the polymer may lead to a collapsed
structure that is smaller in diameter than the polymer itself. Temperature dependent TEM
measurements pPA-try-Au NPs are shown in Figure 5.1.13.

At below the LCST, the

particles were uniformly distributed all over the solution and hence the evaporated materials
had more or less uniform distributions of particles (Figures 5.1.13 (a), (b) and (c)). The NPs
had typical diameters of 8.0 ± 0.6 nm. On the other hand, when the temperature was
increased above LCST, the particles seem to agglomerate into the collapsed structure of the
polymer. This behavior is different from the other samples where either polymer or
thioglycolic acid stabilized Au NPs were used. The reversibility of the structure in solution
(with respect to changes in temperature) indicates that these particles might not have
agglomerated into lumps of particles only. On the contrary the interactions between the
globular polymer and the stabilizers lead to some sort of collapsed structure with particles
coming very close to each other in comparison to the structures obtained from polymer
stabilized or thioglycolic stabilized NPs. Similar results were also observed in the case of the
pPA-phe-Au NPs system (Appendix-II). The TEM pictures are shown in Figure 5.1.6B.
Qualitatively, the results mentioned above could be explained primarily by invoking
two factors: hydrophobic and H-bonding interactions. In the system involving polymer
capped Au NPs; there is no extraneous stabilizing agent present and hence no additional
interaction between the species. Thus the results would be similar to those of polymer alone
with minor variations due to the presence of Au NPs. When thioglycolic acid is used as the
stabilizer; at below the LCST there would be hydrogen bonding between the stabilizer and
water as well as the polymer. However, at above LCST, the hydrogen bonding between the
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carboxylate moieties of the stabilizer and the hydrophilic groups of the polymer would be
favored over that with the solvent as the stable globular structure would have hydrophobic
pocket and hydrophilic surfaces. Hence the final structure at above LCST may form H-bonds
between the stabilizer and the polymer with stabilized Au NPs being in the pocket of the
globule and the results would be different. In the case of phenylalanine stabilized Au NPs
the final structure in the globule would possibly involve the stabilized NPs deeply embedded
in the pocket of the globule thereby reducing even the optical absorption of Au NPs, which
is different from the other cases. Finally, the general behavior involving the interactions
between stabilized Au NPs and the polymer at below and above LCST is described
schematically in Figure 5.1.14. Essentially, when Au NPs are stabilized by hydrophilic
moieties then particles are either exposed to the aqueous medium even after the collapse (at
above LCST) or embedded in the collapsed structure being bonded to the hydrophilic groups
of the polymer. On the other hand, in the presence of hydrophobic stabilizers the particles
are embedded deeply inside the polymer collapsed structure at above LCST.

Figure 5.1.14. A schematic representation of the stabilized specific interactions of stabilized Au
NPs with the thermosensitive polymer hydrogel at below and above lower critical solution
temperature (LCST). (A) and (B) represent transitions to the collapsed structure when Au NPs are
stabilized by hydrophilic and hydrophobic groups respectively.

5.1.4 Conclusion
In the present chapter, we have been able to demonstrate the use of various
functional group stabilized Au NPs on the volume phase transitions of a thermosensitive
polymer hydrogel. The optical properties of Au NPs stabilized with different functional
groups have been used as one of the probes to understand the behavior of volume phase
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transitions in mixed systems. Particle size analysis and TEM measurements were also made
to substantiate the conclusions of the observations. Essentially, when hydrophilic groups
were used in the stabilizer the collapsed structures consisted of H-bonding between the
stabilized Au NPs and the polymer, with little effect on the hydrophobic pocket of the
globule. On the other hand, when hydrophobic group was used in the stabilizer then the
observations indicated that the Au NPs along with the stabilizer were embedded deep inside
the hydrophobic pocket of the globule that contributed to the drastic change in the optical
absorption due to SPR of Au NPs. That amino acids were used as the stabilizing agents and
their effect on the volume phase transitions of a biofriendly hydrogel would support future
endeavors involving Au NPs in the drug delivery systems.

5.1.5 Appendix-I
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(a)

(b)

Figure 5.1.5A. Temperature dependent normalized UV-Visible spectra of (a) pPA-thio-Au NPs, (b)
pPA-try-Au-NPs and (c) pPA-phe-Au-NPs
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5.1.6 Appendix II

Figure 5.1.6A. Histogram plots of hydrodynamic diameter of pPA-phe-Au NPs composite hydrogel
at 26oC (a), 33oC (b) and (c) is 37oC obtained from dynamic light scattering measurement.
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Figure 5.1.6B(a) The TEM picture of PPA-phe-Au NPs at 40oC, (b), (c) and (d) are the expanded
views of (a).
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6.1 Acetanilide Mediated Reversible Assembly and Disassembly of
Au Nanoparticles
6.1.1 Introduction
Organizations of nanoscale particles into well-defined superstructures are currently
being addressed –among others - by self-assembly using electrostatic forces or molecular
bonds and by using template-based approaches1-5.

These are important for their

applications where collective properties of the nanoparticles (NPs) would be utilized. For
example, assembly of NPs and the associated physical property changes have been used in
sensing heavy metal ions, DNA hybridization and other biomolecular events6-11.
Molecularly programmed assembly of NPs holds the key to further applications
encompassing chemistry, biology, material science and optoelectronics. Chemistry,
especially the use of ‘soft’ interactions, offers the possibility of molecular level control over
reversible assembly and disassembly of NPs in solution12-17, a large part of which remains
much to be explored. Molecularly controlled assembled NPs would not only offer newer
materials with tunable properties but may also reveal a great deal about the nature of
molecular interactions between the NPs and the assembling molecules and the formation of
hierarchical structures.
In this chapter, the work on the use of sparingly soluble acetanilide in the reversible
assembly and disassembly of Au NPs in water is reported. The primary control parameter, in
the assembly formation, is the concentration of acetanilide in the medium, which also acted
as the reducing agent as well as the stabilizer for the NPs. Two different ways have been
used to achieve the assembly formation. The first method involved simultaneous synthesis
and assembly of spherical NPs using various amount of acetanilide during synthesis. In the
other method, minimum acetanilide concentration was first used in the preparation of
spherical Au NPs. This was followed by addition of various amount of acetanilide in order to
obtain controlled organization of NPs. The results obtained were similar. The optical
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properties of the NPs and their assemblies were commensurate with the amount of
acetanilide present in the medium. Further, the assemblies of NPs could be disassembled
into individual NPs using ultrasonic waves and further reassembled into superstructures by
concentrating the redispersed particles. The results reported herein indicate the possibility of
molecular level control on the organization of NPs in aqueous media.

6.1.2 Experimental Section
Materials
Hydrogen tetrachloroaurate (HAuCl4, 17 % Au in HCl as purchased from
Sigma-Aldrich), and Acetanilide (99 %, from Merck), were used as received without further
purification. Milli-Q grade water was used in all the experiments.
Synthesis of Au Nanoparticles using Acetanilide
Method-I
The method involved the use of various amounts of acetanilide at the time of
synthesis. Typically, to five 30 mL vials - each containing 10 mL of Milli-Q grade water 10 mg, 20 mg, 30 mg, 40 mg and 50 mg acetanilide were added. The concentrations of
acetanilide in the vial were thus 7.29 mM, 14.58 mM, 21.87 mM, 29.16 mM and 36.45 mM
respectively. The vials were then heated to 90oC in order to dissolve acetanilide. This was
followed by addition of 20 μL of 17.26 mM of HAuCl4 to each solution while they were still
being heated. These reaction mixtures were then kept on a hot plate under slow boiling
condition for 5 min. The resulting solutions appeared red in color, indicating possible
formation of Au NPs. The red colored solutions were then taken out from the hot plate and
cooled to room temperature. The solutions were used for further characterization studies.
The pH of all of the resulting solutions was measured to be 3.5. It was also observed that
while the solutions containing initially 7.29 mM, 14.58 mM, 21.87 mM of acetanilide were
stable for 3-4 days, those containing 29.16 and 36.45 mM of acetanilide were stable for only
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a day after which visible precipitation could be observed. However, if the pH of the
solutions were changed to 7.0 - after synthesis - they were stable for a couple of weeks
without occurrence of observable precipitations.
Method-II
This method involved the synthesis of Au NPs with minimum amount of acetanilide
followed by addition of various excess amounts of acetanilide. Five 30 mL vials, each
containing 20 mg of acetanilide (14.58 mM) in 10 mL milli-Q water, were kept on hot plates
at 90oC. To each of the solutions, 20 μL of 17.26 mM of HAuCl4 was then added. This was
followed by keeping the reaction mixtures on the hot plate under slow boiling condition for
5 mins, after which the solutions turned red. The solutions were then taken out of the hot
plate, immediately followed by addition of appropriate amount of acetanilide so that the total
concentrations of acetanilide in the vials were 18.95 mM, 23.30 mM, 27.71 mM, 32.07 mM
and 36.45 mM respectively. These solutions were then kept at room temperature for 30 min
before use. The pH of the resulting solution was found to be 3.5. The solutions, as such,
were used for further characterization studies.
Disassembly of Au NPs
0.5 mL portion each of the Au NP solutions, containing the highest concentration of
acetanilide (36.45 mM) and as prepared using Method-I and Method-II above, was taken in a
30 mL vial. To each of these two vials, 4.5 mL of milli-Q water was added. The solution
appeared nearly colorless with slight violet tint. UV-vis absorption spectra of the solutions
were recorded. They were then kept in an ultrasonication bath (Elma, Model: D-78224,
Singen / Htw at 35 KHz) for 3 h. The resulting solution was violet in color and the UV-vis
absorbance spectrum consisted of a single peak at 535 nm, with enhanced absorption value.
On the other hand, the solution obtained from Method-II still did not show any color change.
However, after sonication for a total of 8 h, the solution appeared violet (weak) in color and
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the UV-visible absorbance spectrum consisted of one major peak at 540 nm with a small
hump at 650 nm. Both the solutions were used for further TEM analysis.
Reassembly of Au NPs
Twenty four, identically prepared solutions as reported above for the preparation of
disassembly of Au NPs mad using Method-I, were mixed in a 30 mL vial, which was then
subjected to ultracentrifugation at 70,000 rpm at 15oC for 15 mins. Finally, the pellet was
collected and then washed with copious amount of water with centrifugation after each
wash. This process was repeated for three times. The pellet was then redispersed in 3 mL
water. The 0.8 mL of redispersed sample was diluted with 1.7 mL water. The pH of the
solution was adjusted to 3.5 by adding 10 L of ~1M hydrochloric acid. The total volume of
the solution was made to be 2.5 mL. To this solution, 20 mg of acetanilide was added. The
mixture was kept on a hot plate and slowly boiled for 3 mins. The solution was brought to
room temperature and further kept for 30 mins before pursuing UV-visible absorption and
TEM studies.
Analytical Measurements
UV-vis absorption spectra of the samples were recorded using a HITACHI model
U-2800 UV-visible spectrophotometer in the range of 300 to 1100 nm. The 1H-NMR
spectra of acetanilide as well acetanilide capped Au NPs in CDCl3 were recorded using a
Varian 400 MHz spectrometer, with TMS as the internal reference. The dynamic light
scattering (DLS) measurements of the liquid samples were performed with an LB-550
(HORIBA) DLS measurement system. Transmission electron microscopy (TEM)
measurements were performed using JEOL-2100 equipment operating at an acceleration
voltage of 200 kV. The TEM samples were prepared by placing a drop of liquid on carbon
coated copper grid (400 mesh) followed by evaporation of the solvent at room temperature.
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6.1.3 Results and Discussion
When 34.5 μM HAuCl4 was treated with 7.29 mM acetanilide (at boiling condition)
UV-vis spectrum (Figure 6.1.1 (A) (a)) characteristic of spherical Au NPs with a single peak
having maximum at 551 nm was observed. TEM measurements of the sample indicated the
presence of spherical NPs in the solution (Figure 6.1.1 (B)) with diameters of about 20 nm,
although there was substantial number of NPs with diameters less than 10 nm. On the other
hand, when increasing amount of acetanilide was used, the UV-vis spectra consisted of two
surface plasmon resonance (SPR) peaks – the transverse one at 551 nm - while the
longitudinal one appeared at increasingly higher wavelengths when larger amounts of
acetanilide was used (Figure 6.1.1 (A) (c)-(e)). For example, at the acetanilide
concentrations of 21.87 mM, 29.16 mM and 36.45 mM the second peak appeared at 698 nm,
750 nm and 754 nm respectively. It is also important to mention that the peak at 551 nm
remained constant for all of the above samples. TEM measurements (Figures 6.1.1 (C) and
6.1.1 (D)) indicated the formation of necklace–like assemblies of NPs at higher acetanilide
concentrations.
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Figure 6.1.1. (A) UV-vis spectra of Au NPs prepared with acetanilide concentrations of 7.29mM
(a), 14.58mM (b), 21.87mM (c), 29.16mM (d) and 36.45mM (e) respectively. The samples were
prepared using Method-I. (B) TEM picture of Au NPs from solution corresponding to (A (a)); scale
bar 20 nm. (C) TEM graph of solution corresponding to (A (e)); scale bar 100 nm and (D) is an
expanded view of (C); scale bar 50 nm. (E-I) Dynamic light scattering measurements of particles
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The length of the chains increased with increasing acetanilide concentration. Also, branching
of structures from a single head to several linear arrays could be observed. Interestingly,
there was no formation of rods or other structures indicating that the extent of associations of
NPs, which depended on the amount of acetanilide present in the medium, was responsible
for the observed spectra in the present conditions.

Figure 6.1.2. X-ray diffraction pattern of evaporated solution corresponding to sample (e)
prepared using Method-I.

X-ray diffraction (XRD) measurements also indicated the formation of Au NPs in the
solution (Figure 6.1.2) as well as present in the assemblies. Further, dynamic light scattering
(DLS) measurements of the above solutions showed that at the lowest concentration of
acetanilide the particles formed were small with 30-40 nm in average diameter (Figure 6.1.1
(E)). However, with increasing concentration of acetanilide the average sizes shifted to
increasingly higher values (Figures 6.1.1 (F) - 6.1.1 (I)) of several microns. The observations
indicate that in the presence of increasing amount of acetanilide longer assemblies in the
medium were formed. In other words, as the acetanilide concentration was increased the
number of particles involved in each assembly, which were responsible for the occurrence of
the longitudinal plasmon resonance peak, had also increased. Thus with the increase of
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assembly size the longitudinal absorption maximum shifted to increasingly higher values.
This is due to self-assembly of Au NPs into linear chain like arrays, where the length of the
linear chain increases with increasing concentration of acetanilide (Figure 6.1.3). Also, Au
NPs present in the each array were in close proximity of each other and possibly were
separated by acetanilide molecular layers, which lead to the progressive shifting of
longitudinal SPR peak into higher wavelength due to strong uniaxial coupling along the
linear arrays18.

Figure 6.1.3 Additional TEM images as obtained from samples prepared using Method-I
(corresponding UV-vis spectra are shown in Figure 1 (A), in the manuscript). (A) TEM picture of
Au NPs from solution corresponding to Figure 1 (A(b)), (B) TEM graph of solution corresponding
to Figure 1 (A(c)). (C) is an expanded view of (B). (D) is the TEM image corresponding to the
sample with absorption shown in Figure 1 (A(e)); (E) is another view taken from the same sample
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Further, these assemblies were quite stable in the medium as simple dilutions of
the samples did not dissociate.

For example, when 0.5 mL of the sample

corresponding to that mentioned in Figure 6.1.1 A(e) was diluted with water to 4.5 mL,
the UV-vis spectrum (Figure 6.1.4 (A)) did not change other than lowering of the
intensity of the bands due to dilution. However, when the diluted solution was
subjected to ultrasonication for 3 h, the longitudinal peak vanished and the intensity of
the transverse peak enhanced (Figure 6.1.4 (B)). TEM evidence (Figure 6.1.4 (C))
showed that the assemblies were indeed converted into individual particles.

Figure 6.1.4. (A) UV-vis spectrum of diluted solution corresponding to that in Figure 6.1.1 (A) (e)).
(B) UV-vis spectrum of solution in (A) after sonication. (C) TEM picture of solution corresponding
to that in (B); scale bar 20 nm. (D) UV-vis spectrum of the solution with reassembled NPs. (E) TEM
picture corresponding to sample in (D; scale bar 200 nm). (F) An expanded view of (E); scale bar
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The sizes of the disassembled particles were consistent with the original non-assembled
individual particles. It may be mentioned here that when the pH of the as prepared solution
(corresponding to Figure 6.1.1 (A) (e)) was changed to 8.62, there was no change in the
UV-vis spectrum (Figure 6.1.5) of the assembly indicating that making the solution alkaline
had no effects on the assembly.

Interestingly, when the ultrasonicated solution was

concentrated by centrifugation and then additional acetanilide was added, assembly
formation could again be observed. The UV-vis spectrum (with the appearance of the second
peak at 690 nm) and corresponding TEM image, as shown in Figures 6.1.4 (D) and 6.1.4 (E)
– 61.4 (F) respectively, clearly supported the formation of reassembly.

Figure 6.1.5. UV-visible spectrum of a solution similar to that of the assembly shown in Figure
6.1.1(A) (e) corresponding to pH 3.5 and that of the same at pH 8.62
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We have also observed that when Au NPs were synthesized with the lowest
concentration of acetanilide (with the formation of spherical NPs; Figure 6.1.6 (A) (a))
and additional acetanilide was added subsequently, assembly formation could also be
observed with the appearance of a characteristic second peak, at a higher wavelength,
depending on the amount of additional acetanilide present in the medium (Figures 6.1.6
(A) (b)-(f)). TEM measurements (Figures 6.1.6 (B) – (F)) also indicated that the
spherical NPs formed at the lowest acetanilide concentration self-assembled into
superstructures upon addition of acetanilide. The self-assembled NPs could be again
disassembled by dilution followed by ultrasonication as described before.
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Figure 6.1.6. (A) UV-visible spectra of Au NPs prepared with acetanilide using Method-II. The
concentrations of acetanilide in the final solutions were (a) 14.58mM, (b) 18.95mM, (c) 23.30mM,
(d) 27.71mM, (e) 32.07mM and (f) 36.45mM respectively. (B) TEM picture of Au NPs from
solution corresponding to (A (a)). (C) TEM picture of corresponding solution (A (e)). (D) and (E)
Expanded views of (C). (F) SAED picture of Au NPs obtained from (C). (G) UV-vis spectrum of
solution in (A (e)) after dilution followed by ultrasonication.

