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Chapter 1

Synthesis, Characterization, Properties and Applications of

Monolayer Protected Metallic Nanoclusters®

This chapter presents a critical summary of the monolayer

protected metallic nanoclusters (MPCs). The scope for these
particles in nanotechnology along with several fundamental
issues related to their origin and the evolution of size and
shape dependent properties at nano scale and their potential
applications are discussed. Particular emphasis has been
placed on the synthesis, characterization, properties and

diverse applications of MPCs of silver and gold. The objective

of the present study and abstract of the overall investigation

are also mentioned at the end of this chapter.

* A part of the work has been published in “Encyclopedia of Nanoscience and
Nanotechnology (ENN): American Scientific Publishers, Vol. 5, 861" and another part in “Proc.
Indian Acad. Sci. (Chem. Sci.) 2001, 113, 659"
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1.1 Introduction

Science and technology in the upcoming decades is forecasted to be
revolutionized based on the knowledge of its ability to create, measure,
manipulate and organize matter at the nanoscale — 1 to 100 billionths of a meter,
which is expected to have major implications for health, wealth and peace, widely
known as nanotechnology.'? The knowledge will be jointly contributed from chemistry,
physics, materials science, biology and several branches of engineering, where quantum
size effects and other confinement phenomena are expected to be dominated along with

other physical laws."

The properties of matter change at nano scale and more specifically, they
become size and shape dependent at this size regime, often due to their size being
equal or smaller than the characteristic length scales that define the physical
properties.>"? In particular, several interesting quantum (electron confinement,® near-
field optical effects,* quantum entanglement,® electron tunneling®® and ballistic

1917 overlapping double layers in fluids'?)

transport®) or subdomain (superparamagnetism,
phenomena are observed, which may be absent either in bulk or in molecular systems.
These unique size and shape dependent properties of nanometer sized particles render
them as potentially important building blocks for nanotechnology.”'* Accordingly,
several applications, such as solar cells, controlled drug-delivery systems, selective
chemical sensors, light emitting diodes, single electron transistors and memory devices,

have been demonstrated in the recent past.'*'

Size tunable inorganic nanostructures of metallic, semiconducting and insulating
materials have been extensively investigated in recent years, while several related
nanosized objects, such as dendrimer, carbon nanotubes, polymer nanocomposites and
several organic-inorganic hybrid materials, also have drawn considerable importance
due to their novel properties.’®'® Consequently, one of the major themes of present day
research is based on our ability to create these building blocks along with the
understanding of their properties, so that the manipulation can be carried out at

nanoscale in a prerequisite manner.®>'®
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Aside from organizing interesting molecules in low dimensions, development of
nanotechnology also necessitates suitable functional units for the fabrication of
nanoarchitectures that are several orders of magnitude smaller than presently available
lithographically fabricated devices. For example, transistors are one of the most basic
electronic components of present day computer chips with feature size of ~200-300 nm,
where their numbers get doubled in every two years (Moore’ Law) by shrinking their
feature size." However, the conventional fabrication techniques, like lithography, do not
allow further size reduction as quantum restrictions will interfere with their operation.'®
Interestingly, the recent success of the “Bottom-Up Engineering” approach for creating
nanoarchitectures using self-assembly as compared to “Top-Down Engineering” strategy
has tempted many of the nanotechnologists to focus more on electronic applications.
In particular, the “Bottom-Up Engineering” is suitable for this purpose as it ascertains

chemical control on the individual nano/molecular/atomic components.'®

Self-assembly is the coordinated action of independent functional units under
distributed control to produce organized structures or superstructures with certain
specific patterns.”® For instance, widely investigated self-assembled supramolecular
systems have been designed for performing electronic operations, like switching, gating,
rectification, amplification and this interdisciplinary area is known as molecular
electronics.”™' Accordingly, the integration of nanosized building blocks in a predefined
fashion can also generate novel properties and functions, which may be achieved
through the interaction of atom-by-atom, molecule-by-molecule or may be nanostructure-
by-nanostructure.’®?"? The primary objective is thus to design and synthesize suitable
building blocks with novel and potentially useful electronic properties depending on the
ability of organic molecules to control the electron flow as elegantly illustrated in several
self-assembled systems in biology and chemistry."'*?'"?* More specific cases, like a
molecular switch using an organic molecule sandwiched between a nanocluster and a
gold tip, have been reported recently, with a remarkable ability to tune electron transfer
depending upon its redox state.? This and several such recent examples have illustrated
the potential of chemical tailoring of suitable mesoscopic structures to accomplish the

fabrication of ordered arrays of nanoelectrodes and nanoclusters.'* 2126
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Since the introduction of Brust's method for synthesizing thiol protected gold
nanoclusters in 1994, the emerging area of monolayer protected nanoclusters (MPCs)
has rapidly become a topic of intense activity in the field of nanotechnology.?? This is
mainly due to its simplistic approach in achieving size and shape control for a large
number of materials with enhanced stability, especially, for a variety of applications.?®?’
More specifically, the monolayer formation provides a unique opportunity to stabilize
nanoparticles by isolating them from their environment, where particle growth and
agglomeration through different mechanisms, like Ostwald ripening and air oxidation,
can be prevented.®* The capping of organic molecules on colloidal particles is

comparable with the widely studied self-assembled monolayer (SAM) on flat surfaces,

23,27 M 26,27

like gold, silver or silicon and is often known as three-dimensional (3D) SA
More specifically, the word SAM generally means a monomolecular thick film of organic
compounds on two-dimensional substrates due to the strong chemisorption between
substrate head group of the desired compounds on the surface, leading to the formation
of a thermodynamically stable monolayer.?®*"3" Apart from enhancing the stability of
MPCs, SAM method also provides flexibility to tune the functionality for their

manipulation of structure and properties. 22

Self-assembly of similar sized MPCs in crystalline arrays of one, two or three
dimensions to form superlattice structures is of particular interest for fundamental and
technological importance.?®* The characteristic features of such nanoscale
architectures, includes size and shape dependent quantum effects, where collective
properties often produce interesting phenomena, perhaps vastly different from individual
features.”'*%32 Some of the major advantages of these self-assembled systems arise
due to their ability to control interparticle distance, interaction and directional electron
transfer arising from the multifunctional nature of organic capping ligands.''2632
Further, these systems also provide opportunities to modulate their physicochemical
behaviour by controlling the spatial confinement of electrons smaller than the electron
delocalization length in bulk materials, generating interesting optical and electronic

applications.'®'433

The primary objective of this chapter is to summarize basic aspects of MPCs with

their relevant characterization data, properties and applications with special emphasis on
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metallic nanoparticles of Au and Ag. A brief description of the promising area of
nanoscience and nanotechnology is given in section 1.2 along with their proposed
applications and potential limitations. Since fundamental and technological interests of
these small particles are due to their size dependent properties, the theoretical basis for
such behaviour is discussed in section 1.3. Other sections are devoted to describe few
of the recent developments of metallic MPCs for nanotechnological applications.
However, an exhaustive description is difficult, since innumerable reports do appear
regularly about MPCs and their applications. Major developments of Au and Ag MPCs
are mentioned in the text, while few other important contributions are cited in the
references. We hope that this brief summary will be helpful to understand the importance

of MPCs for future technological developments.
1.2 What is Nanoscience and Nanotechnology?

Nanoscience comprises of manipulating and developing materials at nanoscale
level (0.1 to 100 nm) to endow them with novel size dependent properties (e.g. optical,
electrical, magnetic and chemical) for diverse set of applications in various fields of
science and engineering.! Accordingly, nanotechnology is the technology to generate
structures or devices less than 100 nanometers in size for performing complex
functionalities using the knowledge of nanoscience and is expected to make a significant

impact on the society.’

Some of the initial ideas of nanotechnology came from Richard Feynman’s
lecture in 1959 at the annual meeting of the American Physical Society at California
Institute of Technology (Caltech), entitled “There's Plenty of Room at the Bottom”, where
he discussed the possibilities of the direct manipulation of individual atoms to develop
and operate next generation machine tools and so forth.** The term Nanotechnology
was first coined by Norio Taniguchi of Tokyo Science University in 1974 as “Nano-
technology' mainly consists of the processing of separation, consolidation and
deformation of materials by one atom or one molecule” to describe the precise
manufacturing of materials with nanometer tolerances,* while during 1980s the term
was re-invented and expanded by Eric Drexler.***" However, the invention of the

Scanning Tunneling Microscope (STM) by Gerd Binnig and Heinrich Rohrer in 1981 at
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IBM's Zurich Research Laboratory and the Atomic Force Microscope (AFM) in 1986 by
Gerd Binnig, Christoph Gerber and Calvin Quate, made it possible to realize the
essence of nanotechnology due to their uncanny ability to image and manipulate matter

with atomic level precision.

Some of the benefits of nanotechnology have been exaggerated to include all
kinds of amazing applications, like a tiny, yet powerful computers, earthquake resistant
building materials, advanced systems for drug delivery and custom-tailored
pharmaceuticals as well as the elimination of invasive surgery due to intrinsic repair
possibility."? Nanotechnology is also expected to have considerable impact on the field
of miniaturized electronic devices, manufacturing of chemicals, health and energy
sectors; as an “one word” to solve all problems of our daily life."? The transformative and
convergent nature of nanotechnology can enrich the existing technologies, like bio or
information technologies.? Accordingly, the nanotechnology is not just a way to have
further miniaturization but would lead to a dramatic change in materials, devices and
thus, to the society, as defined by Richard Smalley “Nanotechnology holds the
answer, to the extent there are answers, to most of our pressing materials needs

in energy, health, communication, transportation, food, water, etc. ” 38

A new technology is always dangerous in some ways, especially, if adequate
precautions are not taken in the beginning itself, like the case of nuclear energy or
cloning technology. Since nanotechnology deals with a variety of both living and
anthropogenic systems, utmost care must be taken at early stages and at all levels.** For
example, since reactivity increases at the nanoscale, accordingly the toxicity is also
expected to increase, especially, if these materials are confined to living cells or immune
systems.* Further, the activity of the commonly used materials (non toxic) have to be
critically rechecked at nanoscale to avoid their unknown toxicity. A popular endanger of
nanotechnology is defined by the “grey goo”, which introduced by Eric Drexler as the
hypothetical end of all life of the world due to the formation of out of control self-
replicating robots (esophagy) due to nanotechnology;* although such worst scenario is
possible only in science fiction. Nevertheless, adequate strategies (“precaution is always
better than curel”) must be applied to scrutinize effects on environment before adopting

this new technology for creating a better future. The word “anti-nanotechnology” already
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contains some of the growing oppositions to the widespread use of nanotechnology,

which obviously helps to formulate regulatory measures for their applications.
1.3 Why and How Properties Change in Reduced Dimensions?

There are numerous reasons why size reduction can in principle, affect
behaviour of materials, including catalytic, thermal, mechanical, optical, electronic,
magnetic and electrochemical properties.*>*" The increment of catalytic activity with size
can be rationalized on the basis of the increasing surface to volume ratio with
decreasing particle size, since the surface atoms are more active due to the presence of
unsaturated co-ordinations or dangling bonds.***' Further, due to higher surface to
volume ratio, considerable lattice contraction is observed in nanoparticles, which
increases with the decrease of particle size.***' The lattice contraction or lattice strain is
generated due to the hydrostatic pressure on the surface induced by the intrinsic surface
stress.*® As most of the atoms are situated on the surface for smaller particles and they
have an excess free energy due to the large number of unsaturated bonds, the melting
point also decreases with decreasing particle size. Since the surface energy of liquid is
less as compared to the corresponding solid, the depression of melting point occurs by

minimizing the surface energy (Figure 1.1).