(H) TEM picture of particles

The UV-vis spectrum and TEM image of the disassembled particles are shown in Figures
6.1.6 (G) and (H) respectively. Interestingly, while the transverse plasmon resonance peak
was enhanced at the end of ultrasonitation and the longitudinal peak intensity decreased
substantially, however, it was persistent albeit very weak. TEM studies also indicated that
there was the presence of small number of fused particles in addition to single spherical
particles. A better view of the fusion is shown in the high-resolution TEM (HRTEM) image
in Figure 6.1.6 (I), and which clearly demonstrates the fusion of the NPs. This indicates that
during the process of self-assembly - in the presence of excess acetanilide - some of the NPs
were fused while most of them remained separated by the intervening acetanilide layers. It
is important to mention that when the NP-containing solution (self-assembled at higher
concentration of acetanilide) was diluted and not subjected to ultrasonication there was no
change in the absorption spectra for days indicating the stability of the assembly even under
dilution condition.
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Figure 6.1.7. A schematic representation of formation of assembly and disassembly of Au NPs
using acetanilide as a mediator. Here (A) represents solution dilution followed by ultrasonication
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On the other hand, when the disassembled NP solution was concentrated by
centrifugation and acetanilide was added, formation of self-assembly could again be
observed as was evidenced by UV-Vis spectroscopy (not shown here). The overall
outcome of observations of the present studies is represented schematically in Figure
6.1.7.
The above results demonstrate the formation of unusual self-assembled Au NPs in
chain like arrays in the absence of any extraneous template, other than the sparingly soluble
acetanilide, whose properties in aqueous solution possibly lead to the formation of the
structures associated with the assemblies. The linear arrays, which are responsible for the
associated uniaxial coupling of isotropic surface plasmon of the NPs, lead to the local field
enhancement along the Au NPs chain, resulting in the appearance of the longitudinal band at
higher wavelengths in the UV-vis spectra19-20. Moreover, the length of the chain-like arrays
increases with the solution concentration of acetanilide thus increasing the number of NPs
associated with each assembly, which in turn increases the wavelength of longitudinal
excitation. Further, with increased concentration of acetanilide a number of bifurcations and
enclosed loops are produced, extending the network of interconnected Au NPs chains
(Figure 6.1.3). These extended network formation, while accommodating a larger number of
interconnected NPs, does not lead to further change in the length of the one-dimensional
arrays of NPs, which can be associated with the constant peak position related to the
longitudinal plasmon resonance. In brief, at higher concentrations of acetanilide the length of
the chain does not necessarily increase; they branch out instead. It is worth mentioning here
that at even higher concentrations of acetanilide precipitation occurred (due to insolubility of
acetanilide) thus preventing further studies in this regard.
In order to understand the formation of assemblies of Au NPs involving acetanilide,
proton NMR spectra of a sample consisting of linear chain like arrays of Au NPs were
recorded. The acetanilide capped Au NPs prepared using the highest concentration of
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acetanlide (36.45 mM) in Method-I was allowed to settle by keeping at room temperature for
one day after its preparation.
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Figure 6.1.8. 1H NMR spectrum of pure acetanilide (a) acetanilide capped Au NPs (b) dispersed

The precipitate was collected and washed with water for five times to remove the excess,
uncapped acetanilide. The excess water in the precipitate was removed by lyophilization.
The powder of acetanilide capped Au NPs was then dispersed in CDCl3, which was used for
recording NMR spectrum. Figure 6.1.8 (a) shows the proton NMR spectrum of acetanilide.
Three different types of peaks are seen in the spectrum. The peak at 2.15 ppm is due to
methyl protons attached to the carbonyl group of acetanilide and the proton of secondary
amine group attached to phenyl occurred at 7.40 ppm. In addition, multiple peaks appeared
in the region between at 7 and 7.6 ppm due to aromatic protons of acetanilide. On the other
hand, Figure 6.1.8 (b) shows the proton NMR spectrum of acetanilide capped Au NPs. It
was observed that peak at 7.40 ppm of pure acetanilide (due to amine proton) had shifted to
high field at 3.52 ppm and is possibly due to protonation in the presence of acid. Further, two
singlet peaks appeared at 2.174 ppm and 2.185 ppm. One of them could be due to methyl
protons of protonated acetanilide that is bound to NPs, while the other one could be due to
acetic acid produced due to partial hydrolysis in the presence of acid. Thus the protonated
acetanilide molecules that are bound to the surface of the Au NPs in the medium, lead to the
creation of local excess cationic charge at higher concentration of acetanilide, resulting in
the formation of asymmetric distribution of charge on the surface of the NPs19. This
possibly results in the formation of dipoles involving asymmetric deposition of protonated
acetanilide on the negatively charged surfaces of the NPs.

In other words, when the

concentration of acetanilide is gradually increased, the extrinsic dipolar interaction increases
progressively; and when this interaction become strong enough to overcome the
interparticles electrostatic repulsive forces, the formation of uniaxial organization of Au NPs
into linear chain like array takes place. In addition, the interparticle cohesion within the
chains and networks could further be reinforced by the hydrophobic moieties of benzene ring
present in the surface bound acetanilide molecules providing overall stability to the arrays
(Figure 6.1.8 (b)). At the lowest concentration of acetanilide it is plausible that stabilized
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NPs were well dispersed in water and thus stable individual spherical NP could be obtained.
At concentrations higher than the solubility at room temperature (1 mg mL-1), the
individually stabilized NPs that were produced at boiling conditions, would self-assemble
when cooled to room temperature. In this way self-assembly into linear or other
superstructures would be more stable at higher concentrations of acetanilide. Thus the
formation of necklace-like chains of NPs could be possible. The molecular forces
responsible for the association prevents the breakage of the structures under simple dilution
as the interaction between the NPs and protonated acetanilide may be higher than the one
provided by the solvent to the stabilized NPs. On the other hand, when the solution is
diluted and subjected to ultrasonication these structures break into single particles as the
forces holding the assembly may not be sufficient enough to survive the energy of ultrasonic
waves, favoring reformation of spherical Au NPs surrounded by protonaed acetanilide,
which is already at lower concentration (due to dilution of the original solution).

6.1.4 Conclusion
In a nutshell, we have presented a facile way of using ‘soft interactions’ in the
formation of assembly and disassembly of Au NPs stabilized by sparingly soluble acetanilide
in water, and with controllable optical properties of the assembly by tuning the concentration
of the stabilizing agent alone.

This is different from all previous methods where the

concentration of the parent salt or additional reagent (seed) was used as the control
parameter in generating the assembly. Further investigations are needed to understand the
complete mechanism of assembly and disassembly formations and applications. Also,
another important application of the assembled NPs, which is systematic generation of Au
NPs-polyaniline composite from the different assemblies, will be reported subsequently.
The present work hopefully would not only pave the way for molecular tuning of
nanoparticle assembly but also systematic generation of hybrid assemblies with controllable
material properties.
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6.2 Surface Area Controlled Differential Catalytic Activities of One
Dimensional Chain-Like Arrays of Gold Nanoparticles
6.2.1 Introduction
In the previous section, acetanilide molecule was used to synthesize Au NPs and
their subsequent formation of self assembly. However, the method inherently limits the
organization of NPs in terms of choice of constituent particle sizes. This could be avoided
by organization of presynthesized NPs (by using other known reagents and stabilizers) using
acetanilide for organization only. Herein we report the use of sparingly soluble acetanilide
to organize citrate stabilized Au NPs into 1D chain-like array of superstructures in water.
Interestingly, the extent of organization i.e. the length or branching of arrays could be
controlled by the concentration of acetanilide. Our observations suggest that the presence of
strong electric dipole coupling on the surface of Au NPs along with reduction of electrostatic
repulsion forces between the citrate stabilized Au NPs - by introducing protonated
acetanilide - facilitated the formation of linear superstructures. More interestingly, the
organized Au NPs were catalytically active and the extent of activity depended on the level
of organization. The catalytic activities were tested by reduction of 4-nitrophenol (4NP) into
4-aminophenol (4AP) using excess sodium borohydride. The effective surface areas of the
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Au NPs in the organized assemblies were then calculated from the rate constants of the
above reactions. The results indicate that the effective surface area for catalysis decreased
linearly with the concentration of acetanilide. The present experimental observations also
indicate that the assembled NPs were fused together in the presence of excess borohydride,
which also contributed towards the reduction of effective surface areas.

6.2.2. Experimental Section
Material
Hydrogen tetrachloroaurate (HAuCl4, 17 % Au in HCl as purchased from Sigma
Aldrich), tri sodium citrate (99% from Merck), acetanilide (99 %, from Merck), sodium
borohydride (NaBH4, 95 %; Merck), and 4-nitrophenol (95 %; Merck) were used as
received without further purification. Milli-Q grade water was used in all the experiments.

Table 6.2A. The different concentrations of acetanilide added into citrate capped Au NPs.

Amount of
acetanilide in 10
mL water (mg)

Concentration of
acetanilide in 10
mL water (mM)

Con of acetanilide after
mixing 1 mL citrate ion
capped Au NPs. (mM)

5.0

3.7

3.2

7.5

5.5

4.8

10.0

7.4

6.4

12.5

9.2

8.0

15.0

11.1

9.7

17.5

13.0

11.3

20.0

14.8

13.0

22.5

16.6

14.5

25.0

18.5

16.2
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27.5

20.3

17.7

30.0

22.2

19.4

Synthesis of citrate stabilized Au NPs
Typically, 15.0 mg of trisodium citrate was added to 50 mL water in a 100 mL
conical flask and the mixture was stirred under ice-cold conditions, followed by the addition
of 600.0 μL of 17.3 mM of HAuCl4. 1.2 mL of freshly prepared 10.0 mM sodium
borohydride solution was slowly added to the reaction mixture under stirring condition.
Finally, the stopper was tightly closed and the stirring was continued for 2 hrs more under
the same condition. After 2 hrs, the color of the solutions appeared ruby-red, indicating
formation of Au NPs. The pH of the solution was found to be 4.0.
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Preparation of acetanilide solution
A given amount of acetanilide was added to 10 mL water and this mixture was
heated at 90oC to dissolve all the solid acetanilide. Finally, the solution was brought to room
temperature. The final pH of the solution was made to be 3.0 by addition of 20 μL of 0.226
M HCl to the mixture. The amount of acetanilide and final concentration of acetanilide for
various mixtures are given in Table 6.2A.
Mixing aqueous acetanilide with citrate capped Au NPs
Several samples of 1.0 mL of the above citrate ion capped Au NPs solution (2.477 X
1015 particles / L) were taken in 30 mL vials. Aqueous acetanilide solutions of different
concentrations were slowly added to different vials containing the Au NPs. The mixtures
were kept at room temperature for 30 min. The final pH values of the solutions were
measured to be 3.5. The solutions were used for all studies. The final concentrations of
acetanilide in the above solutions are given in Table 6.2A. Precipitation was observed when
the concentration of acetanilide in the solution exceeded 16.2 mM. However, in all the other
solutions containing lower amount of acetanilide, no visible precipitation could be observe
even after a day.
Catalytic study
Catalytic studies were performed within 2 hrs of addition of aqueous acetanilide to
citrate capped Au NPS solutions. 100.0 µL of each of the Au NP (2.477 X 1014 particles/L)
solutions containing acetanilide were added to 2.5 mL solution containing freshly prepared
10.0 mM of sodium borohydride and 0.1 mM of 4NP solution. The mixture was shaken once
for thorough mixing and then kept in the sample compartment of a UV-vis
spectrophotometer. Time dependent UV-vis absorption was recorded at 400 nm. The studies
were performed at room temperature.
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Characterization study
UV-vis absorption spectra of the samples were recorded, using a Hitachi model
U-2800 or Perkin Elmer model Lambda 35 UV-visible spectrophotometer, in the range of
300 to 1100 nm. FT-IR spectra of the pure acetanilide and acetanilide treated citrate capped
Au NPs were measured using a Perkin-Elmer Spectrum One spectrometer. For acetanilide
treated citrate stabilized Au NPs, the following procedure was followed for sample
preparation. After addition of acetanilide (19.4 mM) into citrate ion capped Au NPs, the
solution was subjected to centrifugation at 15000 rpm and at 20oC. The pellet was washed
with water. The cycle was performed thrice before collecting the pellet, which was air-dried
and then mixed with KBr to record FTIR spectrum. Similarly, solid acetanilide was mixed
with KBr to make a pellet for FTIR measurement. FTIR spectra were recorded in the region
of 4000-400 cm-1. TEM measurements were performed using a JEOL-2100 equipment
operating at an acceleration voltage of 200 kV. The TEM samples were prepared by placing
a drop of liquid on carbon coated copper grid (400 mesh) followed by evaporation of the
solvent at room temperature.

6.2.3 Result and Discussion
Citrate stabilized Au NPs prepared by sodium borohydride method in the presence of
trisodium citrate, produced particles with uniform sizes. TEM image, shown in Figure 6.2.1
(a) indicated the formation of spherical particles with average diameter 5.0 + 1.7 nm (Figure
6.2.1 (b)). A high resolution TEM (HRTEM) image, which is shown in Figure 6.2.1 (c)
indicates that the particles were in spherical in nature. The UV-vis spectrum of the Au NPs
consisted of a single peak with maximum at 527 nm, which is characteristic of spherical Au
NPs. Addition of aqueous solution of acetanilide into citrate ion capped Au NPs (2.48 X
1015 particles / L) led to change in color of the solution from red to pale pink and finally to
blue with progressive increase in the concentration of acetanilide. Figure 6.2.2 shows the
UV-vis spectra of Au NPs in the presence of various concentrations of acetanilide. The
spectra were recorded 30 min after addition of acetanilide. As is evident from the figure, the
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spectrum consisted of a single peak at 527 nm at the lowest concentration of acetanilide (3.2
mM).
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Figure 6.2.1. (a) Transmission electron micrograph (TEM) of citrate capped Au NPs prepared by
sodium borohydride method. (b) Histogram of particle size distribution of citrate ion capped Au
NPs. (c) High resolution TEM (HRTEM) picture of a few particles shown in (a) and the inset in
(c) is the selected area electron diffraction pattern of the particles.

When the concentration was increased broadening of the peak started to occur until the
concentration was 6.4 mM. However, upon further addition of acetanilide (8.0 mM - 11.3
mM) a second peak appeared at 650 nm, as a shoulder to the first peak. On the other hand,
when acetanilide concentration was further increased to 13.0 mM or higher a clear second
peak at 700 nm appeared in addition to a slightly red-shifted first peak at 535 nm. The results
thus indicate that addition of excess acetanilide led to appearance of a peak due longitudinal
SPR. Further, the peak due to the transverse SPR of Au NPs was not affected much by the
change in concentration of acetanilide. The results also imply that at increasing
concentrations of acetanilide, the number of Au NPs involved in the linear assembly
formation increased progressively. However, after a certain concentration of acetanilide no
change in the peak due to longitudinal SPR could be observed.

This may be due to

additional Au NPs that might not be available for increasing the length of the assembly. The
results indicate that the particles were self-assembled into unidirectional chain-like array of
superstructure, which is responsible for the formation of longitudinal SP band at higher
wavelength owing to the strong uniaxial coupling along the linear array.1
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Figure 6.2.2. The UV-Visible spectra of citrate capped Au NPs with different concentration of
acetanilide. The numbers in the inset table indicate the concentration of acetanilide in the medium.

Further, in order to understand the formation of self-assembly of Au NPs, TEM
measurements were carried out from samples containing citrate capped Au NPs with
different concentrations of acetanilide.
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Figure 6.2.3. TEM images of citrate capped Au NPs in the presence of different concentration of
acetanilide. The concentrations of acetanilide in the samples were as follows: (a) 3.2 mM, (b) 4.8
mM, results
(c) 9.7 mM,
13.0 mM
and (e) and
(f) 19.4
mM.lowest concentration of acetanilide, the
The
are (d)
shown
in Figure
6.2.3.
At the

particles were dispersed rather uniformly in the medium without any major orderly
arrangement other than evaporation induced aggregation of Au NPs (Figure 6.2.3 (a)).
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However, at increased concentrations of acetanilide formation of linear arrays could be
observed (Figures 6.2.3 (b), 3 (c) and 3(d)). The results suggest that the length of the
assemblies increased with the increase in concentration of acetanilide For example, at 4.8
mM - 9.7 mM acetanilide concentrations the assemblies were typically of 50-150 nm in
length, whereas at 19.4 mM the lengths were more than 100 nm. It is also interesting to note
that at higher concentrations the branching of the arrays was more prominent than further
increase in the length of the assembly. For example, at 6.4 mM concentration of acetanilide,
77% of the assemblies were linear, while the rest were branched assemblies (Figure 2.2.5A;
Appendix I). On the other hand, at 19.4 mM of acetanilide 80% branched assemblies were
present, while the number of linear assemblies was reduced to 20%. The details of
concentration dependent branch formation are given in Table 6.2B.
Table 6.2B. Branching of linear assemblies of Au NPs in the presence of increasing concentration
of acetanilide. Refer to Appendix-II.

Concentration of
acetanilide (mM)
3.2
6.4
9.7
19.4

Linear chains (%)

Branches (%)

77
53
20

23
47
80

Additionally, at higher acetanilide concentrations formation of loops from the extended
arrays could also be observed. That led to the formation of interconnected networks of
particle assemblies (Figures 6.2.4 (e) and (f)). HRTEM measurements indicated that the
organization of NPs by excess acetanilide led to linear superstructures consisting of fused
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and non-fused particles. The number of fused particles and non-fused particles had no
apparent correlation with the concentration of acetanilide present in the medium. Further, in
order to understand the role of the acetanilide molecules on the assembly formation, FTIR
spectroscopic measurements of acetanilide treated citrate capped Au NPs (Figure 6.2.5 (b))
were carried out. The broad peak in the region of 1647 cm-1 is due to the characteristic peak
of amide-I stretching vibration. The low intensity peak around 1547 cm-1 is attributed to the
amide-II, N-H band. Besides that, additional peaks that appeared in the region of 1500 cm-1
and 1600 cm-1 correspond to the aromatic ring and a broad peak in the region of 3300-3400
cm-1 is due to the N-H stretching vibration.
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Figure 6.2.4. TEM images of citrate ion capped Au NPs treated with different concentrations of
acetanilide. The concentration of acetanilide for the sample in (a) and (b) was 4.8 mM, (c), (d) and
(e) was 13.0 mM, and (f), (g), (h) and (i) was 19.4 mM. (b) is an expanded version of (a); (d) and
(e) are expanded views of (c) and (g), (h) and (i) are expanded views of (f).

Further, it has been proposed that the peaks at 1500 cm-1 and 1600 cm-1 could be due to
symmetric and asymmetric deformations of protonated –NH group of acetanilide.2a The
result implies that acetanilide molecules were bound to the surfaces of the Au NPs. In an
earlier set of experiments (refer to previous section) we have observed that Au NPs could be
generated by reaction of acetanilide with HAuCl4, followed by formation of linear
superstructures in the form of assembled Au NPs.2b However, that method produced Au
NPs with broad size distribution, which could not be used effectively for surface area
controlled catalytic activity studies. Interestingly, the results also support the stabilization of
Au NPs by acetanilide. Proton NMR studies of the acetanilide stabilized Au NPs revealed
that protonation of acetanilide in the stabilized Au NPs.2b This is reasonable considering the
fact that the medium in the experiments was acidic.
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Figure 6.2.5. FTIR spectrum of acetanilide (a) and (b) is that of the citrate stabilized Au NPs
treated with acetanilide.

The above results demonstrate that protonated acetanilide organized citrate stabilized
Au NPs into linear superstructures. It is interesting to note that Au NPs even though
stabilized by citrate could be organized by acetanilide in the acidic medium. The negatively
charged citrate stabilized Au NPs may interact with positively charged protonated
acetanilide leading to structures that would favor strong dipolar coupling for extending the
structures. This in turn may lead to the formation of linear superstructures via orientation of
the dipoles. At higher acetanilide concentrations the formation of branched structures would
be favored as the Au NPs being symmetrical in nature may constitute multiple nucleation
centers from the same particles into different direction. The particle would then act as the
nucleation head of the branched structures. It is important to mention here that van der
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Waals interaction between the benzene rings of acetanilide may also play a critical role in
the formation of organized assembly.3-4 According to the Lin et al, 5 the formation of 1-D
superstructure of the Au NPs is favored by the spatial portioning of the citrate/MEA
(2-mercaptoethonol) on the Au NPs surface. Their conclusion was that the presence of
mixed citrate/MEA stabilization shell is a prerequisite for the uniaxial organization of Au
NPs into short chains by inducing extrinsic dipolar interactions. On the other hand, Wang et
al6 reported that formation of permanent electric dipole moment among the Au NPs may
originate from the non-uniform distribution of the stabilizers on the surface of the NPs due
to the different crystallographic faces present on the Au NPs. This could possibly be a reason
for uniaxial organization. In the present scenario addition of acetanilide into citrate capped
Au NPs may partially remove capping molecules (citrate ions) which would be replaced by
protonated acetanilide molecules. The preferential replacement could be decided by the
nature of faces present on the crystal.2a This would lead to the formation of a dipole which
may cause preferential alignment of neighboring Au NPs. At higher acetanilide
concentrations, the dipolar interaction alone may not be prominent.7 However, pi-pi
interactions between the benzene rings could possibly lead to aggregation in the form of
branched head.
We were further interested in finding the catalytic activities of the assemblies formed
under different acetanilide concentrations. This could possibly shed light on the available
catalytically active surface area of Au NPs in an assembly and its variations across the
assemblies. We have chosen a well-known reaction involving reduction of 4NP to 4AP by
sodium borohydride,8 catalyzed by Au NPs present in different assemblies generated in the
present experimental conditions. Also, as the reduction of 4NP by excess NaBH4 is
negligible in comparison to that in the presence of Au NPs, the catalysis could be followed
quantitatively. Further, since the concentration of borohydride was used in excess, the
reaction could be considered pseudo first-order with respect to the concentration of 4NP.
The rate equation can be written as9
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(1)
Here, kapp is the apparent rate constant, which can be assumed to be proportional to the
total available surface area(s) of assembled Au NPs (per unit volume of the reaction
mixture). Ct is the concentration of 4NP at time t, and k is the rate constant normalized to
the surface area (s) of the Au NPs. The conversion of 4NP into 4AP was measured by the
time-dependent decay of absorbance at 400 nm. It is worth pointing out here (as mentioned
before) that appearance of the absorbance maximum at 400 nm is due to the formation of
4-nitrophenolate ion, which occurred immediately after addition of NaBH4 to the system.10

Figure 6.2.6. Absorption spectra (a) of Au NPs ((2.477 X 1014 particles/L)) in the presence of NaBH4
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Further, since the amount of Au NPs used for catalysis in all the samples was small
(significantly diluted from the original sample), the absorption due to them in the region of
probe was negligible and hence did not interfere with the present set of studies. The UV-vis
spectra of diluted Au NPs (with concentration being same as that in the catalysis media)
treated with NaBH4 and that of the same after addition of 4NP are shown in Figure 6.2.6.
The results clearly demonstrate the fitness of the present method of following decay kinetics
of 4NP using UV-vis spectroscopy, in the presence of very small quantities of Au NPs. Since
the absorbance of 4NP is proportional to its concentration in the medium, the ratio of
absorbance at time t (A) to that t = 0 (Ao), i.e. A/A0, could be used as the ratio of
concentration of 4NP at time t to that at t0 (i.e., A/Ao = C/Co). As shown in Figure 4a, the
logarithm of rate of decrease in the concentration of 4NP is close to being linear with time
indicating first order decay. This is true for all the samples. However, what is interesting to
note is that the rate of decay of concentration of 4NP was related to the amount of
acetanilide that was originally present at the time of formation of assembly; the higher was
the concentration the slower was the rate of decay. Moreover, in some of the reactions the
presence of induction period was apparent, which could be due to time taken for the
activation of catalyst (assembled Au NPs). Similar behavior with NP catalyst has been
observed previously by other groups.11 It is important to remember that at the time of
formation of assembly as well as for the catalysis studies the total number of Au NPs was
constant (2.48 X 1014 particles/L). This means the rate of decay of 4NP was directly related
to the nature of assembly formed in the medium. The longer was the assembly or higher was
the number of branched assemblies, the slower was the rate of decay of 4NP. For example,
when the acetanilide concentration was 3.2 mM the reaction was over in 1275 s. However
when the concentrations were 6.4 mM, 9.7 mM, 13.0 mM, 16.2 mM and 19.4 mM the times
of reaction completion were 1342 s, 1513 s, 2138 s, 2634 s and 3600 s respectively. The
results are shown in Figure 6.2.7 (a). The results indicate a linear dependence of kapp on the
concentration of acetanilide (Figure 6.2.7 (b)). The results shown in Figures 6.2.7 (b) and
6.2.7 (c) were further used to calculate the effective surface areas of assemblies that were
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involved in the catalysis. The individual graphs were subjected to linear fit for obtaining a
value of Kapp. The surface areas were then calculated using equation (1). In order to pursue
this, the particle sizes of the sample with as-prepared citrate stabilized Au NPs were taken as
5.0 nm and particles were assumed to be spherical. The total surface area of all the particles
present in the medium was then calculated (Appendix II). This provided a value of rate
constant (k) which was found to be 0.6532 m-2 L s-1. It may be pointed out here that when
the experiments were carried out in absence of acetanilide but by diluting the Au NPs as
above, the rate of the reaction was slower. For example, instead of adding 7.0 mL of
acetanilide at different concentrations, 7.0 mL of water was added into the citrate ion capped
Au NPs (pH 3.5).
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Figure 6.2.7. (a) The normalized decay of 4NP absorbance with time at 400 nm catalyzed by Au
NPs in different assemblies. The numbers in the panel indicate the concentration of acetanilide. (b)
Plot of ln (Ct/C0) of 4NP with time. The numbers in the inset indicate the concentration of
acetanilide in the medium. (c) The plot of apparent rate constant with different concentration of
acetanilide and (d) is plot of effective surface area versus acetanilide concentration.
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The resulting Au NPs were then subjected to the catalytic reduction of 4NP into 4AP under
the same condition. The rate of the reaction was found to be slower than that with the one
treated with 3.2 mM acetanilide prior to catalysis (with the same total Au NPs per volume).
A comparison of the catalytic decay of 4NP by Au NPs in the absence and presence of 3.2
mM acetanilide, shown in Figure 6.2.8, clearly indicate the difference in the catalytic decay
rate. TEM results indicate that at the reaction pH (i.e. at 3.5) considerable agglomeration of
the Au NPs (in absence of acetanilide) took place thereby reducing the effective surface area
for catalysis (Figure 6.2.9). In brief, the presence of acetanilide provides an easy control of
reaction surface area in the form of linear assemblies of the Au NPs, whereas in absence of
the same the Au NPs agglomerated into lumps of particles.

Figure 6.2.8. Catalytic decay of absorbance of 4NP by Au NPs in the presence and

absence of 3.2 mM acetanilide. Other reaction conditions were the same.

The effective surface areas of all the assemblies were then calculated and the results are
plotted in Figure 6.2.7 (d). The figure certainly indicates that the surface area available for
catalysis in the assemblies was linearly proportional to the concentration of acetanilide, and
the effective surface area decreased with increasing concentration of acetanilide. This
observation shows that catalytic activity at a given temperature depends on the total
available surface area (S) of the Au NPs. This is reasonable when we consider that the
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catalysis takes place on the surface of the Au NPs.9a Ballauff et al reported that the catalytic
activity is strongly dependent on the total available surface (S) of the NPs present in the unit
volume of the system.12 Recently, we have reported that the apparent rate constant (kapp)
linearly increases with increasing the number of metal NPs (of same size and shape) in the
system.13

Figure 6.2.9. Typical transmission electron microscopic images depicting the agglomeration of
GNPs in the reaction medium into lumps of particles, in the absence of acetanilide.

In the present investigation, the results suggest that catalytic activity of Au NPs – which is
related to the total available surface area of the NPs - could be affected when the Au NPs are
self-assembled into linear chain-like networks. Longer is the network or more branched is
network of assembly slower is the rate of catalytic reaction.
Investigation of the morphology of the assembly of Au NPs after catalysis indicated
the formation of fibrous structures in the process. TEM images of the assemblies of Au NPs,
formed with 16.2 mM acetanilide and recorded after completion of the catalytic reaction are
shown in Figure 2.6.10. Clearly, the assemblies led to the fiber formation due to fusion of
the NPs keeping the original motifs generated during the assembly formations retained in the
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fibers. More interestingly, the structures indicate that in solution the assemblies were truly
one-dimensional, with occasional branched structures and not other forms of
two-dimensional assemblies that the TEM images (Figure 6.2.3) before fusion might
otherwise suggest. In other words, the agglomeration of particles seen in TEM images in
Figure 6.2.3 could be the result of evaporation, whereas in solution the structure of the
assembly is one-dimensional. Further, HRTEM images shown in Figures 6.2.10 (c) and (d)
indicate that the particles were fused together along the same faces. This is evident from the
lattice fringes observed across two fused particles. Thus the fibers were made of assembled
Au NPs and no organic molecule was present in between the particles.
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Figure 6.2.10. (a) TEM images of the assembly after catalysis, (b) is the expanded view of (a) and (c)
and (d) are the high resolution images of (a). The insert in (d) is the selected area electron diffraction
pattern of the fibers. The concentration of acetanilide used in this study was 16.2 mM.
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From the lattice fringes of the fused particles, when lattice plane spacing was calculated a
value of d = 0.23 nm was obtained.14-15 This value corresponds to the spacing of the (111)
faces of GNP, which shows that particles in the assemblies were fused along (111) faces.
SAED patterns of the nanofibers (Figure 5d; inset) consisted of diffraction due to (111),
(200), (220) and (311) places of Au.2a

Another question may arise about the time of formation of the fibers from the
self-assembled arrays of Au NPs in the medium. This is important as that would define the
nature of effective surface area available for catalysis during the course of the reaction. Our
observations indicate that addition of NaBH4 to the assemblies led to the fusion of Au NPs
in the assemblies. This could be similar to observations by Tang and coworkers in which
they found that fusion of NPs occur via partial removal of stabilizers.16 Typical TEM
images corresponding to fibers formed upon addition of NaBH4 to an assembly of Au NPs
(with acetanilide concentration being 16.2 mM) are shown in Figure 6.2.7A ((a)-(c)). The
figure clearly indicates that the nature of fibers formed upon addition of NaBH4 is the same
as that observed after completion of the reaction. Control experiments with 4NP and 4AP
did not show any agglomeration of particles ruling out their contribution in the fiber
formation (Figure 6.2.7B: Appendix-III). Also, TEM images recorded from samples taken
from catalysis reaction mixture at 5 min, 10 min and 30 min intervals were found to be
identical (Figure 6.2.7A (d)-(f)) and of the same shape and dimensions of those formed
upon addition of NaBH4. The results show that during the course of the reaction there is no
change in shape, size or morphology of the fibers. Therefore the catalyses carried out in all
the experiments reported here were due to fibers formed upon fusion of Au NPs. Their
overall length and effective surface areas were responsible for the differences in the rate of
the reaction observed herein.
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6.2.4 Conclusion
We have reported a simple and facile method to generate linear chain-like networks
of superstructures by addition of acetanilide into spherical citrate ion capped Au NPs. In
solution the superstructures were stable in the formed of assembled Au NPs. Upon addition
of NaBH4 the Au NPs were fused leading to the formation of nanofibers based on the motifs
of the original assemblies. The length of the nanofibers and their branches were dependent
on the concentration of acetanilide present in the assembling medium. Interestingly, the
effective surface areas of the assemblies were linearly dependent on the concentration of
acetanilide. The rates of the reactions were dependent on the available surface area which
was indirectly dependent on the concentration of acetanilide. It may be mentioned here that
poisoning of metal catalyst by amine is known and may also contribute to overall reactivity.
However, fusion of Au NPs into fiber could be the primary reason for the reduced catalytic
activity. Essentially the present method offers a way of controlling effective catalytic surface
areas of catalytically active Au NPs through the formation of assembly followed by the
formation of fibers. The molecular properties of acetanilide were responsible for the
organization into one-dimensional assemblies.
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6.2.5 Appendix I

.
Figure
6.2.5A. TEM images of assembly of Au NPs formed in the presence of 6.4 mM of acetanilide
and citrate capped Au NPs. (a) is the assembly of Au NPs at lower magnification, (b) to (i) are
different magnifications of the image (a). These figures were used to calculate the percentage of
linear and branched structures present in the assembly.
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Calculation of percentage population of linear and branched assembly
In order to estimate the percentage of linear assembly versus branched assembly
formation, the following procedure was adopted. At lower concentrations of acetanilide the
length of assemblies were rather small (less than 200 nm). From a low resolution TEM
image, linear assemblies without any branching were counted as linear. When more than one
linear assembly was joined together by a head then it was considered a branch assembly.
The number of such assemblies was calculated as the number of branched assembly. At
higher concentrations of acetanilide the length of assemblies was rather long (greater than
100 nm). In these cases, from the low resolution TEM, the number of branched heads was
taken as branched assembly, whereas long (greater than 50 nm) assemblies (in the larger
assembly) were considered as linear assemblies. Thus the two percentages were calculated.
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6.2.6 Appendix II
Calculation of number of nanoparticles and fraction of surface atoms using a
spherical cluster approximation model 13, 17.

(eq . 1)

Where,

is the weight of the Au particles in the medium, V is the final volume of the
reaction, M is molar concentration of Au3+ ion and A.wt is the atomic weight of Au atom.

, V= 51.8 mL, M= Final concentration of HAuCl4, 2.0 X 10-4 mol/l, A. wt =
196.97 g/mol.
Here, an excess of sodium borohydride was used for the reduction of Au3+ to Au NPs.
Hence it can be assumed that all of HAuCl4 was converted to Au NPs.
From this solution, 1.0 mL of Au NPs was taken and added to 7.0 mL acetanilide solution
(with a particular concentration of acetanilide). The weight of Au NPs (same as Au) in 8.0
mL solution was 4.924 X 10-6 g/mL. From this solution, 0.1 mL of Au NPs was used for the
catalysis study.
The weight of the Au NPs in the final 0.1 mL solution was 4.924X10-7 g
From the TEM results, we observed that Au nanoparticles were spherical in shape, and we
can roughly write1, 2,
(eq. 2)
then
(eq. 3)
Here, Vcluster is the volume of a cluster (nanoparticle) and Vatom is the volume of an atom,
Rcluster is the radius of a cluster and Ratom atomic radius and N is the total number of
atoms within the cluster. Rearranging eq. 2 and eq. 3, we obtain:
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(eq. 4)
Knowing the cluster radius we may also calculate the surface (S) area of nanoparticles with
the following equation:
(eq. 5)

Calculation of the amount of gold nanoparticles formed (NNP) when 4.924 X 10-7g of Au
particles was used in catalysis.
The average diameter of the gold nanoparticles was assumed to be 5.0 nm. The number gold
atoms per particles are 6077 (reference 41).
Amount of gold particles used,
No. of gold atoms,

.
No. of nanoparticles in 4.924X10-7 g of Au particles.

Nanoparticles were formed per 4.924X10-7 g of Au.
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Surface area per unit volume

2.477 X 1011 NPs were added to 2.5 mL solution containing 4-nitrophenol (4-NP) and
excess sodium borohydride solution.

for spherical Au NPs.
Calculation of effective surface area of the Au NPs.
The reaction was found to be pseudo first order with respect to 4-NP.
So,
For uniformly dispersed spherical Au NPs in the presence of lowest
concentration of acetanilide. The rest of the values of effective surface area were calculated
using this value of k and from the equation above.
Table 6.2.6A. Results of apparent rate constants and effective surface areas.

Con of acetanilide
(mM)

kapp (S-1) (X 103)

3.2
6.4
9.7
13.0
16.2
19.4

5.03
4.73
4.63
3.20
2.37
1.78

TH-777_05612211

Effective Surface area
(m2/l) (X 103)
7.77
7.24
7.08
4.89
3.62
2.72
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6.2.7 Appendix III

Figure 6.2.7A. (a) and (b) are the TEM images of the nanofibers obtained after addition of 2.5 mL
of 10 mM NABH¬4 to Au NPs solution used for catalysis studies. (c) is the expanded view of (b).
(d) and (e) are the images of nanofibers recorded from the solution of catalysis mixture after 5 min
of addition of reagents. (f) to (i) are expanded views of (e) under different magnifications. The
concentration of acetanilide used in this study was 16.2 mM.
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Figure 6.2.7B. TEM images of Au NP assemblies treated with (a) 0.1 mM 4-aminophenol and (b)
0.1 mM 4-nitrophenol respectively.
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7.1 Acetanilide as a Precursor for Shape and Size Selective
Polyaniline-Au Nanoparticle Composites
7.1.1 Introduction
Recent research endeavors in the area of conducting polymers are leading to
discovery of newer methods of generation of nanoscale shape and size selective polymers
and their composites especially with metal nanoparticles (NPs). For example, significant
research efforts are being put in the field of nanoscale composite materials which consist of
inorganic metal nanoparticles (NPs) and conducting polymers such as polyaniline (PANI),
polypyrrole (PPy) and polythiophene (PT).1-5 It has been realized that composites could be
superior vis-à-vis polymers or NPs, in terms of their combined mechanical, electrical,
electronic, optical and chemical properties6-8 and thus would be amenable to important
application such as electrodes for batteries, non volatile memory devices, immunodiagnostic
assay, sensors and actuators.9-12 Nanoscale composites would take the advantages a few
steps further owing to their size-dependent properties and easier processing opportunities.13
Among the composite materials, polyaniline-Au NP (PANI-Au NP) composites have
attracted extraordinary attention due to their ease of synthesis, environmental stability,
tunable conductivity and unique doping/dedoping chemistry.14-18 It must be mentioned
here that there are significant number of recent works on composites of PANI with Ag NPs,
Cu NPs or semiconductor NPs.19-22 Interestingly, in all the works related to the composites
of PANI, aniline has primarily been used as the monomer, although there are reports of
derivatives of aniline for the synthesis of polymer. However, aniline is a known carcinogen.
It tends to be unstable and polymerize easily in the presence of light and oxidizing species;
and the control over particle size in the polymerization could only be achieved in the
presence of templates such as micelles and other polymers that form particular structures in
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solution. The challenges could be overwhelming when the generation of size and shape
selective nanoscale polymers or composites is sought.
An alternative monomer that has evaded attention is acetanilide - which is a solid and
non-toxic. Acetanilide has unique advantages over aniline because of its environmental and
solvent stability and is amenable to functionalization using well-established synthetic
schemes. Thus selective derivative formation could possibly be achieved for the generation
of polymers or composites with desired properties. However, its low solubility in water
makes it a difficult choice for bulk polymerization. Nonetheless, when it comes to the
formation of nanoscale structures as a result of polymerization the low solubility could
actually be advantageous. We have taken advantage of the low solubility and consequent
structure formation of acetanilide in water, in order to generate systematic shape and size
selective PANI-Au NP nanoscale composites in water, which we report in this chapter.
We have recently observed that HAuCl4 when treated with acetanilide generated
spherical Au NPs and their assemblies at various concentrations of acetanilide.23 These
structures are completely reversible and their optical properties are commensurate with the
level of assembly formation, which could be controlled by controlling the concentration of
acetanilide. Interestingly, when polymerized specific structure formations could be observed,
which were exclusively dependent on the concentration of acetanilide. Our observations
indicate that when the concentration of acetanilide was low spherical Au NP-polymer
composites were formed in the medium. At higher concentrations, these individual particles
gave way to assembly of composite particles. At still higher concentrations, nanofibers of the
composite were formed. Optical properties of the composite were those of the polymer and
they indicate that different oxidation states of the polymer were formed depending on the
concentration of acetanilide, when the concentration of HAuCl4 was kept constant. Also,
acid-base behaviors of the composites were completely reversible. All the composites were
stable in aqueous solutions for couple of weeks - without the need of additional
stabilizer-indicating the presence of well-dispersed nanocomposites. Transmission electron
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microscopy (TEM) measurements indicated the presence of well-dispersed Au NPs in all the
composites with various densities depending on the amount of acetanilide used as the
precursor.