The electronic structure of a metal particle in reduced dimension critically
depends on its size and is drastically different from its bulk and atomic or molecular
analogues, however, the definition of the dimensionality of a system often depends upon
the interest. This can be generally defined by the electron movement in a restricted
environment such that the particle size is of the order of mean free path at least in one
dimension, which also commonly known as quantum confinement.”**'**4? The important
length scale can be electron mean free path, length of the effective Bohr radius or phase
coherence length. More specifically, mean free path of the electrons dictates the
property of the metallic nanoparticles, whereas semiconducting particles are mainly
governed by Bohr's radius (the electron-hole separation as characterized by the
excitonic diameter).*>** Accordingly, if any one, two or three dimensions of the material
are less than any of these aforementioned length scales, the system can be said as zero

(quantum dot), one (quantum wire) and two dimensional system (quantum well).*?
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Figure 1.1 Relationship between particle size and melting point of gold nanoparticles. (Adopted
from Ref. 44)

The size reduction causes the electrons to be confined within a small region of
the spherical potential well (for nanoparticles), where these electrons occupy discrete
energy levels given by particle-in-a-box solution.**** However, molecules have well
separated energy levels (explained by molecular orbital theory), while solids posses well
defined band structures due to the overlap of the energy levels of infinite number of
atoms having translational symmetry.** More specifically, the average spacing of
successive quantum levels, known as Kubo gap; (8 = 4E#/3n; E; is the Fermi energy of
bulk metal and n is the number of valence electrons in the nanoclusters), can be
controlled to make a system either metallic or nonmetallic.'*** For example, for an Ag
particle of 3 nm diameter containing ~10° atoms, the value of & would be 5-10 meV.
Since at room temperature, kT ~ 25 meV (kg is Boltzmann’s constant), the 3 nm particle
would be metallic (ksT > 5)."*4°4¢ At low temperatures, the level spacing, especially, in
small particles, may become comparable to kgT, rendering them nonmetallic.'**4°4¢
Most importantly, the change in the spacing between the energy levels as a function of
the number of atoms can be used to understand the electronic, optical or magnetic
properties.”****" Since “8” depends on “n”, size tuning can lead to the control of “5” as
compared to the value of thermal energy, which in turn can control the properties of

materials. For example, “5” can vary with “r>” for spherical particles (r is the radius of the
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particles), as their density of states is proportional to volume. The low temperature
behaviour of these systems will be more interesting as the spacing “6” may become
larger than kgT and the life time (1) of the electronic states will be much larger than h/6 (h

= h/2n, where h is the Plank’s constant), thus making the system insulating.*’

Scheme 1.1 (a) Schematic representation of the equivalent circuit for the double barrier tunnel
junction (DBTJ) for an attached MPC on a solid surface, while (b) several tunnel junctions are
possible for MPC superlattices. R4, C1and R,, C, represent the resistance and capacitance of the
first and second tunnel junctions respectively.

The discreteness of energy levels in these nanoparticles causes the single
electron tunneling to be feasible at room temperature, which is believed to be one of the
most important phenomena for future electronic devices.”*® Nanoparticles, with a
dielectric coating (tunnel barriers) are ideal in this respect as they have very tiny
capacitance (~ 10" F). In comparison, if we want to observe single electron charging
effect in a typical capacitor (pF), we need to apply a very small amount of voltage (10
V). Further, the capacitor would have to be cooled to a temperature such that 108V > k;
(kr is the critical temperature to observe single electron tunneling) to suppress the

thermal effects, which turn out to be a temperature of 0.0005 K, this is quite unfeasible
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for any practical use. In comparison, if we apply a 100 mV potential increments in these
systems, it will lead to store 10° electrons at room temperature, diminishing the
possibility of single electron charging.*® The single electron charging effects generally
exhibit by nanoparticles or their assembled structures often forming metal—insulator—
nanocluster—insulator—bulk metal (MINIM) double barrier tunnel junction (DBTJ)
systems."*® The equivalent circuits as DBTJ constructed for organized MPCs (a) on
surface or (b) interconnected systems are shown in Scheme 1.1, which shows several

tunnel junctions are possible for the later case.

+—STM TIP
. E.Jun(linn AI
Nanoparticle R, 1 @
Ao Coulomb blockade
e Clo I ‘
R, $ 2]
: Single electron
-3e/2C -en2C ¢/ZRC -3 tunneling

Figure 1.2 The ideal Coulomb blockade phenomenon is depicted in current—voltage (I-V) graphs,
often known as Coulomb staircase due to its resemblance with stairs; inset showing a widely
investigated nanoparticles based MINIM system to illustrate such behaviour.

One of the best illustrations of the single electron tunneling through nanoparticles

is known as “Coulomb blockade effect”, which is the energy necessary to place an extra
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electron on a nanoparticle, arising due to the Coulombic repulsion among electrons.*®
This electrostatic energy can be simply viewed as the difference between the electron
affinity and the ionization potential of the nanoparticle, which is termed as the charging
energy (Ec = €%/2C >> C is the capacitance of the particle). Further, to observe single
electron tunneling, Ec should be greater than kgT, in order to restrict the thermal motion
of electrons.*®® The ideal Coulomb blockade phenomenon is depicted in current-voltage
(I-V) graphs as shown in Figure 1.2, also known as Coulomb staircase due to its
resemblance with stairs. Accordingly, for each extra electron to be tunneled an “e/C”
amount of voltage is required for an increase of "e/RtC” amount of tunneling current (Rt
is the tunnel resistance). The Coulomb blockade effect has been initially observed for
metal islands at low temperature, while all the features could be easily viewed for

passivated nanoparticles attached on electrode surface (Inset of Figure 1.2).%®

A few theoretical attempts have been made earlier to study the electronic
structure of monolayer protected clusters (MPCs) in the simultaneous presence of
interaction and disorder.*® The disorder in the monolayer can create localization and this
can be responsible for the temperature dependence as explained by Variable Range
Hopping (VRH) theory.*® More specifically, when there is a large interparticle separation
(Lee > 2r, Lec is the particle core to core separation), the clusters behave, like a Mott
insulator with a Coulomb gap described by the charging energies of individual
nanoparticle sites. On the other hand when the distance between the adjacent clusters is
very small (Lcc << 2r) compared to their size, strong quantum mechanical exchange
coupling can cause the disappearance of Coulomb gap, facilitating metal-to-insulator
transition (MIT).***" Since the charging energy scales inversely with particle size, the
MIT is experimentally easier to observe in superlattices composed of the larger
clusters.® This is to be contrasted with transition metal oxides, where MIT is normally
accomplished by the variation of charge carrier density through altering the composition
using substitution chemistry.”® Temperature dependence of the conductivity in
disordered insulating systems below the percolation threshold can be described by a
simple Arrehnius-type formula implying activated charge transport. As the temperature
reaches to a critical value (T.), it fits to the Motts VRH conduction rule,> leading to use
localization length as the dimensionality of the system and is comparable with the