7.1.2 Experimental Section
Materials
Hydrogen tetrachloroaurate (HAuCl4-, 17% Au in HCl as purchased from
Sigma-Aldrich), acetanilide (99 %, from Merck), and ammonium peroxidisulphate (99%
from Merck) were used as received without further purification. Milli-Q grade water was
used in all the experiments.
Synthesis of Au Nanoparticles using Acetanilide
Typically, to seven 30 mL vials, each containing 10 mL of water, 10 mg, 20 mg, 30
mg, 40 mg and 50 mg acetanilide respectively were added. The concentrations of acetanilide
in the vial were thus 7.3 mM, 14.6 mM, 21.9 mM, 29.2 mM, 36.5 mM, 43.7 mM and 51.0
mM respectively. The vials were then heated to 90o C in order to dissolve acetanilide. This
was followed by addition of 20 μL of 17.26 mM of HAuCl4 to each solution while they were
still being heated. These reaction mixtures were then kept on a hot plate under slow boiling
condition for 5 mins. The resulting solutions appeared red in color. This indicated possible
formation of Au NPs. The red colored solutions were taken out from the hot plate and cooled
to room temperature. The solutions were used for further studies.
Synthesis of shape selective composites of PANI-Au NPs
8.0 mL of each of the above (Au NPs in acetanilide) solutions was taken in a 25
mL beaker. To this beaker, a given amount of concentrated hydrochloric acid was added,
followed by stirring for 5 mins. A given amount of solid ammonium peroxydisulphate (APS)
was slowly added to each sample and the stirring was continued till appearance of green
precipitate. The concentration of acetanilide and APS and amount of hydrochloric acid and
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total time to complete the reaction are given in the Table 7.1A. The green precipitate from
the each sample was collected by centrifugation and washed with copious amount of water
and was then subjected to further centrifugation to remove excess APS and the other
oligomers. Finally, the green color precipitates thus obtained were dispersed in distilled
water using ultrasoncation for 10 mins. The solutions were found to be stable for a month
without appearance of any precipitate or change of color.
Table 7.1A. The final concentrations of all reactant, reagents and total time for the formation of
PANI-Au NPs composites in the reaction medium.

Exp:
Name
Exp: 1

Con of
Acetanilide
(mM)
06.87

Amount of
con HCl
added (mL)
0.5

Con of
Total
APS (mM) time
(hrs)
7.7
58

Exp: 2

13.30

0.77

15.0

48

Exp: 3

19.10

1.17

21.6

30

Exp: 4

24.58

1.50

27.6

26

Exp: 5

29.58

1.87

33.3

21

Exp: 6

34.14

2.24

38.5

16

Exp: 7

38.45

2.61

43.3

14
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Analytical Measurements
UV-vis spectra of the samples were recorded using a HITACHI model U-2800
spectrophotometer in the range of 200 to 1100 nm. FT-IR measurements were performed
using a Perkin-Elmer FTIR (Spectrum One) spectrometer. The sample for FTIR
measurements was prepared by air-drying each of the solutions on a glass slide followed by
mixing with KBr in order to make pellet, which was used for recording spectra. All the
measurements were carried out under ambient conditions. Transmission electron microscopy
(TEM) measurements were performed using JEOL-2100 equipment operating at a maximum
acceleration voltage of 200 kV. The TEM sample was prepared by placing a drop of liquid
on carbon coated copper grid (400 mesh) followed by evaporation of the solvent at room
temperature.
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7.1.3 Results and Discussion
Acetanilide is sparingly soluble in water at room temperature and the solubility
increases with temperature. We have observed that at 90oC, aqueous acetanilide (at 7.3 mM
concentration) when mixed with HAuCl4 results in the formation of red color. UV-vis
spectrum (Figure 7.1.1 (A)) of the solution consists of a single peak at 545 nm, indicating
the formation of Au NPs in the medium. TEM measurement indicated the formation of
spherical NPs with sizes in the range of 10-20 nm (Figure 7.1.1 (B)). When the
concentration of acetanilide was kept at 14.6 mM, 21.9 mM, 29.2 mM, 36.5 mM, 43.7 mM
and 51.0 mM, keeping the concentration of HAuCl4 constant, a second peak appeared in the
UV-vis spectrum of each of the above mixtures, in addition to the first peak at the above
wavelength. The wavelength of absorption maximum of the second peak increased with
increasing concentration of acetanilide, with the values appearing at 698 nm. 750 nm, 754
nm, 780 nm and 829 nm respectively at the concentrations mentioned above. TEM
measurements indicated the formation of linear assemblies of NPs with increasing chain
length at higher concentrations. The average particle size of the NPs constituting the
assembly was the same as those formed at the lowest acetanilide concentration.
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Figure 7.1.1. (A) UV-vis spectra of Au NPs prepared with acetanilide concentrations of 7.3 mM (a),
14.58 mM (b), 21.87 mM (c), 29.16 mM (d), 36.45 mM (e), 43.74mM (f) and 51.03mM (g)
respectively. (B) TEM picture of Au NPs from solution corresponding to A (a).

The details of these results have been discussed in Chapter 6. Interestingly, when additional
conc. HCl was added to each of these solutions the second peak vanished and the intensity of
the first peak increased. This indicted that the assemblies dissociated into constituent
spherical particles at higher acidity. Since the assemblies were broken and consequently had
no role in the formation of PANI-Au NP composite, the details of the above results are
omitted here.
Further, when APS was added to a solution containing excess acid treated Au NPs,
which was generated by reaction of 14.6 mM of acetanilide and HAuCl4, green coloration of
the solution was observed. UV-vis spectrum (Figure 7.1.2 (A)) of the solution consisted of
peaks at 430 nm and 816 nm. In addition, there was another peak occurring in the region of
285-320 nm. These peaks are characteristic of polyaniline that was formed in the medium.
For the samples with initial acetanilide concentrations of 21.9 mM and 29.2 mM, the
intensity of the peaks increased (in comparison to when starting with 14.6 mM of
acetanilide) indicating formation of increased amount of PANI under the reaction condition.
On the other hand, when the concentrations of acetanilide were kept at 36.5 mM or 43.7
mM, a new peak appeared at 620 nm in addition to other peaks. The absorption peak in the
range of 285-320 nm is due to the two different Π- Π* transitions of the benzenoid ring and
transition from the low lying orbital of the Πq orbital (quinoid ring system) respectively.24
Further, when the initial concentration of acetanilide was kept at 51.0 mM or higher, the
intensity of the peak at 816 nm was increased with concomitant gradual decrease of the peak
at 620 nm. It has been proposed that the peak at 620 nm is due to partially protanated form
of emaraldine salt and the peak at 816 nm can be attributed to the interchain charge
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transition of polaran- Π* transition.25 This is possibly due to the insufficient amount of acid
present in the medium at the time of polymerization reaction.26a, 26d The above results
indicate that PANI was formed in the medium for all the samples, possibly in the form of
PANI-Au NP composite. However, the level of oxidation of PANI depended on the amount
of acetanilide present at the initial stage (as revealed from the UV-vis spectroscopic
measurements). For example, PANI, generated at the lowest concentrations of acetanilide
(14.6 mM), consisted of both benzenoid and quinoid form as the amount of acid present was
excess. However, at the concentrations of 36.5 mM 43.7 mM, both the benzenoid and
qunoid forms were formed but the level of protonation is different from that at the lowest
concentration of acetanilide generated PANI.
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Figure 7.1.2. (A) The UV-Visible spectrum of composite PANI-Au NPs with different concentration
of acetanilide in the presence of AuNPs. (B) After NaOH treated with (A), (C) Again HCl treated
with (B).
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When the polymers formed in presence of Au NPs and under different acetanilide
concentrations, were further treated with base (at pH =12.0) all of them were converted to
emeraldine base form as was evident from the UV-vis spectra shown in Figure 7.1.2 (B). In
all the spectra, the peak characteristic of the base form appeared at 585 nm. Further, when
they were treated with acid (pH = 2.3) all of the polymers were converted into emeraldine
salt form with characteristic peak at around 800 nm (Figure 7.1.2 (C)). These experimental
results suggest that the PANI formed under the reaction conditions and in the presence of Au
NPs could reversibly be converted between emeraldine salt and base form by treatment with
acid and base respectively. The results indicate that the optical and possibly electrical
characteristics of PANI were retained when generated from acetanilide and in the presence
of Au NPs. In other words, the polymers, formed in the presence of Au NPs and starting
with acetanilide as the monomer, are acid-base sensitive and the polymers generated in all
samples were the highly conductive emaraldine PANI.27

Figure 7.1.3. FTIR spectrum of PANI-Au NPs composite of the corresponding sample Exp: 5
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Further evidence for the formation composite PANI-Au NPs, came from FTIR
measurements which were carried out for all the samples produced at various initial
acetanilide concentrations. A typical FTIR spectrum corresponding to Exp: 5 is shown in
Figure 7.1.3.
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Figure 7.1.4. The transmission electron microscopy of PANI-Au NPs composites, (A) TEM images
obtained from EXP:1 (B) and (C) are expanded view of (A), (D) SAED is obtained from figure (C)
and image(E) is obtained from Exp:2 and (F) is expanded view of (E)

The spectrum consists of a peak in the region of 3500-3200 cm-1, which can be attributed to
be due to the N-H stretching vibration and the peak occurring at 3000-2800 cm-1 is due to
aromatic C-H stretching vibration. On the other hand, the absorption peak at 1636 cm-1 is
characteristic of N=C- stretching mode of quinoid ring. The band at 1565 cm-1 and 1497
cm-1 are due to the deformation mode of the quinoid and benzene ring. The vibration peak
at 1287 cm-1 is attributed to protonated C-N group, which is possibly responsible for the
interaction of Au NPs with PANI. The absorption band at 1136 cm-1 is due to the in-plane
bending vibration of C-H, while C-H out of plane deformation mode occurred at 814 cm-1.
Thus the peaks present in the FTIR spectrum indicate the formation PANI in the
medium.13a Similar FTIR spectra were obtained for the other composites prepared at
different initial acetanilide concentrations. In brief, PANI-Au-NP composites were formed in
all the samples prepared with different amount of acetanilide.
Interestingly, further investigation of the products by TEM revealed the formation of
various structures of the polymer-Au-NP composite depending on the initial concentration of
acetanilide. For example, at the lowest concentration of acetanilide (7.3 mM) used small,
spherical raspberry-like nanoparticles were formed.28 The sizes were 200 nm or less in
diameters. The particles composed of PANI as well as Au NP-PANI composite. The results
are shown in Figure 7.1.4 (A). When the concentration of the acetanilide was 14.6 mM,
formation of continuous structures - where the raspberry-like particles seem to have been
connected by polymer - could be observed (Figure 7.1.4 (B)). SAED patterns indicated the
presence of Au NPs in the particles. When the concentration of acetanilide was kept at still
higher value (36.5 mM) then formation of continuous nanofibers of the polymer was favored
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with intermittent presence of Au NPs along with the polymer in the form of raspberries
embedded in the continuous fibers (Figure 7.1.5). At even higher concentrations the
continuous fiber formation (of the composite) was favored (Figure 7.1.6).
The incorporation of metal and semiconductor NPs into the conjugated polymers
such as PANI is of special interest, as the interactions between the NPs and the polymer may
play significant role in tuning the properties of the composite.29 The application potential
would be better if the size and shape of the composites could be controlled at the nanoscale.
Although, there are several reports on the preparation of shape and size selective
nanocomposites of Au NP-PANI in the presence of stabilizing agents and or templates,30
there is, however, no report on the synthesis of stable aqueous dispersion of the nanoscale
composites themselves. This is where acetanilide played crucial role in the present method
of synthesis of stable size and shape-selected nanocomposites. The low solubility of
acetanilide in water in conjunction with nucleation centers created by the presence of Au
NPs possibly resulted in the shape and size selection of nanoparticles and fibers of the
composite.
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Figure 7.1.5. (A), (B) and (C) are the transmission electron microscopy of PANI-Au NPs
composites of EXP: 5 and (D) is the expanded view of (C). The inset figure of SAED is obtained

Also, our results suggest that the polymer formed under different conditions, starting with
acetanilide, was the same as PANI. This is possibly due to dissociation of acetanilide into
anilinium ions in the presence of excess acid, which resulted into the formation of PANI in
the same way as is starting with aniline as the monomer. At the lowest acetanilide
concentrations there are a large number of independent sites where the growths of the
polymer and composite take place simultaneously
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Figure 7.1.6. (A) is the transmission electron microscopy of PANI-Au NPs composites of EXP: 4.
(B) and (C) is the TEM images obtained from EXP 6 and (D) is the corresponding SAED picture.
The image (E) is obtained from another part of the same spmple of EXP: 6 and (F) is the image
obtained from EXP: 7

As the concentration of monomer is low (anilinium ions from acetanilide) the polymers or
composites remain in particulate forms rather than forming a continuous polymer film or
fiber. This is due to the fact that there is not enough monomer to have the formation of
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continuous fibers or films. This is commensurate with the observations in Figure 7.1.4 (A).
When the concentration of the monomer is increased the additional anilinium ions present in
the medium contribute towards forming continuous structures by joining the particulate
structures. This gave rise to structures corresponding to that shown in Figure 7.1.4 (B). It is
important to note that at 36.5 mM of acetanilide concentration there were a large number of
nucleation sites present in the medium and there was enough monomer present for the
formation of raspberry-like structures joined by polymer fibers (Figure 7.1.5). Upon further
increase in concentration of the monomer the continuous fiber formation due to
polymerization begins to dominate over the discrete nucleation sites (Figure 7.1.6 (A)), even
though the presence of a large nucleation sites is still evident. Interestingly, when the
concentration of acetanilide was still higher the continuous fiber formation dominated over
discrete nucleation, which is evident from Figure 7.1.6 (B), (C) and (E). However, at the
concentrations of 43.7 mM there are the presence of micron-long individual fibers (Figure
7.1.6 (F)) where structures of the raspberries were conserved, however, the particles were
not spherical. Their typical diameters were about 100 nm. When the concentration of
acetanilide was kept at even higher values (51.0 mM or higher) only nanofiber formation
could be observed. This is because at higher anilinium concentrations, the individual
nucleation sites do not exist as the monomers, whereas they are present everywhere in
sufficient numbers so as to form continuous fibers of the composite.
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7.1.4 Conclusion
In brief, we have taken advantage of the low solubility and stability of acetanilide
in developing a new method of synthesis of PANI-Au NP nanoscale composites. The
method allowed the synthesis of the composite with size and shape selectivity. Formation of
Au NPs as a result of reduction of AuCl4- by acetanilide resulted in the generation of
nucleation sites around which the polymerization of anilinium ions could take place. At the
lowest concentration of acetanilide spherical isolated nanoscale particles of polymers and
composites were observed to have been formed. At higher concentrations the particles seem
to have been merged to form micronscale structures consisting of composites. At still higher
concentrations continuous fibers with diameters in the nanoscale were formed. The
composites consisted of PANI and the optical and acid-base characteristics of the composites
resembled those of emeraldine form of PANI.

In addition, the present method offers

composites that are water soluble and stable for months without forming any precipitate at
the bottom of the container, and thus overcomes the fundamental challenges of insolubility
and intractability associated with PANI and its composite. This is important from the point
of application in large-scale environmentally friendly industrial scenario.

Further, this

method does not need any extra control, solvent or any special condition to make the
nanoscale composites of Au NPs and PANI. The knowledge obtained from this work may
pave various ways of systematic development of three-dimensional water-soluble metal
NP-polymer composites with tunable electrical, optical and chemical properties.
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8.1 Concentration Dependence and Specificity in the Amino acid
Induced Assembly of Gold Nanoparticles
8.1.1 Introduction
The

ordered

arrangement

of

nanomaterials

into

one

dimensional

(1D)

superstructures have gained tremendous importance in many areas of research, inspired by
the potential applications in nanoscale devices such as plasmonic nanowaveguides,1 surface
plasmon

based

biosensors,2

single

electron

transistors,3

nanoelectronics4

and

nanomagnetics.5 However, such applications using the properties of nanomaterials require
precise control over their particle size and shape, interparticle spacing and organization
geometry. Over the past decades, different kinds of techniques have been used to generate
assembled the nanomaterials. For example, electron beam lithography,6 focused ion beam
lithography,7 soft lithography8 are some of the techniques that have been used to obtain
organized arrays of nanomaterials on solid surfaces. On the other hand, in liquid phases,
electrostatic interaction,9 hydrogen bonding,10 hydrophobic interactions11 are some of the
natural forces that are available for use in the organization of nanoparticles (NPs).
Additionally, template directed assemblies using biomolecules such as DNA and proteins,12
tobacco mosaic virus13 and bacteriophage14 have also been used for the generation of
organized arrays. Although, the biosystems provide alternate opportunities for assembly of
NPs, they may not be able to offer precise and varied controls as their structures and
biochemical constituents are largely ‘fixed’, even though genetic recombinant technology
offers versatility in this regard.15 However, programmed assembly of nanomaterials using
molecular forces in liquids offers an attractive cost-effective alternative that could have far
reaching consequences in chemistry, biology, material science and optoelectronics.16
Further, molecularly controlled assembled NPs may provide newer properties that might
otherwise not be attainable using other means. For example, Nakata et al reported
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molecularly controlled formation of chains of superparamagnetic NPs having higher
blocking temperature compare to their individual constituents.17 Further, the generation of
1D nanomaterials via molecular interations would not only reveal a great deal about the
interactions themselves, the molecule themselves could contribute towards catalytic, electric,
magnetic and optical properties of the assembled nanomaterials.18 This approach could also
stimulate preparation of nanowires and nanofibes that are formed through the linear
arrangement of individual NP.19, 18a Among the nanomaterials, the one dimensional
assembly of metal NPs especially Au NPs and their associated collective vectorial properties
are of particular interest in nanoelectronics, optoelectronics and biosensor devices.20
However, unlike magnetic and semiconductor NPs, the self-assembly of Au NPs into 1D
chain-like array is very tricky because it does not have any intrinsic electric dipoles, which is
a prerequisite for the formation of uniaxial organization of 1D chain-like array of NPs.21 To
overcome this difficulty, the Au NP surface should have heterogeneity in charge distribution,
which can possibly be achieved either through non-uniform spatial distribution of capping
ligand on different crystallographic faces or nanoscale separation in mixed ligand
stabilization layer, which could be responsible for the driving force for the assembly of NPs
into 1D linear superstructures.22 Recently, Sardar et all showed that asymmetrically
functionalized Au NPs can self-assemble into linear 1D chain-like array of supperstryctures
and they have also reported that ligand shell on the Au NPs surface plays an important role
for controlling the interparticle distance in the 1D Au NP chain.23 Mann and coworkers
have produced the linear or branched chain like array of Au NPs by ligand exchange
method.24 Recently, our group has reported that linear or branching chain like array of Au
NPs can also be produced by ligand exchange of citrate molecules with protonated
acetanilide molecules. We observed that the length of the chain or number of branching of
Au NPs chain was dependent on the concentration of acetanilide.18a The results have further
motivated us to study the effect of amino acid molecules on the formation of linear
chain-like array of Au NPs. The primary motivation has been that since the amino acids
could have different side chain group - such as hydrophilic or hydrophobic, polar or
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non-polar – interactions of the stabilizer with biological molecules would also be different.
The organization of Au NPs in linear chain arrangement by using biomolecules such as
amino acids would be of high potential impact in the fields of biosensor and drug delivery
other than molecular building of superstructures. The driving force is that at lower pH, the
amine group at the α-carbon can bind to the Au NP surface that may induce self assembling
of Au NPs into either linear or branched chains of Au NPs.
In this chapter, we report on the investigation of the effect of amino acids on the
assembly formation of citrate-stabilized spherical Au NPs into 1-D chain-like
superstructures. The nature of the assembly formed and associated optical properties were
found to be dependent on the concentration of amino acid as well as the nature of the side
chain group present in the amino acid. It was observed that to a solution of Au NPs when
increasing amount of an amino acid was added the characteristic peak at 527 nm gradually
diminished in intensity, while a second peak appeared at higher wavelength, the manximum
of which progressively shifted to longer wavelength with increasing concentration. The
changes were highly specific to the amino acid present in the medium. For example, when
lysine or tryptophan was used, micromolar quantity of the acid was enough to induce a
large-scale organization. On the other hand, when phenylanine or glutamine was used
milli-molar quantities of amino acids were required to observe significant changes in the
absorption spectra. Thus the assembly formation could not only be useful for identification
of amino acids but also may be used to estimate their solution concentrations. In addition,
1D chain of necklace-like Au NPs converted into nanofibers when excess hydrophilic amino
acid was used. On other hand, at higher concentration of hydrophobic amino acids, the
necklace-like Au NPs did not get transformed into nanofibers. Our observations suggest that
the nature of the side chains present in the amino acids with their functional groups may play
an important role for controlling the interparticles interaction and their subsequent fusions in
the amino acid assembled Au NPs chain.
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8.1.2. Experimental Section
Materials
Hydrogen tetrachloroaurate (HAuCl4, 17 % Au in HCl as purchased from Sigma
Aldrich), tri sodium citrate (99 % from Merck), acetanilide (99.5 %, from Merck), sodium
borohydride (NaBH4, 95.5 %; Merck), L-lysinemonohydrochloride, L-tyrosine and
L-tryptophan (99.5 %, from Merck), L-phenylalanine and glutamine (99.9 %, from sigma
Aldrich) were used as received without further purification. Milli-Q grade water was used in
all the experiments.
Synthesis of citrate stabilized Au NPs
Citrate stabilized Au NPs were prepared following the reported procedure.18a
Briefly, aqueous HAuCl4 was reduced by sodium botohydrate in the presence of trisodium
citrate. The final pH of the solution was found to be 4.0.

Table 8.1A. The final concentrations of citrate stabilized Au NP containing amino acid solution.

Conc of
phenylalanine
(m mole dm-3)
0.97
1.89
2.75
3.56
4.32
5.04
5.72
6.37
6.98
7.56
8.11
8.64
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Conc of
Tryptophan
(µ mol
dm-3)
1.40
2.81
4.22
5.63
7.04
8.45
9.86
11.2
12.6
14.0
15.5
18.3

Conc of
tyrosine (m
mol dm-3)
0.06
0.13
0.20
0.26
0.33
0.40
0.46
0.53
0.60
0.66
0.73
0.80

Conc of
glutamine
(m mol
dm-3)
5.70
6.84
7.89
8.86
9.77
10.6
11.4
12.1
12.8
13.4
14.0
14.6

Conc of
Lysine (m
mol dm-3)
0.018
0.036
0.054
0.073
0.091
0.11
0.12
0.14
0.16
0.18
0.20
0.22

183
Chapter 8

Amino acid Induced Assembly of 1D chains of Au NPs

Preparation of amino acids solution
25 mg, 10 mg, 25 mg and 20 mg of L-phenylalanine, L-tyrosine, L-glutamine and
L-lysine respectively were separately added to 30 mL vials containing 5.0 mL water each.
L-phenylalanine and L-tyrosine solutions were slowly warmed in hot plate to dissolve. The
solutions were then brought to room temperature. The other two amino acids dissolved in
water at room temperature. The final concentrations of the amino acids in the solutions were
30.26 Mm for L-phenylalanine, 10.74 mM for L-tyrosine, 34.2 mM for L-glutamine and
27.36 mM for L-lysine respectfully. Finally, the pH of the solution was made to be 3.42 by
addition of 20 μL of 0.23 M HCl to this mixture. In addition, tryptophan solution was
prepared by the following method. Typically, 5.0 mg of L-tryptophan was dissolved in 10
mL water. From this solution, 2.0 mL was taken to dilute with 8.0 mL water so that final
concentration of the L-tryptophan is 0.60 mM. Finally, the pH of the solution was made to
be 3.42 by addition of 20 μL of 0.23 M HCl to the mixture.

TH-777_05612211

184
Chapter 8

Amino acid Induced Assembly of 1D chains of Au NPs

Mixing aqueous amino acids with citrate stabilized Au NPs
Several samples of 3.0 mL of the above citrate ion capped Au NPs solutions were
taken in 30 mL vials. Aqueous amino acids solutions of different concentrations were slowly
added to different vials containing the Au NPs. The mixtures were kept at room temperature
for 30 min. The final pH values of the solutions were measured to be 3.45. The solutions
were used for all studies. The final concentrations of all the amino acids in the above
solutions are given in Table 8.1A. In the solutions containing the lower amount of amino
acids there was no visible precipitation even after a day, but at higher concentration
precipitation was observed in 20 min.
Characterization study
UV-vis absorption spectra of the samples were recorded, using a Varian model Carry
50 Bio or Perkin Elmer model Lambda 35 UV-visible spectrophotometer, in the range of
200 to 1100 nm. FTIR spectra of the pure acetanilide and acetanilide treated citrate capped
Au NPs were measured using a Perkin-Elmer Spectrum One spectrometer. For amino acids
treated citrate stabilized Au NPs, the following procedure was followed for sample
preparation. After addition of amino acid (6.98 mM for L-phenylalanine, 15.5 μM for
L-tryptophane, 0.66 mM for L-tyrosine, 13.4 mM for L-glutamine and 0.20 mM for
L-lysine) into citrate ion capped Au NPs, the solution was subjected to centrifugation at
15000 rpm and at 20oC. The pellet was washed with water. The cycle was performed thrice
before collecting the pellet, which was air-dried and then mixed with KBr to record FTIR
spectrum. Similarly, all solid amino acids were mixed with KBr to make a pellet for FTIR
measurement. FTIR spectra were recorded in the region of 4000-400 cm-1. Transmission
electron microscopy (TEM) measurements were performed using a JEOL-2100 equipment
operating at a maximum acceleration voltage of 200 kV. The TEM samples were prepared
by placing a drop of liquid on carbon coated copper grid (400 mesh) followed by
evaporation of the solvent at room temperature.
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8.1.3. Result and discussion
Citrate stabilized Au NPs, prepared based on our earlier reported method,18a were
produced in uniform dispersion with the characteristic peaks of surface plasmon band
observed at 527 nm. Addition of aqueous solution of different amino acids into citrate
stabilized Au NPs showed changes in the color of the solution from red to faint purple and
then purple and the solutions finally turned into blue color with further increase in
concentration of amino acids. Figures 8.1.1 (A) and (D) shows the UV-vis spectra of the
solution after addition of different concentrations of phenylalanine and lysine into citrate
stabilized Au NPs solution. The spectra were recorded 30 min after mixing. The spectra
revealed that upon increasing the concentrations of either of the amino acids, the SPR band
first broadened, which upon further increase in concentration gave rise to two peaks – one
near the original peak, while the second peak appeared at higher wavelength. For example, at
the concentration of 6.37-7.00 mM the peaks occurred at 682 nm and 700 nm for
phenylalanine, while that for lysine (73 µM) appeared at 684 nm. The peak at longer
wavelength is due to longitudinal surface plasmon (LSPR) of Au NP and this can be
ascribed to the formation of linear chain-like assembly of the NPs. The LSPR band position
increased with increase in concentration. Interestingly, after certain concentrations (8.64 mM
for phenylalanine and 0.12 mM for lysine) there was no further change in the peak position.
The observations indicate that while increasing the concentration of amino acids the number
of Au NPs involved in the assembly increased, however, after certain concentration there
was no change as all NPs might have been involved in the assembly formation and there was
no change in the structure of the assembly. Further, similar observations were made with
other amino acids, which are tryptophan, tyrosine and glutamine. However, the observations
with different amino acids suggest that the formation of 1D chain assembly of Au NPs and
associated optical properties were not only dependent on the concentrations of amino acids
but also on the nature of the side chain group present in the amino acid. For example, when
lysine, tryptophan and tyrosine were used micromolar quantities of the acid was enough to
induce a large scale organization and appearance of the LSPR band. On the other hand, when
phenylanine and glutamine were used milli-molar quantities of amino acids were required to
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achieve significant changes in the absorption spectra (Appendix-I). These observations
imply that changes of the optical absorption spectra of Au NPs are highly specific to the
amino acid present in the medium.25

Figure 8.1.1. (A) and (D) are the UV-Visible absorption spectra upon addition of different
concentrations of L-phenylalanine and L-lysine into citrate stabilized Au NPs solution. (B) and (E)
were obtained after normalization of graphs (A) and (D) and then subtraction of absorption
maxima at 527 nm. (C) and (F) are the plot of shifting of the LSPR band of the citrate stabilized Au
NPs with concentration of L-phenylalanine and L-lysine solution.
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Further we were interested to find a correlation between the optical absorption
spectra of amino acids induced chains of Au NPs assembly versus concentrations of different
amino acids. This would allow the development of a simple method of finding the
concentration of amino acid present in a medium. This was pursued by normalization of the
obtained absorption spectra of different amino acid treated citrate stabilized Au NPs,
followed by subtraction of the spectrum due to Au NPs (in absence of amino acid) with
absorption maximum at 527 nm. This resulted into plots of absorption with wavelength
maxima of LSPR band of the Au NPs assembly (Figures 8.1.1 (B) and (E)). From the
graphs, plots of shift in the wavelength maximum of LSPR versus the concentration of each
amino acid present in the solution were obtained, which were straight lines (Figures 8.1.1
(C) and (E)) and (Appendix-I). Further, the observations also indicate that some of the amino
acids led to aggregation of Au NPs than the other at lower concentrations. For example,
tryptophan and tyrosine show (Figures 8.1.1A, (A) and (D): Appendix-I), higher changes in
the absorption intensities of the LSPR band of the Au NPs, with less shifting of the
wavelength maximum. On the other hand, in the case of phenylalanine or lysine treated Au
NPs both the intensities and wavelength maximum changes more with concentrations of the
amino acids. The sensitivity of the absorption and wavelength maxima of Au NPs with
respect to the addition of different amino acids indicate a newer way of estimation of
concentration of the amino acid, in addition to its specificity.
Further, in order to understand the growth of chain formation and morphology of the
1D chain of Au NPs assembly, we have carried out TEM measurements of different amino
acid treated citrate stabilized Au NPs at various concentrations of amino acids. Figure 8.1.2
shows the TEM images of the NPs at different concentration of phenylalanine. As is clear
from the figure, at the lowest concentration of phenylalanine (4.32 mM) the particles were
assembled into liner 1D chain-like array of structures. At this concentration, there were still
particles that were not involved in the assembly formation (Figure 8.1.2 (A) and (B)). When
the concentration of phenylalanine was increased (for example, 5.72 mM) the number of
particles involved in the assembly was more, which also subsequently increased the length
of the chains of Au NPs assembly (Figure 8.1.2 (D) and (E)). Further at still higher
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concentrations of phenylalanine used, the 1D chains of assembly formed branched structures
(Figure 8.1.2 (G) and (H)). The results imply that addition of phenylalanine into citrate
capped Au NPs, led to self-assembled linear chains of assembly and the number of particles
involved in the assembly increased with increasing the concentration of the amino acid. High
resolution TEM images show (Figure 8.1.2 (C), (F) and (I)) that Au NPs although were close
to each other, there was gaps between two neighboring NPs.
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Figure 8.1.2. Transmission electron micrograph (TEM) image of citrate capped Au NPs (A) in the
presence of 4.32 mM of phenylalanine; (B) and (C) are the expanded views of (A). (D) is in the
presence of 5.72 mM, (E) and (F) are the expanded views of (D). (G) is in the presence of 8.11 mM
of phenylalanine, (H) and (I) are the expanded views of (G).

The observation demonstrates that while adding the phenylalanine in to citrate stabilized Au
NPs, the phenylalanine molecules are captured on the surface of the Au NPs that
subsequently leads to the formation self-organized 1D chain of assembly of the NPs. Further,
the benzene ring on the phenylalanine backbone may reinforce the formation of assembly of
Au NPs into linear chains. This is further supported by the observations of assembly
formation using tyrosine. Figure 8.1.6A (Refer: Appendix-II) shows the changes in the
spectra of Au NPs upon addition of different amounts of tyrosine into citrate stabilized Au
NPs. The results show that at considerably low concentration (0.2 mM) of tyrosine the
particles were assembled into either linear chain or branching of chains of Au NPs occurred.
Slight increase in the concentration of tyrosine causes dramatic increase of assembling of Au
NPs. At the highest concentration (0.46 mM) used herein formation of large aggregation of
Au NPs occurred. The large aggregation of Au NPs assembly appeared in the form of linear
chains with concurrent branching of arrays (Figure 8.1.6A (E) and (F): Appendix-II). In
these structures the particles were in close contact with each other, however, maintaining
interparticle distance to suggest that stabilizing molecules were present in the intervening
region. This could due to the presence of tyrosine molecules in between the NPs, where both
the benzene ring and OH group (through H-bonding) contribute to the stability of the
structures.

Hence the observation of longitudinal plasmon resonance band at longer

wavelength, due to the uniaxial organization of Au NPs into linear chain-like array of
superstructures, which could be responsible for interparticles coupling of surface plasmon of
the individual Au NPs along the linear chains.24, 26 However, it is interesting to note that
the amount of tyrosine molecules required for the formation of assembly is much less
compared to that required while using phenylalanine. This might be due to contributions of
the side chain groups of those amino acid molecules in the formation of linear assembly,
which will be discussed later in this section.
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On the other hand, when lysine (0.054 mM) was added to citrate stabilized Au NPs
the particles self-assembled into linear chain-like array of superstructures (Figure 8.1.3),
some of which were found to be fused to each other unlike previous cases of simple
assembly formation. Further increasing concentration (0.1 mM) of lysine led to complete
fusion of the NP, which appeared as interconnected fibers rather than assembly of NPs
(Figure 8.1.3 (D) and (E)). Also interesting to note was that assembling of the Au NPs in the
presence of lysine occurred at much lower concentration (of the amino acid) in comparison
to that using phenylalanine. Further, at low concentrations of lysine, all Au NPs are might be
self-assembled into either linear chains or branched chains of Au NPs, most of which might
not have been fused; however, the self-assembled Au NPs start fusing with each other
gradual increase in the concentration of lysine and then finally formed the nanofibers.
UV-vis spectra of lysine added NPs also support the formation of assembly of NPs with
increasing concentration of the amino acid.
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Figure 8.1.3. Transmission electron microscopy (TEM) images of citrate capped Au NPs (A) in
the presence of 0.054 mM of lysine; (B) and (C) are the expanded views of (A). (D) is in the
presence of 0.11 mM, (E) and (F) are the expanded views of (D).

This could be due to the fact with gradually increasing the concentration of lysine,
the Au NPs started to self-assemble, the process further continuing with increasing the
concentration of lysine. The process results in the appearance of the second peak and
increase in the wavelength maximum of LSPR band. After certain concentration of lysine
(0.054 mM), the Au NPs involved in the assembly start to fuse with each other, while free
NPs continue to assemble, and the process is completed at higher amino acid concentration.
The above observations suggest that not only is the amino acid concentration
important in the assembly of Au NPs into linear superstructures, the nature of the acid with
its residues plays important role in this regard. This forms the basic of concentration specific
organizations. Further evidence of the above observation comes from studies with
glutamine. TEM results are shown in Figure 8.1.7A (Appendix-III), which demonstrates the
effect of the amino acid of different concentrations on the citrate stabilized Au NPs. The
figures clearly shows that at lower concentration of glutamine (7.89 mM), assembly
formation took place; however, the number of particles involved in the assembly was small
(Figure 8.1.7A (A) and (B): Appendix-III). On the other hand, when the concentration was
increased gradually the number of particles involved in the assembly also increased leading
to the formation linear and / or branched chains of Au NPs. The assemble particles get fused
with each other along the chain, at higher concentrations of glutamine (10.6 mM or higher).
Further, increasing the concentration of the glutamine leads to formation of either longer
chain or particles or branching took place accompanied by fusion of them. The behavior of
assembly formation followed by fusion of particles using glutamine is similar to that using
lysine. However, what is interesting is that the concentrations needed to induce the assembly
formation in both the cases are different. For example, 0.054 mM of lysine was needed to
form the well organized assembly Au NPs either in linear chain or branched chain form. On
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the other hand, 10.6 mM of glutamine was needed for the same assembly process to have
taken place. This means that the nature of side chain present in the amino acid plays an
important role in the formation of assembly of Au NPs. The difference in the side chains
lead to the difference in the concentrations needed for the assembly formation and also the
appearance of the second peak followed by it shift. Also, the same reason may be applicable
for the difference in the position of the LSPR band at the highest concentrations of the amino
acids. The same reason may be behind the fusion of the assembled NPs in the presence of
specific amino acids, whereas it is not there in other cases. The amino acids that have been
used here have either hydrophobic side chains or hydrophilic ones.
While protonated amine and carboxylate groups results in the attachment of amino acids to
the citrate stabilized Au NPs, they also contribute to the formation of dipoles that involves
citrates and amino acids (protonated) that partially replaces some of the stabilizers. In
addition, weak interactions such as H-bonding, van der Waals and hydrophobic interactions
may also contribute to the formation of linear assembly as well as fusion of the assembled
NPs in some cases. While, both kinds of side chains led to the formation of assembly, it is
interesting to note that amino acids with hydrophilic side chains led to the fusion of the
assembled NPs. Even more interesting to note is the fact that while lower concentration of
lysine could induce assembly and fusion, considerably higher concentrations of glutamine
was required for the same.
Further, studies were pursued with citrate stabilized Au NPs by addition of different
concentrations of tryptophan. In this regard, although tryptophan has nonpolar side chain, its
behavior might be different due to the presence of the indole moiety. The indole moiety is
hydrophilic and thus might lead to behavior similar to lysine or glutamine. The observations
indicate that at lower concentrations of tryptophan (for example 5.63 µM), the Au NPs were
assembled into linear structure (Figure 8.1.8A: Appendix-III) and albeit formation of
branched structures were also present. The interparticle distances between Au NPs in the
assembled structures were larger in comparison to that when glutamine or lysine was used in
the assembly formation. Interestingly, when the concentration of the tryptophan was
gradually increased (to 11.2 µM) the particles seem to have come closer together (Figure
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8.1.8A (C) and (D): Appendix-IV) and there were adhesion of adjacent particles i.e. two
neighboring particles were close to each other with almost no gaps in between them. Finally,
the arranged particles formed nanofibers at even higher concentration of tryptophan (18.3
µM). High resolution TEM images of the samples prepared with the highest concentration of
tryptophan treated citrate stabilized Au NPs indicated that the particles were fused into each
other in the chains of Au NPs assembly (Figure 8.1.8A (F): Appendix-IV). The above TEM
results are commensurate with the UV-vis study of citrate stabilized Au NPs solution at
different concentrations of tryptophan. Importantly, the amount of tryptophan required for
the self-assembly of Au NPs is very less (1.0 to18.0 µ M) in comparison to that used for
lysine or glutamine. The results suggest that the cross-linking interaction between the indole
groups may be responsible for the enhancement of assembly formation at lower
concentration of tryptophan molecules in the solution. Further, the interparticles interaction
between the indole moieties containing benzene ring may reinforce the assembly formation
of Au NPs into 1D chain-like structure.
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Figure 8.1.4. (A) and (B) are the UV-Visible spectra recorded upon addition of lysine and
phenylalanine at different pH to the citrate stabilized Au NP. (C) TEM image of addition of
phenylalanine at pH=9.03 and (D) is the TEM image at pH=3.38

There have been many reports are available in the literature related to the binding of
amino acids to Au NPs. For example, Sastry et al reported that at physiological pH, the
amine group (that is attached to the α-carbon to the amino acids) can bind to Au NPs surface
via strong interaction and they have also reported that protanated amine group can also bind
electrostatically to Au NPs surface.27 According to zhong et al, at lower than physiological
pH (3.20 to 5.60), the amino acids can bind strongly with Au NPs and they have also
reported that the formation of the linear organization of Au NPs is dependent on the pH of
the medium.28 On the other hand, the organization had no control in the unidirectional
growth of Au NPs assembly. Recently, Xu and co-workers have shown that the formation of
linear chain-like Au NPs assembly is dependent on the amount of glutamic acid used in the
medium, when Au NPs were synthesized in a single-step by using sodium borohydride as the
reducing agent for HAuCl4.29 To the best of our knowledge there is no report on the
systematic organization of Au NPs into linear chain-like superstructure by using the
properties of different amino acid molecules. More recently, we have found that protonated
amine group (p-amino acetanilide) can exchange the citric acid on the Au NPs surface and
the extent of replacement of the citric acid can be controlled by controlling the concentration
of protanated amine molecules. In order to understand the pH dependence of the assembly
formation experiments were pursued by UV-vis spectroscopy and TEM studies with lysine
and phenylalanine. The results are shown in Figures 8.1.4 (A) and (B). It is interesting to
observe that at higher pH, there is a single SPR band of the Au NPs; however, when pH of
the solution was decreased to a value of 3.40, there was an additional peak at longer
wavelength, which is due to the LSPR band of the Au NPs. Further, results of TEM
investigations of samples with phenylalanine added to citrate stabilized Au NPs at different
pH are shown in Figure 8.1.3 (C) and (D). The images clearly show at lower pH, the Au NPs
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were self-assembled into linear chain-like array of superstructure, whereas individual
particles were present at higher pH. At higher pH, the protonated form of amino acids is not
present. This does not favor dipole formation needed for uniaxial arrangement of particles.
In addition, electrostatic repulsion between the COO- of the amino acid and citric acid
molecules on the surface of the Au NPs may not favor arrangements of neighboring
particles. Hence the particles remain as uniformly distributed individual ones.
In order to understand the role of amino acid molecules for organization of Au NPs in
1D chain, we have carried out the FTIR analysis of the amino acid treated citrate stabilized
Au NPs. Figure 8.1.5 shows the FTIR spectra of samples consisting of added phenylalanine
or lysine into citrate stabilized Au NPs. The characteristics band in the region of 1400-1600
cm-1 and 3436 cm-1 due to COO- stretching and N-H asymmetric stretching vibration
confirmed the presence of amino acids in the treated samples (Figure 8.1.5 (B and D)). The
bands at 1081 cm-1 and 703 cm-1 are ascribed to the presence of benzene ring.
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Figure 8.1.5. FTIR spectra of (A) and (C) are those of pure phenylalanine and lysine respectively,
(B) and (D) are those of phenylalanine and lysine treated citrated stabilized Au NPs.