hopping distance or the lattice spacing.*
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The discreteness of the energy levels of nanoparticles is also the reason for the
evolution of their fascinating colors.®®* For semiconductors, if the radius of the
nanoparticle (r) is comparable with that of Bohr radius (rg = esh/ue?, where ¢ is the
dielectric constant of the semiconductor and u is exciton-reduced mass and e is the
electronic charge) of the bulk exciton. The change in optical property depends on the
nature of quantum confinement as r >> rg, r ~ rg or r << rz.****® In particular, for smaller
particles the optical property arises due to the transitions between the electron and hole
quantum states.*** Accordingly, size reduction causes this energy to be increased, thus
shifting the excitations to higher energetic sides.***** On the other hand, the interaction
of electromagnetic wave with the coherent motion of the conduction band electrons of
metal nanoparticles, known as surface plasmon resonance (SPR), causing several
interesting properties.**® This is a collective excitation of the electrons at the interface
between a conductor and an insulator and is strongly dependent on patrticle size, shape
and surrounding medium. The MPCs are ideal to study the effect of size, medium or
functionality on the optical properties in nanodomain, while these features enable them
as ideal for several applications, including photonics, bio-molecule detection or medical

diagnostics.?°

Magnetic nanoparticles provide great opportunities to understand the magnetic
properties at the atomic level without the interference from complicated domain wall
movements due to their single domain magnetic nature. For example, some fundamental
issues, such as quantum tunneling of magnetization (QTM), superparamagnetism and
giant magnetoresistance, could be understood by investigating the passivated magnetic
nanoparticles.>*** The QTM is solely possible due to the discreteness of the energy
states and has become a topic of much interest for spintronics and quantum
computers.” Further, several other phenomena, like giant magnetoresistance (GMR)
and spin valve effect, can be seen in nano-multilayer-structures of ferromagnetic
transition metals.’® The magnetic nanoparticles, especially, MPCs provide an opportunity

for studying the effect of crystal nature, size, shape and surface state on magnetism.*¢*

The effect of size reduction causes drastic changes in the electrochemical
features of nanoparticles such as the redox potentials (E°), double layer charging,

potential of zero charge (Epzc) as compared to their bulk analogues.**®? For example,
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unusual catalytic property of smaller metal particles, like Au, Ag and Cu, arises due to
the shift in the redox potentials, which has been revealed by pulse radiolysis
experiments.**®? Similarly, electrochemical properties of Pt nanoparticles are different
than that of bulk Pt, while electrochemistry is also different for Ag nuclei formed in the
photographic layers.®"®? Further, pulse radiolysis experiments also suggested that the

Ag clusters are stronger reducing agent than Zinc.*
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Figure 1.3 Theoretical variation of the shift in standard electrode potential of small silver particles
from their bulk value with size. (Adopted from Ref. 64)

The quantitative description of shift in the E° has been described by constructing
an electrochemical cell consisting two half cells of both bulk metal and in the dispersed
states, provided that the surface free energy is the same for both.5>%® The difference in

equilibrium potentials (Agp) is calculated by considering spherical dispersed particles as

Aep = €, - € = - (2yon/zFr) (1.1)
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Where, ¢, and ¢, are the equilibrium potentials of dispersed nanoparticles and bulk
respectively, vy is surface tension, vy is the molar volume, z is the lowest valance state, F
is Faraday’s constant and r is the radius of particles.®? Thus the standard electrode

potential (E%) of small particles is,
E% = E% — (2yum/zFr) (1.2)

where, E% is bulk standard electrode potential.®* The redox potential is thus predicted
to shift negatively for nanoparticles than that of bulk and is proportional to the
reciprocal of the radius.®® Accordingly, the theoretical variation of the shift in standard
electrode potential of small silver particles from their bulk value with the radius is shown
in Figure 1.3.%* Further, the Epzc and work function are also predicted to be decreased

with decreasing particle size.®

t|e Pt ¢«

Scheme 1.2 Schematic representation of the QDL process, where the equivalent circuit is also
shown. The organic monolayer acts as insulating barrier, whereas the nanoparticle//capping
molecule junctions behave, like a capacitor; Rcr and C represent charge transfer resistance and
capacitance respectively.
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Another, important feature of passivated particles is their double layer charging,
which arises due to their sub-atto farad capacitance, termed as quantized double layer
(QDL) charging.®® The QDL phenomena observe due to single electron charging, which
is analogous to the STM based Coulomb blockade phenomenon.®® The schematic
representation of QDL phenomena has been provided in Scheme 1.2, where an
equivalent circuit is also shown to describe the contribution of organic monolayer and the
capping//nanoparticles interface. Interestingly, MPCs have great flexibility to tune the
size and nature of the capping layer, thus providing opportunity to explore some of the

above predictions.?>%

1.4 Monolayer Protected Metallic Nanoclusters

The nanoparticles stabilized by monomolecular thick films of aliphatic or aromatic
thiols, amines or carboxylic acids are known as monolayer protected nanoclusters
(MPCs), due to the structural similarity of the capping monolayer with SAM.?*?¢%" To
some extent, MPCs are analogous to single crystals extending their interior periodic
arrangement of atoms or molecules up to the surface, which provides a bridge between
the properties of metal atoms and those of the infinite metallic solid.?®*” Thus the way of
experimental preparation of MPCs allows a direct comparison of theory and experiment.
In the following sections, we discuss several issues related to metallic MPCs with special

emphasis on their synthesis, characterization, properties and applications.
1.5 History