The bands at 1160 cm-1, 1128 cm-1, 1098 cm-1 and 2916 cm-1 are the characteristic
vibration modes of C-C stretching and CH2 asymmetric stretching. Further, the peaks at
1510 cm-1 and 3065 cm-1 are due to symmetric deformations and asymmetric stretching
vibration of protonated –NH2 group of amino acids. Interestingly, we observed that the
intensity of the asymmetric deformation band of –NH3+ (1510 cm-1) was decreased (Figure
8.1.9 Appendix-V) in amino acid treated citrate stabilized Au NPs. Further, the intensity of
asymmetric stretching mode of protanated –NH2 at 3065 cm-1 significantly decreased and in
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some of the amino acids, the band at 3065 cm-1 is completely vanished (Figure 8.1.4 (B)
and Figure 8.1.9A (D), (E) and (F): Appendix-V) upon treatment with the NPs.29, 30 This
observation clearly indicates that protanated amine group in the amino acids strongly interact
with the citrate stabilized Au NPs. Further evidence of the above observation - the FTIR
spectrum of all the amino acids treated citrate stabilized Au NPs - are shown in Appendix-V.
Therefore, the above results implies that upon addition of amino acids into citrate stabilized
Au NPs at pH=3.4, the citrate molecules are effectively exchanged by amino acids (at least
partially) leading to the formation asymmetric charge distribution on the surface of the Au
NPs, which is a prerequisite for extrinsic dipole-dipole interaction on the surface of the Au
NPs.
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Figure 8.1.6. (A) and (B) are the high resolution TEM images of 0.11 mM of lysine treated citrate
stabilized Au NPs. The inset in (A) is SAED picture of corresponding nanofibers. (C) is due to
12.41 mM glutamine treated citrate stabilized Au NPs and (D) is due to 18.63 µM of tryptophan
treated
citratethe
stabilized
Au NPs amino acids, which are strongly bound on the specific
Moreover,
protonated

crystallographic facets of the Au NPs, may induce dipolar interactions among the Au NPs in
the solution and that causes the unidirectional growth of the Au NPs in the solution. In other
words, when protonated amino acids molecules interact with citrate stabilized Au NPs, the
amino acids molecules are non-uniformly distributed on the surface of the Au NPs (after
partially replacing the citrates), leading to the formation of one dimensional array of
structures. According to Liz-Marzan and coworkers, non uniform distribution of stabilizer
molecules on the surface of the Au NPs induces the strong dipole-dipole interaction, which
could be responsible for the organization of Au NPs into linear arrays.31 Our observations
also suggest that addition of protonated amino acid molecules into citrate stabilized Au NPs
possibly creates the polarity on the Au NPs surface, upon which a few Au NPs interact to
form short chains. These short chains of arrays of NPs agglomerate further at higher amino
acid concentrations to form larger arrays. At certain amino acid concentrations the growing
of the long chain array is limited and formation branched arrays and finally interconnected
network of assembly formation are thermodynamically favored. This may be due to the
creation of extra entropy contribution, which favors the formation of branched
structures.21b, 32 Further, the interparticle cohesion within the chains and networks could
be reinforced by hydrophobic moieties of the benzene ring present in the surface bound
amino acids (phenylalanine and tyrosine molecules).11b The understanding of the
interparticles interaction and cross-linking reactivity in the unidirectional assembly of Au
NPs is one of the important focuses of current research interests.33 This is especially true,
when amino acids are involved in the assembly of Au NPs and the assembling behaviors
depend on the functional groups and side chains of the acids. Our observation suggests that
in the presence of hydrophobic amino acids such as phenylalanine and tyrosine, the particles
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are assembled either in linear array of chain or branched chains without the presence of
fusion among the particles. On the other hand, in the presence of lysine, glutamine or
tryptophan molecules, at the lowest concentrations of the acids, the particles are assembled
into necklace chain-like arrays and the get fused and finally long chains of nanofiber
(including branched ones) are formed. This indicates that amino acids with hydrophilic or
polar side chains are causing the formation of nanofiber, while the ones with hydrophobic
side chain does not lead to the formation of nanowires. In order to understand the fusion of
Au NPs in 1D chain better, we have carried out high resolution TEM analysis of the samples
treated with lysine, glutamine and tryptophane amino acid, which are shown in Figure 8.1.6.
Essentially the images show that the fibers consist of fused particles with continuous lattice
fringes along the plane of fusion. When the lattice plane spacing was calculated a value of
d= 0.236 nm was obtained, which corresponds to the spacing of (111) faces of Au NPs.
19,18a,29,34 Further, the selected area electron diffraction pattern (SAED) of the nanofibers,
which is shown in inset of Figure 8.1.5 (A) have well defined crystallographic facets and the
electron diffraction pattern due to (111), (200), (220) and (311) faces of Au NPs.18a,34 Thus
the observations strongly suggest that more hydrophilic amino acids such as lysine and
glutamine induce the fusion of the Au NPs to each other and fusion of the particles occurred
along (111) faces of the crystallographic planes; and at higher concentration these fused
particles indeed to form nanofiber. Xu and coworkers suggested that the attachment of Au
NPs leading to the formation of the chains might be driven by the chemical bond formation
between the structurally similar surfaces of the Au NPs. Our observations indicate that the
more hydrophilic amino acids such as lysine and glutamine molecules may be bound very
weakly on the (111) facets of the Au NPs surfaces. It is worth to mention that the binding
ability between the amine group of the amino acids and Au NPs surfaces is different for
different facets and especially on the (111) faces is relatively weaker compared to other
ones.29,35 According to kotto and coworkers, the strong dipole-dipole interaction leading to
the formation of arrays followed by removal of stabilization shell on the pearl-necklace
assembly of NPs by organic solvents may be responsible for the formation of nanowires. 36
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Our observations imply that addition of higher concentrations of hydrophilic amino acid
molecules into citrate stabilized Au NPs causes the removal of weakly bound amino acids
(which are highly soluble in water) on the Au NPs and leading to the formation of nanofibers
through fusion of NPs. On the other hand, addition of non-polar or hydrophobic amino acids
that are sparingly soluble in water, leads to a structure that would minimize Gibbs energy
including hydrophobic interaction. This would be favorable with amino acids being in
between the NPs rather than being in the solution (as they are lowly soluble), in addition to
being present along the sides of the chain. In other words, although hydrophobic amino
acids are weakly bound to the (111) facets of the Au NPs, they may not be removed from the
Au NPs after assembly, because solvation energy is not available to overcome the interaction
of weakly bound amino acids on the surface of the Au NPs. The interparticle interactions
among the phenylalanine or tyrosine molecules in the arrays (and present in the intervening
region of the NPs) could be driven by strong П- П interaction between the benzene rings
present in the acids. This leads to maintaining interparticle spacing along the chains of Au
NPs assembly and fusion of particles does not take place.

8.1.4. Conclusion
We have developed a facile method of preparation amino acid mediated one
dimensional assembly of linear chain-like array of superstructures. The formation of linear
array of Au NPs depended on the nature of the amino acid and its concentration in the
medium. Our observations suggest that amino acids with hydrophilic side chains produce
long chain Au nanofiber via the formation of necklace-like chains of Au NPs assembly. On
the other hand, the ones with hydrophobic side chains produced necklace-like assembly of
Au NPs without the presence of any fusion among the NPs. The optical properties of
assembled Au NPs produced in the forms of 1D chain and fibers were dependent on the side
chains of the amino acids. This may also provide newer ways of estimation of amino acids
concentration in the solution. Additionally, the present method paves the understanding of
the interparticle interaction involving both hydrophobic and hydrophilic moieties present in

TH-777_05612211

201
Chapter 8

Amino acid Induced Assembly of 1D chains of Au NPs

the stabilizers. The present approach is expected to be of potential interest in future
bionanodevice based applications.

8.1.5. Appendix-I
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Figure 8.1.5A. (A), (D) and (G) are the UV-Visible absorption spectra recorded after addition
different concentration of L-tryptophan, L-tyrosine and L-glutamine respectively into citrate
stabilized Au NPs solution. (B), (E) and (H) were obtained after normalization of graphs (A), (D)
and (G) respectively, followed by subtraction of absorption maxima at 527 nm. (C), (F) and (I) are
the plots of shifting of the LSPR band of the citrate stabilized Au NPs with various concentrations
of L-phenylalanine and L-lysine solution.

8.1.6. Appendix-II

TH-777_05612211

203
Chapter 8

Amino acid Induced Assembly of 1D chains of Au NPs

Figure 8.1.6A. Transmission electron micrograph (TEM) image of citrate capped Au NPs (A) in
the presence of 0.20 mM of tyrosine; (B) and (C) are other views of the same sample. (D) is in the
presence of 0.46 mM, (E) and (F) are the expanded views of (D). The inset is the expanded view of
(F)
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8.1.7. Appendix-III

Figure 8.1.7A. Transmission electron microscopy (TEM) image of citrate capped Au NPs (A) in the
presence of 7.89 mM of glutamine; (B) is the expanded view of (A). (C) is in the presence of 10.6 mM,
(D), (E) and (F) are the expanded views of (C). (G) was obtained in the presence of 12.8 mM of
glutamine, (D), (H) and (I) are the expanded views of (G)
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8.1.8. Appendix-IV
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Figure 8.1.8A. Transmission electron microscopy (TEM) image of citrate capped Au NPs (A) in the
presence of 5.63 μM of tryptophan; (B) is the expanded view of (A). (C) was recorded in the
presence of 11.2 μM, (D) is the expanded view of (C). (E) is in the presence of 18.3 μ and (F) is the
expanded view of (E).

8.1.9. Appendix-V
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Figure 8.1.9A. (A), (B) and (C) is the FTIR spectra of pure tryptophan, tyrosine and glutamine and
(D), (E) and (F) are the corresponding amino acids treated citrate stabilized Au NPs.
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9.1 Ascorbic Acid as a Mediator and Template for Assembling
Metallic Nanoparticles
9.1.1 Introduction
Further developments in near future in the frontiers of nanoscale science and
technology would depend on ability to organize zero, one and two-dimensional
nanostructures into hierarchical higher order functional structures. In this regard, presently
there are a few of methods - chemical as well as physical – available for the organization of
nanoscale structures into desirable assemblies. For example, Pan et al1 generated nanobelts
of semiconducting oxides such as those of Zn, Sn, In, Cd and Ga by evaporating the
corresponding metal oxide powders at high temperatures. On the other hand, Kotov and
coworkers2,3 have demonstrated that Se, Te and CdTe nanowires could be prepared by
chemical decomposition of parent nanoparticles (NPs) after depletion of the stabilizers.
Further, a significant number of chemical and biochemical methods have been developed to
obtain inorganic nanowires (NWs) and peptide nanotubes either by templated or
templateless self-assembly4-7. Directed self-assembly using physical forces such as electric
field, or microscopic fluid flow has also proved to be effective in obtaining nanoscale
one-dimensional structures on a substrate8,9.

Also, there are several protocols for

DNA-templated assembly of NPs into organized two and three-dimensional structures10-12.
Interestingly, tobacco mosaic virus has also been used in organizing NPs into potential
electronic devices.13

There are a growing number of chemical methods that are being used to organize
inorganic NPs into corresponding metal NWs14-19, resulting into dispersions of metal NWs
with typical dimensions of a few hundred nanometers. The NWs, suspended in a medium,
might have limited use due to the inherent difficulty in processing them into useful devices
as such. Also, it would be desirable to have the assembly of NPs turned into longer wires,
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where the constituents of the wire would ideally be NPs of the metal, with the retention of at
least some of the properties of the nanoscale dimensions even in the organized structure that
has an otherwise larger dimension. Further, if these assemblies are made of hundreds of
micrometers long (or even longer) they would be scientifically intriguing, technologically
challenging with enormous application potential. Additionally, if they can easily be isolated
and manipulated in their solid state then they would be even more usefulness.

This could

be the basis of large-scale organization of heterostructures with components whose
properties would primarily be decided by their nanoscale structures.
In this chapter, we report a new method of assembling metallic NPs into millimeter scale fibrous superstructures using L-ascorbic acid (AA). AA has been used here as the
precursor for the generation of fibers, reducing agent and assembly of NPs into fiber
bundles. AA is known to get oxidized and degrade into several products one of which is the
polymerization in aqueous solution20-22,24. It has been observed by us that under acidic
condition, the polymerization leads to fiber formation, which has been used in the present
applications. Subsequently, it was observed that these fibrous structures could act as the
template for deposition of metallic NPs, such that those of Pt, Au and Ag NPs prepared
separately, by addition of the fibers into the NP-dispersed medium. AA has also been used
as a precursor to generate metallic NPs from their parent salt and concomitant organization
into three -dimensional fibrous structures. For example, in the presence of AA, Au NPs
were produced in the medium, which subsequently led to formation of assemblies.
Typically, it took about 6 days to form fiber bundles with dimension of about 5 mm diameter
disc. The fiber bundles could easily be transferred to surfaces like glass, aluminum and
carbon coated copper grids, and subsequent analytical measurements could be made using
the transferred samples. UV-vis spectroscopy, X-ray diffraction (XRD), scanning electron
microscopy (SEM) and TEM measurements established the formation of fiber-like structures
revealing the association of the NPs into these structures. Also, we observed that the Au
NPs –polymer composite fibers were electrically conducting, with a promise of fabricating
futuristic devices.
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9.1.2 Experimental Section
Materials
Hydrogen tetrachloroaurate (HAuCl4, 17 % Au in HCl purchased from
Sigma-Aldrich), silver nitrate (AgNO3 99.5 % from Merck), platinum (II) chloride (PtCl2 >
71 % from Fluka - Aldrich), sodium borohydride (NaBH4 > 95 %, from Merck), L- ascorbic
acid (99 %, from Merck) and sodium hydroxide (NaOH, 98 %, from Merck) were used as
received without further purification. Milli-Q grade water was used in all the experiments.
Generation of AA Fiber
30.65 mg of L-ascorbic acid was dissolved in 10 mL water so that the final
concentration of the solution was 17.26 mM. The pH of the solution was measured to be
3.12. This solution was kept at room temperature for four days after which fiber formation
could be observed. The fibers appeared colorless. The fiber formation was allowed for two
more days after which the fiber bundle was taken out of the solution, cleaned with water,
air-dried and was used for further analysis and applications.
Generation of Au NP-AA Composite Fiber
40 L of 17.26 mM of HAuCl4 was dissolved in 10 mL water so that the final
concentration of HAuCl4 was 0.07 mM. To this solution freshly prepared 80 L of 0.20 M
of L-ascorbic acid was added. The final concentration of L-ascorbic acid in this solution
was 1.60 mM. The resultant solution immediately turned purple in color indicating the
formation of Au NPs. The color finally turned red in 15 min. The pH of the solution was
measured to be 3.06. The solution was kept at room temperature for a few days. The fiber
formation could be observed by naked eye on the 6th day. The color of the fiber appeared
reddish. This fiber was kept in this solution till the color of the solution vanished, which
typically took 25 days and the fibers grew further. The fiber bundle was then taken out of the
solution and washed four times and was air-dried for further characterization studies.
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Generation of Pt NP-AA Composite Fiber
7 mg of PtCl2 powder was dissolved in 25 mL water so that the final concentration
of the solution is 1.05 mM. 5 mL of this solution was added to 10 mL water and this was
followed by addition of 600 L of 20 mM sodium borohydrate solution. The resultant
solution immediately turned brown, indicating the formation of Pt NPs. To this solution a
single fiber bundle obtained from AA was added and the fiber containing solution was
tightly sealed. The fiber was kept in the solution for five days, after which the fiber appeared
dark brown in color. The fiber was then taken out from the solution and washed with water
three times and was finally air-dried for further characterization studies.
Deposition of Au NPs on AA Fiber Bundle
To a 10 mL aqueous solution of 0.069 mM HAuCl4, 150 µL of 20.0 mM of freshly
prepared sodium borohydrate solution was added. The resultant solution color was red. After
allowing an elapse of 1 h, a previously generated AA-degraded polymer fiber was carefully
placed inside the solution and this was kept at room temperature for six days. The fiber was
then red in color indicating that Au NPs were deposited on fiber of AA polymer. There were
no visible precipitates from the solution. The fiber was then taking out of the solution and
washed with water three times and was air-dried for further characterization studies.
Deposition of Ag NPs on AA Fiber Bundle
To 10 mL water containing 0.08 mM AgNO3 10 µL of 20.00 mM of freshly prepared
NaBH4 solution was added. This immediately resulted into formation of yellow color with
possible generation of Ag NPs. This solution was kept at room temperature for 1 h and to
this solution a fiber bundle of AA polymer (previously prepared) was added and this was
kept at room temperature for six days. The fiber was then yellow in color indicating that Ag
NPs were deposited on fiber of AA polymer.
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The fiber was then taken out of the solution and washed with water two or three times and
was air-dried for further characterization studies.

Analytical Measurements
UV-vis spectra of the samples were recorded using a Perkin-Elmer lambda-25
spectrophotometer in the range of 200 to 1100 nm. As the starting AA concentration was
high for the AA (only) fiber formation, a dilute solution was prepared in order to measure
the typical absorption spectrum of AA. For this, the concentrated solution after keeping for
12 days was diluted to 0.14 mM to record UV-vis spectrum. FT-IR spectra of the AA-fibers
were measured using a Perkin-Elmer Spectrum one spectrometer. AA fiber as well as Au
NPs -AA composite fibers were dried under ambient conditions. They were then individually
mixed with dry KBr in order to make pellets for recording FTIR spectra. All the
measurements were carried out under ambient conditions. X-ray diffraction (XRD) pattern
of the dried Au NPs - AA polymer, placed on a microscope glass slide, was recorded using a
Bruker Advance D8 XRD machine (Cu  source at 1.5406 Å wavelength), in thin film
mode. Transmission Electron Microscopy (TEM) of the fiber, placed on carbon coated
copper grids, was performed using JEOL (Model 1200EX) equipment operating at a
maximum acceleration voltage at 120 kV. Scanning electron microscopy (SEM) of the
fibers on Al or Cu stubs was performed using LEO scanning electron microscope (model
1430 VP). Electrical conductivity measurements of the as-prepared composite fibers were
recorded on a glass slide using a Keithley nanosource meter.

9.1.3 Results and Discussion
AA under acidic condition is known to get oxidized to produce dehydroascorbic
(DHA) acid. Further oxidation is possible in the presence of an oxidizing agent such as
hydrogen peroxide, into oxalate and -trihydroxybutyric acid23, 25, 26.
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On the other hand, DHA is known to get transformed into 2, 3-diketo-gulonic acid (DKG),
which itself produces a host of products27-30, and among them polymerization has been
observed as one of the pathways (Scheme 9.1.1 below).

Scheme 9.1.1. A scheme for the polymerization of ascorbic acid

When AA was kept under acidic condition, it probably was self-oxidized into DHA and then
DKG that led to the formation of fibrous structure with time as a result of polymerization.
Time-dependent UV-vis absorption spectra of the solution of ascorbic acid (Figure 9.1.1)
showed that the initial absorption peak at 264 nm (recorded immediately following the
solution preparation) corresponds to known AA absorption. However, when the solution
was kept for 12 days the peak shifted to 253 nm. This blue shift has earlier been attributed
to the formation of, among other products, DHA, which may also be the case herein. The
absorption band at 264 nm is due to the - * transition of the C=C moiety of AA24b. When
AA is oxidized to DHA, the band shifted to lower wavelength at 253 nm which is possibly
due to the presence of C=O. The absence of the band at 264 nm indicated the oxidation of
AA.

Thus the observations suggest the formation of the various products, which is

consistent with literature reports23. It is interesting to mention here that upon allowing the
solution to stand for about 6 days colorless fibrous structures appeared at the bottom of the
vials. These fibers were ready to be lifted out of the solution in the form of bundles and
were further analyzed by SEM, typical micrographs of which are shown in Figures 9.1.2 (a)
and (b). As is clear from the figures a network of fibers were formed with diameters of about
1-4 m and length of each section spanning about 40 m. These fibers were rather smooth
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and did not appear to be formed from the agglomeration of smaller particles (Figure 9.1.2
(b)). In other words, elongated and branched polymers were formed systematically, from
smaller fibers into larger ones with time, that lead to the formation of branched fibers with
about 5 mm diameter.

Figure 9.1.1. Time dependent UV-Visible spectra of ascorbic acid in aqueous acidic solution. (a)
Typical absorption spectrum of a dilute solution immediately after preparation. (b)The absorption
spectrum recorded a solution of AA recorded after 12 days (original solution diluted to 0.14 mM).

It is interesting to observe that the fibers were rather smooth (Figure 9.1.2 (b)) and there is
no indication that the fibers were formed from smaller particles. In other words, the fibers
grew by systematic polymerization rather than agglomeration of nanoscale particles. EDX
analysis (Figure 9.1.2 (c)) of the fiber indicated the presence of only organic components
confirming that the fibers were made from the degradation products of AA. It was also
observed that the fibers were not at all soluble in any common organic solvent as well as in
aqueous solution. If the fibers were made of simple oligomers i.e. degradation product of
DHA then it should have been soluble in organic solvents or in water. Thus the possibility of
a monomer forming the fibers, in the present set of experiments, could be discounted.
Possible use of these fibers for depositions of metallic NPs onto them was pursued
subsequently. Pt NPs synthesized separately, without the presence of any additional
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stabilizer. Fibers were then taken out of the original medium and transferred to the medium
containing NPs dispersions. It was found that in about two days Pt NPs were deposited on
the fibers and no precipitation of the metallic NPs at the bottom of the container had
occurred. Thus Pt NPs, dispersed in the medium, preferentially deposited on the fibers rather
than precipitation in a short time. A typical SEM of the Pt-deposited fibers, shown in Figure
9.1.3, indicates clearly the presence of NPs on the fiber as extra growth and the fibers
appeared rough in comparison to the smooth ones that were observed for the fibers generated
from AA.

Figure 9.1.2. Scanning Electron Micrograph of ascorbic acid fiber bundle (a). (b) is an expanded
view of (a). (c) EDX of the fibers. The Al peak is due to the sample holder.
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Further, in some parts of the fibers there were significant depositions of the NPs that
appeared more like beads in the necklace of the fibers. The presence of the Pt NPs on the
fibers was ascertained by EDX, which is shown in Figure 9.1.3 (c).
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Further, deposition of Au NPs and Ag NPs on the fibers was pursued using the same
method. Here again the depositions of the NPs on the fiber were observed, where the
particles deposited could be clearly seen under the electron microscope (Figure 9.1.5A
(Refer: Appendix-I) for deposition of Au NPs on ascorbic acid fiber, while Figure 9.1.6B
(Refer: Appendix-II) is for the deposition of Ag NPs on the ascorbic acid fiber).

Figure 9.1.3. (a) Scanning electron micrograph of Pt NPs deposited on fiber. (b) An expanded
view of (a) and (c) EDX spectrum of the fiber.

While pursuing the deposition of metallic NPs as above, it was observed that the
process did not result in uniformly distributed NPs on the fiber and also there were
substantial depositions at some places, while there was less deposition of NPs in other parts
of the fibers. This is less desirable as the application potential of the composite fiber would
be limited. Also, the properties could be due to agglomeration of NPs rather than specially
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deposited NPs on the fiber backbone. This gave rise to a need for the development of a
method where a more uniform composite fiber could be grown. For example, reduction of
metallic salt to NPs followed by growth into a composite fiber would be more appropriate.
As AA is a reducing agent, the synthesis of Au NPs by the reduction of HAuCl4 using AA
as the only reducing agent was pursued31. Au NPs was easily synthesized using the method
and the Au NPs produced exhibited characteristic surface plasmon resonance peak at 535 nm
(Figure 9.1.4). The possible pathway of the product formation is shown in Scheme 9.1.2.

Scheme 9.1.2. A scheme for the generation of Au Nnanoparticles-polymer composites.

When the as-synthesized Au NPs under acidic condition were left to themselves then
formation of assembly of NPs along with AA was observed. Time dependent UV-vis spectra
of the medium revealed gradual decrease in intensity of the peak at 535 nm (Figure 9.1.4 (a)
and (b)). The fiber formation in the present system was observed in about 6 days similar to
those of AA derivative as discussed before. The additional absorbance peak at 292 nm in
the figure (Figure 9.1.4 (b)) indicated the presence of other degradation products of AA.
Further, Au NPs peak at 535 nm vanished by the 20th day indicating that there was virtually
no Au NPs present in the solution and all of them lead to the formation of the composite
fiber as there was no visible precipitation of NPs.
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SEM and TEM studies of the fibers were pursued further to understand their structure and
compositions better. As is clear from the SEM images shown in Figures 9.1.5 (a) and (b),
these fibers had typically same dimensions and shapes as those generated from AA.
However, the fibers were not as smooth as those of the above. On the other hand, there were
distinct particles present in the fibers and the particles were embedded in the fibers in a more
uniform manner in comparison to those deposited on the backbone using the other method
(discussed earlier).

Figure 9.1.4. The UV-Vis spectra of the formation of Au nanoparticles by ascorbic acid. (a)
Spectrum recorded on day 1. (b) Spectrum recorded on day 20.

X-ray diffraction (XRD) measurements (Figure 8.1.5 (c)) of the fibers revealed peaks at 2
values of 38.4o, 44.5o, 64.5o and 77.5o corresponding to those of metallic Au32. Thus the
Au NPs formed in the medium were present in the fibers. The overall appearance of the Au
NPs containing fibers appears to be much smoother than those where Pt NPs were deposited
after the formation of fibers from AA. Also, there were no special agglomerations of NPs
into large-scale particles in the fibers indicating systematic fiber formation from Au NPs
stabilized by decomposition products of AA. FTIR investigation of the fibers containing Au
NPs indicated the presence of organic materials in addition to Au NPs. The FTIR spectra of
AA, the fibers as well as of that of Au NPs – fibers composite are shown in Figure 9.1.6.
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Figure 9.1.5. (a) Scanning electron micrograph of the composite fiber. (b) An expanded view of the
picture in (a). (c) X-ray diffraction results of the composite fibers. The index corresponding to Au
peaks are identified. (d) Transmission electron micrograph of a growing composite fiber on day 5
and (e) on day 20. (f) Selected area electron diffraction of a spot in the fiber.
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The spectra of the ordinary fiber and the composite fibers are identical indicating that both
the fibers were made of the same organic components. Also interesting to note is the
difference between spectrum of AA and that of the fibers. AA spectrum consists of a broad
peak in the region of 3500-2700 cm-1 indicating the presence of OH stretching (free as well
as H-bonded) and also C-H stretching vibrations24c. However, the same peak of the fibers
consists of a rather sharp peak at 3400cm-1 indicating less extensive H-bonding.

Figure 9.1.6. Infrared spectrum of (a) Ascorbic acid only, (b) AA-degraded polymer of fiber and
(c) Au NPs -AA composite polymer fiber.

This can be explained by the degradation products of AA i.e. DHA or DKG, where the
number of OH groups is reduced. Further, the C-H stretching vibration peak at 2925 cm-1 is
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also present in the fibers. The presence of a single, rather sharp peak at 1635 cm-1 in both
the fibers are due to α, β- unsaturated C=O stretching vibration and the absence of a peak at
1751 cm-1 in the fibers in comparison to that of AA further suggest that there are no free
acid in the fibers. The observations of the above peaks in the fibers vis-à-vis AA, suggest
that the fibers are indeed made of polymers of DHA, DKG or other degradation product
rather than AA. Further, FTIR spectral observations also suggest that the nature of polymers
present in the composite fibers to be the same as those in the pure ones. Time dependent
TEM measurements showed assembly formation of particles slowly. In the beginning (fifth
day) the particles were agglomerated into smaller fibers of hundreds of nanometers (Figure
9.1.5 (d)) long. These small fibers were made of spherical Au NPs of typical diameters
ranging from 20-50 nm. They grew into larger ones in 20 days. TEM micrographs of the
large fibers were difficult to observe in terms of identifying individual NPs in the fibers
(Figure 9.1.5 (e)). However, the selected area electron diffraction (SAED) patterns shown in
Figure 9.1.5 (f) clearly indicate the presence of Au in the fibers. SAED indexes were
matched to those of Au.

(a)

Figure 9.1.7. (a) Absorbance spectra of Au-AA bush deposited on glass slide. (b) I-V curve of the
conductivity of Au-AA composite fiber.

It was also noticed that by the 20th day the UV-Vis spectrum of the solution had minimum
absorption at 535 nm indicating the assimilation of majority of NPs into the formation of
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fibrous structures (Figure 9.1.4 (b)). On the other hand the appearance of a peak at 292 nm
indicates the formation of products degraded from the AA. Additionally, when the spectrum
of the solid fibers isolated from the solution was recorded in the UV-vis spectrophotometer,
a broad visible absorption of the fiber with a peak around 583 nm could be observed (Figure
9.1.7 (a)). This means that the NPs present in the solution and stabilized by the degradation
products of AA, although might have undergone some sort of agglomeration, retained the
NP character even when agglomerated into larger assemblies in the fibers. Alternatively, at
least one dimension of the composite fiber must retain the NP character in order to have the
absorption spectrum observed as above. Further, the electrical conductivity measurements of
the composite fibers were pursued by four-probe method using linear method. The surface
resistivity of Au NPs-AA composite fiber was measured to be 2.16 X103 ohm cm. A typical
I-V curve of the conductivity is shown in Figure 9.1.7 (b). As clear from the figure the
linear nature of I-V curve indicates that metallic conductivity is present in the composite
fiber. This is interesting as the composite fiber exhibit the optical character of NPs and
conductivity of the assemblies of metal NPs. Thus we have a rather uniformly grown
composite fiber, which is electrically conducting.
Systematic development of three-dimensional assembly of nanoscale materials has
been and still is a challenge to scientists. Directed and controlled growth of materials with
nanoscale components is still far from being complete. However, understanding of the
process and discovery of newer methods would help build the base for advanced materials,
whose properties can be tuned by systematic changes at the nanoscale. AA is an important
vitamin and the chemistry and biochemistry of AA is well established. In the present work,
these important cellular materials have been used in a new way of organizing NPs into
three-dimensional fibrous structure, where the electrical conductivity of the fiber provides a
basis for future developments of sensors, actuators and other devices.
In the present work, two ways of organizing metal NPs into three-dimensional
networks of fibers were discovered. In the first method, the self-degradation products of AA
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lead to the formation of fiber bundle with a rather smooth surface profile. However, these
surfaces acted as the host for metal NPs when kept in a solution containing the dispersed
particles. The preferential depositions of NPs onto the fiber surface in comparison to simple
agglomeration in the medium, which is generally followed by precipitation, may be
thermodynamically more favorable. The preferential deposition process, even though
diffusion limited, is interesting as it provides a basis for organization of NPs onto
well-defined surfaces. Still one has to consider the over-depositions at several points of the
fiber bundle that may render the method less favored. Alternatively, systematic development
of metal NPs stabilized by appropriate ligands that would form chemical bonds with the
fiber polymer backbone may serve as a superior way of controlled deposition. When Au NPs
are formed by reduction of HAuCl4 and consequent oxidation of AA, the products of
oxidation would act as the stabilizers for the generated Au NPs. These stabilized Au NPs
surrounded by the organic moieties eventually organizes into three-dimensional fibrous
structures, similar to the ones generated from the degradation products of AA. This could be
superior to the other method as the separation between NPs are likely to be uniform, which
would be roughly that of the twice of the length of the stabilizer. Consequently, the fiber
grown from the composite materials would have NPs present in its backbone in addition to
its surface. It is important to note that the basic skeletons of the fibers in three dimensions
are the same for both kinds of starting materials. This present a new way of organizing
particles into three-dimensional materials, where well-defined metal NPs are separated at
nearly equal separating distances rendering a more uniform structure with possible superior
mechanical, chemical and electrical properties. The electrical conductivity of the fiber
indicates association of the metal NPs in the structure, while its value also indicates that bulk
metal is not formed. It is interesting to have a fiber where the optical properties of the NPs
are somewhat retained and electrical conductivity in the range between insulator and
metallic conductor is achieved. This provides a new opportunity for the generation of
sensors, actuators, logic gate structures where the Au NPs would act as the primary
functional elements in the architecture. Finally, in the presence of HAuCl4, the formation of
fibers was faster than those formed from only AA. This is possibly due the formation of
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DHA from AA due to oxidation in the presence of HAuCl4 (Scheme 9.1.2) in comparison to
self-oxidation of AA (Scheme 9.1.1). This provides an added advantage, as faster formation
of fibers would effectively reduce the time required for the fabrication of devices. It may
also be mentioned here that even though the formation of complete fiber bundles was
allowed in all the cases, for ease of handling the fibers and composites, slow growth of fibers
would allow generation of size-selected fibers as the products (fibers) can always be picked
up at any time during the evolution of structures allowing more versatile nature of the
composite fiber generation. This is substantiated by the smaller fibers formed detected at
earlier times in the formation of composite fiber bundles as shown in Figure 9.1.5 (d). The
composite fibers are electrically conducting and hence they can provide a new approach in
the generation of sensors, where the chemical and biochemical properties of the Au NPs and
the electrical conductivity of the fibers can simultaneously be exploited.

9.1.4 Conclusion
In the present chapter, the use of L-ascorbic acid (AA) in assembling metal
nanoparticles (NPs) into three-dimensional fibrous structures has been reported. The
degradation product of AA led to the formation of fibrous structures, which was used as a
template for deposition of metal NPs such as Au, Pt and Ag. In addition, AA has also been
used as the reducing agent in generating Au NPs. The spontaneous fiber formation and
formation of Au NPs by AA have been coupled to generate fibers made up of composite of
Au NPs and the polymer from the degradation products of AA. The composite fiber bundle
has been found to be electrically conducting, with surface resistivity on the order of 2.16 X
103 ohm cm. Therefore, the present work is expected to provide a new and interesting way
of generating and organizing metallic NPs into three-dimensional functional networks useful
for future nanotechnology based devices.
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9.1.5 Appendix I

Figure 9.1.5A. (a) Scanning electron micrograph of Au NPs deposited on AA-degradation fiber.
(b) is an expanded view of (a). (c) is the EDX spectrum of the fiber.
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Figure 9.1.5B. (a) Scanning electron micrograph of Ag NPs deposited on AA-degradation fiber.
(b) is an expanded view of (a). (c) is the EDX spectrum of the fiber.
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9.2 Silver Fused Conducting Fiber Formation of Au@Ag Core-shell
Nanoparticles Mediated by Ascorbic Acid
9.2.1 Introduction
In the earlier section of this chapter we have reported the formation of composite
fibers consisting of metallic NPs and the polymer from degradation products of L-ascorbic
acid (AA). There the composite consisted of single metallic NPs embedded in the polymer
matrix. In this chapter, a new method of assembling metallic core-shell NPs into millimeter
- scale fibrous superstructures is reported. Here also L-ascorbic acid (AA) has been used as
the reducing agent in the formation of core-shell particles and also in the transformation of
core-shell NPs assembly into fiber bundles. As mentioned before, AA is known to get
self-oxidized and degraded into several products one of which is the polymerization in
aqueous solution 1-4. In earlier examples, when AA was treated with HAuCl4 formation of
Au NPs was observed, which subsequently resulted into organized fibrous structures with
time.5 On the other hand, when initially grown Au NPs, in the presence of AA, were treated
with AgNO3, formation of core-shell NPs, with Ag covering Au, could be observed.
Interestingly, it was observed that the presence of silver in the solution helped in the
organization of the core-shell NPs into fibrous structures where metallic Ag acted as glue for
joining the NPs in the fiber. Furthermore, the fibers made up of only Au NPs showed low
electrical conductivity. However, with the increase in the Ag, the conductivity increased to
metallic values indicating that Ag was acting as ‘glue’ to connect the NPs. UV-Vis
spectroscopy,

electron

microscopy,

X-ray diffraction

and

electrical

conductivity

measurements were pursued with these fibers to characterize them and their properties.
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9.2.2 Experimental Section
Materials
Hydrogen tetrachloroaurate (HAuCl4, 17 % Au in HCl purchased from
Sigma-Aldrich), silver nitrate (AgNO3 99.5 % from Merck), L- ascorbic acid (99 %, from
Merck) and sodium hydroxide (NaOH, 98 %, from Merck) were used as received without
further purification. Milli-Q grade water was used in all the experiments.
General procedure for synthesis of core shell Au@Ag NPs-AA polymer composite
40 L of 17.26 mM of HAuCl4 was diluted into 10 mL water with the final
concentration of HAuCl4 at 0.07 mM and 100 L of 0.3 M freshly prepared NaOH solution
was added followed mixing them by shaking. Measured amount of AA was then added to
the solution. The solution immediately turned purple in color indicating the formation of Au
NPs. In order to prepare composite particles, various amount of AgNO3 solution was
subsequently added to this purple colored solution. The details of the concentrations of
HAuCl4, NaOH, AA, AgNO3 used for different samples are given in Table 8.2A. UV-Vis
spectra of these solutions were recorded one hour after the preparation of the mixtures. The
solutions were then kept at room temperature for 30 days, with occasional visual observation
for fiber formation. The fiber formation (either at the bottom of the solution or at the
air-water interface) was observed with naked eye typically form the sixth day and they were
allowed to grow until the solution became colorless for full formation of fiber assembly. It
may be noted that in all the preparations, the concentration of HAuCl4 and NaOH were kept
constant (Sample 1 to Sample 13) and the concentration of AA was increased upon
increasing the concentration of AgNO3. This was necessary for the formation of Ag NPs as
well as the fibers in the medium. The pH of the resultant solution at the end of mixing the
reagents was measured and is mention in the table against each mixture.
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Analytical Measurements
UV-Visible spectra of the samples were recorded, in the range of 200 to 1100 nm,
using a Perkin-Elmer lambda-25 spectrophotometer. All the measurements were carried out
under ambient conditions. X-ray diffraction (XRD) pattern of the dried fiber bundle, placed
on a microscope glass slide, was recorded using a Bruker D8 Advance XRD machine (Cu 
source with wavelength at 1.5406 Å), in thin film mode. Transmission electron microscopy
(TEM) of the fiber, placed on carbon coated copper grids at different time of growth, was
performed using a JEOL equipment operating at an acceleration voltage at 120 kV or 200 kV
(model 2100). Scanning electron micrographs of the fibers placed on Al or Cu stubs were
recorded using a LEO scanning electron microscope (model 1430 VP).
Table 9.2A. Concentration of reagents and corresponding pH of the solutions.