The vivid characteristic colors of gold nanoparticles are known since the 17"
century and these types of particles have been used for coloring stained glass windows
of cathedrals in Europe or vases and other ornaments in China. Further, long ago
Michael Faraday and colleagues have indeed investigated the formulation of stabilized
Au colloids for several applications.®” However, the concept of protected nanoclusters
probably came from the successful synthesis of the phosphine ligand stabilized Au and
other metal nanoparticles by Gunter Schmid and his coworkers with empirical formula of
MssL12Cly, where M = Au, Rh, Ru, Co or Pt; L = PPh;, P(t-Bus), PMe; or As(t-Bus); x = 6,
20.41%  Despite their low thermal stability, these nanoclusters have been thoroughly

characterized and used for catalysis.*"®® Accordingly, several other catalytically active
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metal nanoclusters were known, including Mosieev’s phenanthroline or 2,2’- bipyridine
capped palladium clusters, Bénnemann’s tetraalkylammonium stabilized particles,
Reetz’s electrochemical route to synthesize tetraalkylammonium stabilized particles and
polyoxoanion or tetrabutylammonium stabilized metal nanoclusters.*’ Although
nanoparticles synthesized in several supports (like glass, zeolites, alumina and TiO,) or
stabilized with polymers (e.g. block-copolymers, dendrimers etc.), inorganic shells, poly-
ions routinely, Brust technique offers one of the most simple and widely used process for

preparing MPCs.26-3269.70

1.6 Preparation Procedures
1.6.1 Brust’s Synthesis

Mathius Burst and colleagues have illustrated a convenient method for the
preparation of dodecanethiol protected Au nanoclusters, which is commonly known as
Brust's Synthesis.?®® This method produces thermally stable, moderately size dispersed
MPCs in the diameter range of 1.5 and 5.2 nm with a predominant presence of
cuboctahedral and icosahedral structures.”®® Although, the stabilization of Au clusters
with alkanethiols were known earlier,”" Brust's method has been used routinely to
synthesize various metallic and semiconducting MPCs.?*?” In particular, the MPCs
prepared using this method can be isolated as liquid dispersion as well as solid powders
and can be repeatedly redissolved in organic solvents without aggregation or
decomposition. In brief, the Brust's synthesis consists of reduction of Au salts in
aqueous-nonaqueous interface by NaBH, in presence of alkanethiols and a phase
transfer agent, like tetraoctylammoniumbromide (TOAB), in non-aqueous medium with
vigorous stirring.?® The organic phase changes from yellowish to deep red within few
seconds upon the addition of NaBH,4, confirming the formation of Au nanoparticles. In
particular, thiol ligands strongly bind to the gold surface due to the soft character of both
Au and S, which concomitantly stabilizes the nanoparticles by forming 3D SAM on the

colloidal surface.??®
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Table 1.1 A summary of different types of gold nanoparticles with various capping agents, size
and shape distributions along with their optical (UV-visible) absorption maximum

Size of Capping agent Structure UV-visible Ref.
cluster (nm) absorption (nm)
1.5-3.5 Alkyl Thiolate fcc 515-518 30.a
2-3.2 2,6-Bis(1’-(8-thiooctyl) Hexagonal 520-523 30.b
benzimidazole-2-yl)pyridine network
2-4 Dodecanethiol fcc 520-525 30.c
3.5-4 S-Dodecyl thiosulphate in 516-527 30.d
THF and water
8-9 Tris-n-octyl Phosphine fcc 525-530 30.e
Oxide

10 Hexadecyl trimethyl Nano rod 520 + 30.f
ammonium bromide 600-700

40- 50 Hexadecyl trimethyl Nano rod 520 + 30.g
ammonium bromide 800-850

There have been enormous efforts to prepare size tunable cores along with the
functional group manipulation for a diverse set of applications by modifying this synthetic
technique.?>31°6-58600-0.8566.73-78 £ axample, smaller monodispersed core sized MPCs
can be obtained by either changing the thiol/metal molar ratio, addition time of the
reducing agent or controlling the reaction temperature.26°272#6575a79 Eyrther, the nature
of the monolayer forming molecule has also a critical effect on the size and dispersion of
these MPCs.?2737880%0 Fqr instance, shorter chain length thiols produce substantially

79f

disordered clusters compared to the case using longer chain thiols,”™ while smaller core

sized particles can be obtained using sterically bulky ligands.?®*?72#657%279 There have

7269192 3cid or base

been several other methods, like the use of reverse micelles,
facilitated transfer?’>®® and single-phase preparation techniques,®** for the preparation
of MPCs and some of these for gold and silver nanoparticles with their size, structure
and nature of capping agents are summarized in Table 1.1 and 1.2 respectively. These
data clearly indicate that interesting transformations of nanoparticles to nanorods can be

possible by controlling the preparation chemistry, enabling a systematic variation of the
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aspect ratio of these structures by changing the nature and the amount of capping

agent.

Table 1.2 A summary of different types of silver nanoparticles with various capping agents, size
and shape distributions along with their optical (UV-visible) absorption maximum

Size of Capping agent Structure  UV-visible Ref.
cluster absorption
(nm) (nm)
2-3 3-aminopropyltrimethoxy silane, fcc, hep 400-410 31.a,
boron nitride 31.b
5-6 dioctyl sulfosuccinate sodium salt, fce, hep 375-380 31.c
organo sulphur compounds, alkyl
thiolate
6 Alkane thiolate hcp 31.a-h

7.8 Perfluoropolyether carboxylic acid Hexagonal 410-415 72.a,b
and aqueous ammonium hydroxide, array
N-Hexadecylethylenediamine
7.7-8 Dodecane thiol,SN,N dimethyl 2,6 hcp 415-420 72.cd
Pyridinediylbis[undecamide
10-15 Poly(2,6-dimethyl-1,4-phenylene Colloidal 425-435 72.ef

oxide), Dodecanethiol (doublet)

1.6.2 Synthesis in Reverse Micelles

The capped and uncapped nanoparticles have been synthesized in
microemulsions, copolymer micelles and reverse micelles long before the emergence of
Brust's method.”?*992% |n particular, reverse micelles have attracted significant attention
in last decade for the preparation of MPCs, especially, if it consists of thermodynamically
stable mixtures of water, oil and surfactants.®"***® The water regions are separated from

oil by a monolayer of surfactants due to its amphiphilic nature, which creates numerous
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disordered or partially ordered phases depending on the temperature and the nature of
surfactant. These surfactant-stabilized water pools act as microreactors by the
preparation of nanoparticles, whereas the aggregation of particles is controlled by the
adsorption of surfactants. The particles produced by these methods are generally
uniform in size as illustrated for the preparation of metallic (eg. Au, Ag, Cu, Co)"**' or
bimetallic (eg. Pt/Pd, Cu/Au Au/Pd) nanoparticles.*?