Sample
Name
Sample: 1
Sample: 2
Sample: 3
Sample: 4
Sample: 5
Sample: 6
Sample: 7
Sample: 8
Sample: 9
Sample: 10
Sample: 11
Sample: 12
Sample: 13

TH-777_05612211

Con of
HAuCl4
(mM)
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

Con of
NaOH
(mM)

Con of
Ascorbic
acid (mM)

3
3
3
3
3
3
3
3
3
3
3
3
3

2.0
2.0
2.0
2.4
2.6
2.8
3.6
4.4
5.2
6.0
6.8
7.6
8.0

Con of
AgNO3
(mM)
0.00
0.02
0.04
0.08
0.16
0.20
0.24
0.28
0.32
0.36
0.40
0.44
0.50

pH of the
solution
6.59
6.54
6.47
5.99
4.82
4.67
4.32
4.09
3.99
3.88
3.79
3.71
3.57
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Electrical conductivity measurements
After 30 days of growth, the fiber bundles were picked up from the solution and
dried on microscope glass slides under ambient conditions. The total area of the fiber bundle
was calculated from the width and thickness of these fibers. The thickness of the fiber was
recorded by using atomic force microscope (AFM of VEECO; Model Nanoscope IVa) and
the length of the fiber was calculated by measuring the distance between the two electrodes.
The resistance of these fibers was recorded with a Keithly constant current source used for
applying current and a model 2182-Kit Low-Thermal connector with strain relief was used
to measure the voltage.

9.2.3 Results and Discussion
As discussed in the previous section, AA under acidic condition gets oxidized to
produce dehydroascorbic (DHA) acid 6. The oxidation is also possible in the presence of an
oxidizing agent such as hydrogen peroxide and some transition metal ions 7. Further, DHA
is known to get transformed into 2, 3-diketo-gulonic acid (DKG), which itself produces a
host of products, and among them polymerization has been observed as one of the
pathways3. However, the most important chemical characteristics of AA (i.e. vitamin C) are
its redox properties 8. AA, being a two-electron reducing agent, can react with metal ions in
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solution to reduce them into their zero valent states. The rate of oxidation of AA is
dependent on the pH of the medium. For example, it was observed that AA, at low pH, is
incapable of reducing Ag+ ion into Ag9, while the same reduction can be carried out at a pH
typically greater than 9.0. However, the reduction of HAuCl4 to Au can be performed at low
as well as high pH values. Interestingly, when Au NPs were present in the medium, the
formation of Ag from Ag+ ions was favored even at lower pH values. We have taken
advantage of these behaviors of AA and used the same for the production of core-shell
Au@Ag NPs and subsequent assembly of the same into fibrous structures.
An aqueous solution of AA when mixed with HAuCl4 results into purple colored
solution. UV-vis spectrum of the solution consisted of a single peak at 533 nm indicating the
presence of Au NPs in the medium.5 Further, as observed before, when the solution was left
by itself under ambient conditions, formation of fibers could be observed. These fibers,
which appeared as bundles having length of each component fiber of about 100 m and
width of the fiber about 1-4 m, with Au NPs having characteristic optical properties of the
NPs. TEM and SEM analyses of the fibers indicated that small particles of the original sizes
were organized into fibers where individual particles could be observed as constituents of
the fibers (as observed before). The typical electrical conductivity of the fibers was low and
the details of the composite fibers have been discussed earlier.5 In this section, the primary
focus is on the assembly of core-shell NPs.
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Figure 9.2.1. (A) The UV-visible spectrum of AgNO3 added Au NP solutions (Samples:1-13 of
Table 8.2A). (B) Dependence of the absorption maxima (λmax) of the Ag and Au NPs on the
concentration of silver salt added to the Au NP solution. (C) Transmission electron micrograph of
the core shell Au@Ag NPs corresponding to sample: 13 (Table 8.2A). (D) High resolution TEM
picture of core shell Au@Ag NPs. (E) SAED pattern of particles corresponding to that in (C). (F)
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Based on the formation and organization of Au NPs into fibers, a scheme has been
developed for the generation fibers with composite (Ag and Au) NPs whose electrical
conductivity could be tuned over a large range of values by changing the reaction conditions,
which is primarily the concentrations of AgNO3 and AA in the medium. Firstly Au NPs
were synthesized in the medium by reduction of HAuCl4 using AA. This was followed by
addition of AgNO3, which initially resulted in the formation of Au@Ag core-shell particles,
followed by the formation of fibers. Typical UV-vis spectra of the solution containing Au
NPs in AA medium with the addition of various amounts of AgNO3 are shown in Figure
9.2.1 (A). As is clear from the figure, at the lower concentrations of AgNO3, with values
ranging from 0.02 mM to 0.50 mM, both the peaks characteristic of Ag NPs (at 383 nm) and
Au NPs (occurring at 533 nm) were present in the spectra. This indicates the formation of
Ag NPs independently, in addition to the presence of Au NPs. Further addition of AgNO3
led to blue-shift of the peak originally due to Au NPs, while the peak due to Ag NPs
continued to increase in intensity. This could possible be due the presence of Ag NPs and
Ag coated Au NPs (the peak at 533 nm that blue-shifted upon addition of excess AgNO3).
Plots of max versus the concentration of AgNO3, shown in Figure 9.2.1 (B), indicate rapid
(nearly exponential) decrease in case of Au NP absorption maximum, while the absorption
maximum of Ag NPs increases at nearly the same extent.
It has been reported that Au NPs catalyze the growth of Ag NPs in the presence of a
reducing agent.10 Also known is that core-shell NPs could be formed by deposition of Ag
on Au.11 In the present condition, Au NPs in the presence of AA catalyzed the reduction of
Ag+ to Ag, which subsequently grew further on the Au NP seed. UV-vis spectra as a
function of concentration of AgNO3 indicates the formation of core-shell structures rather
than alloy.12 TEM images (Figure 9.2.1 (C)) showed the presence of Au@Ag core-shell
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NPs in the medium with further growth of Ag NPs on the particles leading to fiber
formation. A better view of the core-shell formation is depicted in the high-resolution TEM
(HRTEM) picture (Figure 9.2.1 (D)), where the lattice fringes due to Ag grown on Au
particles is distinctly different from the dark background due to Au.

Figure 9.2.2. (A) Scanning electron micrograph of the core shell NPs composite fiber. (B) and (C)
Expanded views of the picture in (A). (D) EDX spectrum of the fiber.

Also, clear from the figures (Figure 9.2.1 (C) and 9.2.1 (D)) is that in the present reaction
conditions core-shell formation rather than alloy formation has taken place, supporting the
observations through UV-vis studies. The images suggest that at the beginning, 5-10 nm
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diameter core-shell structures were formed in the medium. Selected area electron diffraction
(SAED) pattern (Figure 9.2.1 (E)) indicated the presence of agglomerated crystalline
particles of Ag and Au. The presence of Ag-Au in the structures was further confirmed by
X-ray diffraction (XRD) studies. A typical pattern of a fiber bundle (discussed later) is
shown in Figure 9.2.1 (F). The presence of well-defined planes of Ag/ Au occurring at
38.1o, 44.3o, 64.6o and 77.6o corresponding to (111), (200), (220) and (311) lattice planes
clearly evidences the presence of Au/Ag in the fibers13. Calculation of particle size using
Debye-Scherrer14 formula indicates an average particle size of 16 nm, which is close to the
TEM observations for core-shell particles.
When the core-shell NPs present in the solutions were kept for a maximum of 30
days, under ambient conditions, large bundle of fibers settling out of the solution as
precipitate or hanging at the air-water interface could be observed. The solution color
completely disappeared upon the formation of fiber bundles, and was devoid of
characteristic UV-vis spectrum of either Ag or composite NPs. These fibers were further
analyzed using SEM, the results of which are shown in Figure 9.2.2. As is clear from Figure
9.2.2 (A), the fibers formed appeared to be intertwined tapes. These tapes seemed to have a
structure where each component tape branches out from a head and also several such
component tapes meet at a common head. The number of branched tapes as well as tapes
meeting at the head was typically four. Each of the component tapes had length of tens of
micrometers, with typical width of about 2- 4 m. Focusing on the fibers indicated the
presence of small particles (less than 100 nm) distributed uniformly over the fibers. These
are shown in Figures 9.2.2 (B) and (C). EDX spectrum of a spot on the fiber indicated the
presence of Au and Ag on the fibers in addition to the presence of carbon. This meanss that
the fiber was made of organic components, and was bimetallic in nature consisting of Au
and Ag NPs. Further, EDX spectra of the fibers grown with different amount of AgNO3 in
the original solution indicated increased amount of Ag present in the fiber with increasing
amount present in the original solution. This correlates well with the increased formation of
Ag with increasing AgNO3.
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Time-dependent growth of the fiber assemblies from a solution containing the above
mixture (Au NPs, Au@Ag NPs and organic components from AA) were pursued. About 20
L portion of the solution at a chosen time of growth was withdrawn and then evaporated on
a TEM grid. This was done for the samples from 1st, 5th and the 20th day of growth. The
evaporated solutions were then investigated under TEM.

The results are shown in Figure

9.2.3. As is clear from Figure 9.2.3 (A), initially core-shell NPs were present in the solution
in addition to Ag NPs (attached to them), and the overall particle sizes were about 30 nm or
less in diameters.
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Figure 9.2.3. (A) and (B) Transmission electron micrographs of core shell Au@Ag NPs on day 1 of
sample 13; (C), (D), (E) and (F) that on day 5 of same sample. (G), (H) and (I) are the high
resolution TEM pictures obtained from figures (E) and (F). (J), (K) and (L) Transmission electron
micrographs of fiber of core shell Au@Ag NPs on day 20.
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Also, the particles tend to grow into a linear chain fashion (Figure 9.2.3 (B)). With time the
particles seem to have fused with each other as indicated by the presence of Ag in the
intervening region between the two or several NPs. However, as we discussed earlier, upon
addition of AgNO3 with increasing the concentration into the seeds of Au NPs solution in
the presence of excess reducing agent, deposition of the Ag NPs shell on the surface of the
Au NPs occurred and as the thickness of the Ag shell increased the NPs merged together
leading to the formation of fibers. The tendency of AA to form fibers upon oxidation
followed by polymerization, as observed earlier5, might act as the template for the growth of
fibrous structures. The growth of fibrous structures due to growth of Ag on Au NPs and AA
templates is more prominent at higher initial concentrations of AA. This is evident from
Figures 9.2.3 (C)-(E), recorded from the sample of the 5th day of growth. The presence of
small, dark Au NPs in the linear chains consisting primarily of Ag is event from the figures.
Also, better views of the growth of crystalline Ag on the Au NPs are available in the
HRTEM pictures shown in Figures 9.2.3 (G)-(I), representing different locations of the fiber.
The presence of separate lattice planes of Ag surrounding the dark Au NPs are clearly
visible. Also, interesting to note is that the same lattice planes continue to be present not
only in the intervening region of the fibers but also above the Au NPs. In other words,
continuous growth of same lattice plane on different core-shell structures leads to the
formation of linear geometry in the formation of fiber bundles. When the growth continues
from different edges of the core-shell structures branched fiber formation could be observed.
The observations suggest that when the shell of the Ag NPs continues to grow to form
aggregate structures, the particles are fused with the continuation of the most suitable
crystallographic faces15 leading to fibrous structures with linear components. When the
concentration of AgNO3 is high and the time of growth long, a large assembly of NPs leads
to the formation of micron to millimeters-scale fibers (Figures 9.2.3 (J)-(L)). The assembly
appeared to have NPs as the majority component as indicated by the dark image consisting
of primarily assemblies of NPs rather than joined by organic materials. Also, the figures
indicate the presence of NPs uniformly distributed all over the fibers. It was noticed that in
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about 20 days the fiber formation was nearly complete. However, growth could be observed
till about 30 days in some cases. As noted before, AA acts as the reducing agent in the
formation of Au NPs from HAuCl4. The solution was acidic and it was observed that under
acidic condition AgNO3 was not reduced by AA, although the same reduction could be
achieved at a pH greater than 9. Thus in the present situation the Au NPs present in the
medium possibly acted as catalyst in the reduction of AgNO3 by AA. Firstly, reduction of
AgNO3 in the presence of Au NPs could produce Ag NPs and core-shell (Au@Ag) NPs in
the medium. The excess Ag+ ions present in the medium could subsequently be reduced,
which in the presence of NPs could act as ‘glue’ in cementing the NPs into fibers. The TEM
micrographs in Figures 9.2.3 (A)-(F) support this speculation as the grey region not only
appeared in the core-shell NPs but also was present in the intervening region in the fibers
spanning the NPs and appearing to have connected them into forming the fibers. It might
also be possible that there is a role of AA in organizing the NPs into fibers as ordinary
core-shell (Au@Ag) NPs are not known to spontaneously organize themselves into fibrous
structures. The AA themselves or their degradation products could act as the stabilizers,
which not only stabilizes the NPs but also help them assemble into fibers.
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Figure 9.2.4. I-V curves for the Au and Au@Ag core-shell fiber samples. Fibers obtained from (a)
sample 1 (0.0 M AgNO3), (b) Sample: 2 (0.02 mM of AgNO3), (c) sample 3 (0.04 mM of AgNO3)
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It was also noticed that increasing the concentration of AgNO3 increased the rate of
formation of the fibers. For example, when 0.08 mM of AgNO3 was added to the preformed
Au NPs the fiber formation could be observed to have been completed in 30 days. On the
other hand, when the concentration was increased to 0.44 mM then the fiber formation was
complete in 20 days.
Further evidence of the role of AgNO3 in the formation of fibers along with the
presence of Au NPs came from the electrical conductivity measurements. I-V characteristic
and electrical conductivities of fibers so generated under different AgNO3 concentrations
were measured at room temperature after being transferred from the medium to a glass slide
followed by drying. Figure 9.2.4 shows the I-V curve for (a) sample 1 (Au NPs – fiber
composite), (b) Sample 2 (Au-Ag NPs-fiber composite with low AgNO3 concentration), (c)
sample 3 (Au-Ag NPs-fiber composite with medium AgNO3 concentration) and (d) sample
4 (Au-Ag NPs-fiber composite with high AgNO3 concentration). The exact concentrations
of AgNO3 for the samples are indicated in the captions of Figure 9.2.4. It is interesting to
note that the I-V curve of the composite with Au NPs (Figure 8.2.4 (a)) is not a simple
straight line. Also, the electrical conductivity of the composite fiber is low. It was observed
that when the fibers were made of Au NPs and the organic components, the conductivity was
on the order of 4.6x10-4 -1cm-1 and it is far from the metallic conductivity, which is
reasonable considering that the NPs are interspersed with organic components in the fiber.
However, with the increase in the concentration of AgNO3 the composite fibers exhibit
metallic conductivity. This is clear from Figures 9.2.4 (b), (c) and (d), which represent I-V
curves of the composite fibers with increasing AgNO3 concentration. It is also noteworthy
that the conductivity of the fibers followed Ohm’s law when the initial concentration of
AgNO3 was  0.04 mM. The conductivity versus concentration of AgNO3 is shown in
Figure 9.2.5. One can notice that the conductivity increased with the concentration of
AgNO3. The conductivity was low (less than 200 -1cm-1) when the initial concentration
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of AgNO3 was less than 0.1 mM. On the other hand conductivity was high (metallic) when
the initial concentration of AgNO3 was greater than or equal to 0.1 mM. The increase of
conductivity with AgNO3 concentration could be due to the fusion of core shell Au@Ag
NPs by Ag and thus increasing the electron flow between two core-shell NPs. When
concentration of Ag in the fiber (i.e. the concentration of AgNO3 in the original medium)
was low then there would be significant presence of organic components in the fiber, in
addition to the presence of sufficient core-shell NPs.

Thus it is reasonable that the

conductivity would be low. On the other hand, with the increase in concentration of Ag the
‘electrical connection’ between the NPs is provided by the Ag that is present in the
intervening region, and which acts as glue for the formation of fibers from NPs (as was
evident from the TEM images).

When the presence of Ag is sufficient the electrical

continuity is established and the fibers behave like bulk metallic conductor. In absence of
sufficient Ag the composite fibers did not exhibit the behavior of a metallic conductor.

Figure 8.2.5. Plot of electrical conductivity of the fibers versus concentration of AgNO3

The origin of the conductivity of these fibers could possibly be accounted for by
using the geometric consideration for isotropicaly conductive adhesives (ICA). According to
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the model developed by Ruschau et al16, the contact resistance (RC) of conductive
composites can be written as the sum of constriction resistance and tunneling resistance.

Here,
ρі is the intrinsic filler resisitivity.
d is the diameter of the contact spot.
ρt is the tunneling resistivity and
α is the contact area.
The constriction resistance is associated with the constriction of electron flow through small
area. In the present case, at the small AgNO3 concentrations, the area of contact between
two NPs can be small enough to constrict the electron flow across the particles. The
tunneling resistance is associated with the tunneling of electron form one particle to other in
the presence of insulating film between the two particles. Here the insulating film could be
due to organic components present in the fiber. When the concentration of AgNO3 was low
(up to 0.1 mM), the contact resistance could have been dominated by both of the above.
However, with the increase in concentration of AgNO3 (0.3 mM or more) the contacts
between the NPs increase, as the Ag metal that is produced acted as ‘glue’ to join the NPs
into more uniform and continuous wire. The increase in contact dominates the contact
resistance and hence normal metallic conductivity is achieved as the length of the wire is
sufficient (microns to mm) to behave like metallic conductor. Overall, the conductivity of
the fibers is dominated by constriction resistance rather than pure tunneling, as the increase
in the concentration of AgNO3 increases the contacts by gluing the NPs. Thus, more NPs are
not necessarily produced; rather contacts between NPs are improved by deposition of Ag in
the intervening region thereby decreasing the constriction resistance. It is also interesting to
note that the increase in the concentration of Ag increases the deposition of the same in the
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intervening region between two core-shell NPs rather than produce more NPs (of Ag). In
other words, the reduction of AgNO3 to Ag is more favored on the surface of the core-shell
NPs rather than in the isolated solution. This deposition (through reduction on the surface)
leads to connecting of the core-shell NPs into continuous wire. The presence of organic
components might help in templating the deposition into wire rather than other shapes.

9.2.4 Conclusion
Systematic development of three-dimensional assembly of nanoscale materials has
been and still remains a challenge. The present method of generating core-shell NPs and
their subsequent self organization in the presence of increasing amount of Ag introduces a
new approach towards systematic development of three-dimensional structures with
nanoscale components. It must also be mentioned here that even though we have allowed the
formation of complete fiber bundles in all the cases for ease of handling the fibers and
composites, slow growth of fibers would allow generation of size-selected fibers as the
products (fibers) could always be picked up at any time during the evolution of structures,
allowing more versatile nature of the composite fiber generation. That the composite fibers
are electrically conducting introduces a new approach in the generation of sensors, where the
chemical and biochemical properties of the Au@Ag NPs and the electrical conductivity of
the fibers can simultaneously be exploited. That the backbone of the composite fiber has
organic moiety provides additional chemical and mechanical flexibility. The present work is
expected to provide a new and interesting way of generating and organizing metallic NPs
into three-dimensional functional networks useful for nanotechnology based devices.
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