1.6.3 Other Methods

Several other methods, like molten salts, supercritical solvents, seed mediated
growth, photo irradiation, laser-ablation and sonochemistry, have been used to prepare
size controlled nanoparticles.**°™"  Further, decomposition or thermolysis of
organometallic salts at higher temperature also produces alkyl-chains-passivated MPCs.
Several single phase (nonaqueous) methods are also available for the preparation of
MPCs, where soluble organometallic compounds are reduced with suitable reducing
agents in presence of surface passivating molecules. Other advantages of single-phase
techniques are the absence of phase-transfer catalysts (may cause surface
contamination), ease of separation/purification and flexibility for large scale preparation

(scale-up).3%®%

1.7 Purification and Size Tuning

Purification is one of the necessary steps before characterization and further
property assessments or applications, since the “as prepared” particles contain excess
unbound thiols (often as multilayered), phase-transfer catalysts or several side products,
like di-sulfides apart from their polydispersity.?® Further, the polydispersity often causes
irreproducibility of measured properties due to the collective contribution from all
components, while multilayered particles also have different properties other than that of
monolayer capped particles. In particular, impurities, like excess thiols and phase
transfer catalysts, are generally removed by repeated solvent extraction (using polar
solvent for hydrophobic MPCs and vice versa) followed by concentrating in vacuum or
rotary evaporator.?® Since the influence of trace ionic impurities might mislead the
measured properties useful for various applications, like vapor-sensing, this is an urgent

need to remove the phase-transfer catalysts from MPCs completely. For example, the

University of Pune, June 2005 19



Ph. D Thesis Chapter 1

purification of dodecanethiol stabilized Au MPCs from the contamination of TOAB has
been recently reported by Soxhlet extraction.®® A variety of techniques, like solubility
fractionation, chromatography and capillary electrophoresis, are coupled with different
analytical techniques for the purification and size selective isolation/detection of various
sized MPCs, while post heat treatment (digestive ripening) is also a widely used
technique for reducing the size dispersion.?*%® Few of such techniques for the

purification or size tuning are briefly discussed below:
1.7.1 Solvent Extraction

Solvent extraction has been effectively used for the separation of smaller core
sized particles, since smaller particles are more soluble in polar solvents compared to
larger passivated MPCs.*%*%" |n particular, fractionations are performed by repeated re-
precipitation of larger hydrophobic MPCs from toluene dispersion by the addition of more
polar solvents, like ethanol and acetone, leading to the precipitation of larger cores. This
process could be repeated several times by increasing the volume of polar solvents to
successive precipitation of smaller core fractions until insufficient material is left for
further precipitation steps. Although this method is quite effective for selective
precipitation of smaller sized particles, it is time consuming, tedious and less effective for

longer alkane chain capped MPCs, 2630287

1.7.2 Chromatography

Several chromatographic methods such as the size exclusion chromatography
(SEC), capillary electrophoresis (CE) and ion exchange chromatography (IEC) are being
used by various groups to improve size dispersion.?*® For example, CE method has
been used to separate a number core size/charge state combinations using tiopronin-
MPCs and viologen-functionalized tiopronin-MPCs.?*%*¢ However, all these methods
have several disadvantages, which prevent their effective use for large scale
preparation. For example, the irreversible adsorption in SEC column packing material
and inabilities of IEC method for separating neutral nanoparticles are typical
disadvantages, while CE is only applicable for very small sized particles. Another
method is high-pressure liquid chromatography (HPLC), which is typically used to

separate smaller sized particles.”® Further, HPLC and high-resolution size exclusion
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chromatography (HRSEC) have been used for the investigation of the size distribution of
Au and Ag MPCs (1 to 10 nm).%%" Several other tools, like TEM, mass spectrometry
and voltammetry, have been coupled recently with these chromatographic techniques to

precisely assess the size distribution of MPCs.2%>%%

1.7.3 Digestive Ripening

In this technique, heating of colloidal suspension at or near the solvent boiling
point in the presence of an excess surface-active ligands is used to reduce the average
particle size (digestive ripening), which is very convenient and specially advantageous
for large-scale syntheses.* In particular, Au colloids are prepared in a miceller solution
of dodecyldimethylammoniumbromide (DDAB) in toluene and subsequently reduced by
aqueous NaBH, solution (under vigorous stirring).*> These colloids are further treated
with various alkane-thiols (RSH), -amines (RNH,), -silanes(RSiH3), -phosphines (R3P), -
bromides (RBr), -iodides (RI) etc. with approximate molar ratio of Au/ligand at 1 : 30.%
These ligand capped particles are separated from the DDAB, excess capping ligands or
any other side products and are boiled in same solvent after re-addition of the same
proportion of ligands. The solvent extraction using polar solvents can further remove

impurities, finally leading to the preparation of highly monodispersed particles.*
1.8 Characterization

A variety of characterization techniques have been effectively used to quantify
the particle size, shape, distribution, composition and purity. However, combined results
from various techniques are necessary to provide complementary information regarding
their structure and assemblies as shown by the Scheme 1.3. In general, the individual
characterization technique should not be invasive, but should be able to provide all
quantative details of the structure or composition. Few of such techniques are discussed

below:
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UV-vis, TEM, AFM/STM, FTIR,

NMR, XRD, Electron Diffraction

el

XRD, UV-vis, FTIR, NMR,
Electron XPS,
Diffraction, TG-DSC,
XPS, TG, Raman
TEM, AFM/STM Spectroscopy

Scheme 1.3 Schematic representation of the use of different analytical tools for the
characterization of MPCs and their assemblies; MPCs can be divided into two distinguished part
as core and capping monolayer for the convenience of characterizations.

1.8.1 UV-visible Spectroscopy

UV-visible spectroscopy is one of the most common technique to obtain useful
information regarding size, shape and the degree of aggregation of MPCs.***° The
characteristic optical absorption in UV-visible region is observed due to the interaction of
surface free electrons with electromagnetic radiation (surface plasmon resonance) as
mentioned earlier.***° Further, the SPR absorption maximum (Amax) and band width of
metallic MPCs are also affected by the nature of surface capping agent and the nature of
the dielectric environment changes around the nanoparticle surroundings.*®® For
example, the UV-visible absorbance spectra of Au MPCs and Ag MPCs show a strong
plasmon absorption band around 510-530 and 400-430 nm respectively depending upon

the shape, size and protection layer, which decays exponentially into the visible

University of Pune, June 2005 22



Ph. D Thesis Chapter 1

region.**%" The surface plasmon absorbance peak is red shifted for Au MPCs, while
blue shifted for Ag MPCs with increasing size along with concomitant increment in their
peak full width at half maximum (FWHM).%9¢8:"

1.8.2 X-ray Diffraction (XRD)

The crystallinity and particle size of MPCs are often determined by X-ray
diffraction. For example, XRD studies indicate that thiol protected Au nanoparticles have
bulk fcc structure for the majority of larger particles (particle size > 2.6 nm), while some
of the smaller particles reveal decahedral (1.7 nm) and icosahedral (<1.3 nm)
structures.>® Further, the long range ordering in superlattices can be characterized by
XRD analysis. For example, XRD has been recently used to characterize Ag or AuAg
alloy MPCs superlattices, where the effect of temperature and the length of the capping

molecules are investigated with several other complementary techniques.'?""’

1.8.3 Transmission Electron Microscopy (TEM)

Direct visual information of size, shape, dispersion and structure of nanoparticles
is generally obtained by TEM and more specifically by employing high-resolution
transmission electron microscopy (HRTEM)."® For example, TEM studies of alkanethiol
capped Au MPCs reveal semi-ordered islands with uniform core size distribution and
core-core spacing of about two alkanethiol chains.**® Further, HRTEM studies are also
useful to study the faceting, crystallinity and ordering in these nanocrystals.'®
Interestingly, various complex structures, like spherical to rod like transformation and
chain melting, can be studied in-situ in a TEM chamber, if suitable capping agents are

selected.®?

Potential drawbacks of this technique include, (a) electron beam-induced
structural rearrangements, aggregations or decompositions; (b) the inherent problems in
interpreting two-dimensional images of 3D samples and (c) problems with sampling (only
a small number of clusters can be analysed and counted, which may not be
representative of the sample as a whole). Despite these limitations, TEM has been the
technique of choice due to atomic-level resolution and the attendant benefits of possible

selected area electron diffraction (SAED).
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1.8.4 Fourier Transform Infrared Spectroscopy (FTIR)

The monolayer and its nature, i.e., orientation, packing and density are generally
characterized by FTIR spectroscopy. Detailed information about the packing and the
functional groups can, in principle, be obtained with polarized light, since the absorption
in the vicinity of a molecular vibration frequency is dictated by the relative orientation of

the electric field and the dipole transition moment.

H H H R
- \‘ - \‘
a
] ]
H H H H
trans-configuration gauche-configuration

Scheme 1.4 Trans and gauche configurations are shown for unsymmetrical alkanes, where R
and R’ represent rest of the aliphatic part around the particular C-C bond.

FTIR studies have shown that alkanethiol chains are typically in all-trans, zig-zag
configuration in two dimensional (2D) SAMs,'® while apart from all-trans configuration,
significant (5.25%) gauche configurations at both inner and terminal chain ends are also
present for solid-state MPC films.”®*®"% The trans and gauche configurations are
schematically represented in Scheme 1.4 considering unsaturated alkanes. Further,
these defects are mostly observed for longer chain above the chain melting temperature
and for dissolved MPCs, comparable to that of liquid alkanes. The interdigitation of chain
domains (bundles) or neighbouring cluster molecules are also seen for solid state MPC
samples.”*®*"1% Several other interactions, like hydrogen bonding and association with

other molecules, can also be successfully characterized by FTIR.”®
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1.8.5 X-ray Photoelectron Spectroscopy (XPS)

Significant qualitative and quantitative information about the chemical state of
elements present in MPCs can be obtained from XPS analysis.?’® For example, a
systematic investigation of the nature of alkylthiols in SAM, MPCs and Au(l) thiol
complexes (sometimes referred Au(l) thiolate polymers), reveal that S atom in the SAMs
and MPCs bears about 0.2 e charge and is easily distinguishable from that in Au(l)
complex.'® In particular, the nature of thiols in 2D SAM is found as RS" ligand (binding
energy (B. E.) = 161.9 eV), while the bond is somewhere between RS-M and RS - M* for
3D SAM.79M195108 The Au 4f,, B. E. appears to be very near to Au(0) (83.9 eV) for both
the cases, although increase of B. E. is only observed for smaller core sizes.”® Further,
the detection of the free/unbound/chemically reacted ligands or any other chemical
impurities in the sample can be obtained from XPS analysis, thus providing valuable
information regarding the purity of the sample. However, beam-induced damage and
carbon contamination from XPS chamber are few limitations of XPS, thus necessitates

the need for complementary information from other independent techniques.'*®°

1.8.6 Nuclear Magnetic Resonance (NMR)

The monolayer binding, structure and dynamics of capping molecules within
MPCs are generally obtained by NMR spectroscopy. In particular, 'H and *C NMR
resonances of MPCs are characteristically broadened and shifted relative to those of

79¢104107 indicative of successful surface

free alkanethiols upon binding to the core,
capping. For example, 'H and "*C NMR studies of alkanethiol capped Au particles show
that the resonance at the first C next to the sulfur head group disappear upon binding to
gold, indicating a strong interaction with the surface. The results of NMR experiments
are particularly useful for studying order-disorder transitions of the monolayer of MPCs
as revealed by the chain length dependent studies. These studies reveal that the
population of gauche conformation is increased than the commonly preferred all-trans
configuration of larger chain lengths upon heating. '°*'" Further, NMR is also useful to
assess the purity content of the sample and all these results can be supplemented by

the data obtained from FTIR.
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1.8.7 Thermogravimetry and Differential Scanning Calorimetry (TG/DSC)

Valuable information regarding the thermal stability as well as the stoichiometry
of MPCs is obtained from TG analysis, whereas DSC is particularly useful to understand
the change of orientations of monolayer upon heating. For example, TG results of
alkanethiol protected Au MPCs reveal stability up to 180-250 °C despite a slight increase
with increasing the chain length.?’# These studies also show for the presence of an
average 4.7 ligands/nm? in the MPCs, which confirm that MPC/ligand coverage is ca.
50% which in turn is greater than the ligand/Au ratio for 2D SAM on Au(111) surface
(~33%) as in perfect agreement with the theoretical calculations.'® The melting of
alkanethiol monolayer of MPCs is effectively characterized by DSC. For example,
phases of Au MPCs studied in the temperature range of —100 °C to 100 °C show that for
smaller chains (< Cs-thiolate MPCs) no phase transition is observed, while for C4, and
Css-thiolate MPCs a broad endotherm is seen, where the phase transition temperature

increases with increasing chain lengths.”®

1.8.8 Scanning Probe Microscopes (SPM)

The scanning probe microscopes (SPM) have enormous applications for
characterizing MPCs apart from these aforementioned standard techniques due to their
atomic resolution capability.''"° Like high-resolution electron microscopy, these
techniques also have facilities for direct imaging of structures, especially if they are
operated at low temperatures or under vacuum due to the ability to focus on the
localized zones of interest.'"® The generalized schematic representation of SPM
techniques is shown in Scheme 1.5. For example, in scanning tunneling microscopic
(STM) experiments, the tunneling current is monitored during the scanning of an
atomically sharp tip (like Ptlr and PtRh alloy) over the analyzed substrate by generating
a small potential difference (~ 1 V) between the surface and the tip, when the tip is
brought very close (< 10A) to the surface.””" The STM experiments can be carried at
either in (a) constant current or (b) constant height mode, whereas the samples for STM
should have few desirable criteria such as (1) good electrical conductivity, (2) atomically

flat surface and (3) limited surface mobility.
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Tip is scanned relative to the sample
(or sometimes the sample is scanned)

»
»

A feedback mechanism
is used to maintain the
tip at a constant height
above the sample

Tip measures the
properties of the
surface

Scheme 1.5 Working principle of scanning probe microscopic techniques.

In general alkanethiolate MPCs and their ordered films on various surfaces have
been studied with scanning tunneling microscopy/spectroscopy (STM/STS).2’'0
Although limitations, like tip-induced artifacts and the possibility of monolayer damage,
can complicate the interpretation, while the added advantage of |-V measurements to
provide local density of states (STS techniques), distinctly offers several powerful
benefits. For example, apart from imaging, STS is a crucial tool to study the electrical
properties of MPCs, which reveals the single electron charging features of MPCs
(Coulomb blockade behaviour).** However, the scanning probe microscopy data are to

be interpreted carefully, because of the possibility of monolayer damage by tip.

Another similar technique is Atomic Force Microscope (AFM) used to measure
the surface height profile as a function of distance, where a cantilever tip attached to a
spring is dragged across the sample.”®""? The chief advantages of AFM are, its ability to
carry out measurements on non-conducting substrates, the determination of particles
height with atomic level precision and flexibility. However, limitations, like poor capability
to determine its diameter, shape differences and difficulties to image spatially separated
particles, restricts its independent use.™®''? Several other force microscopes, including
Magnetic Force Microscopes (MFM), Magnetic Resonance Force Microscopes (MRFM)

Lateral Force Microscopes (LFM) and Near-field Scanning Optical Microscopy (NSOM),
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are also widely used to investigate nanostructures.’®'™® For example, in MFM a
magnetic tip is used to probe the magnetic stray field above the sample surface to sense
the deflection of the cantilever for imaging.'®®? Accordingly, MRFM, LFM and NSOM
are extended version of atomic force microscopy, having greater capabilities of imaging
three-dimensional subsurface entities of a broad range of materials with chemical

specificity and atomic resolution.’®'"

1.8.9 Electroanalytical Techniques

Several electroanalytical techniques, like voltammetry, impedance and
chronoamperometry, are routinely used to study the electrochemical properties of MPCs
and their assemblies.®>0#+80e114 gome of the most widely used techniques for MPCs
are cyclic and differential pulse voltammetry (CV and DPV respectively), where the
current responses is monitored either applying a potential ramp (CV) or a differential of
tiny potential pulse (DPV) and is plotted against the applied potentials.’"®> Since DPV
allows discrimination between the faradaic and charging currents, it is more
advantageous for measuring faradic current as compared to that of CV. For example,
these studies show that the redox-functionalized nanoclusters (e.g. ferrocene,
anthraquinone) in solution are capable of delivering equivalents of redox charge per
MPC to electrode surface in a diffusion controlled fashion.®**®"""* Further, both the CV
and DPV have been utilized to assess their single electron charging features (QDL) in
solution as described earlier, which is often comparable with STM based
measurements.®® The organized MPCs also have been examined by voltammetry to
determine surface coverage, rate of electron transfer or electron transfer diffusion
coefficient and interestingly voltammetry also can be used for depositing films on
electrode surface.'®®566.114118 However, adequate precautions have to be taken with the
cleanliness of the electrode surface and with monolayer stability under electric field in

order to get correct information.

Another important technique involve the use of electrochemical impedance,
based on the measurement of the response of an electrochemical cell after applying a
small amplitude alternating current (AC) signal.”® It also can give valuable information

about surface coverage, dielectric constant, diffusion-coefficients and electron transfer
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behaviour of MPCs assembly both in solution and in solid state.'**''® The response is
often analyzed using the complex impedance presentation and the results are
interpreted in terms of suitable equivalent circuits. The complex model dependence of
the calculated parameters is the major limitation, which may mislead, if incorrect

equivalent circuits are used.
1.8.10 Other Characterization Techniques

Apart from these techniques, several other special characterization techniques,

such as He, electron and neutron diffraction,'"” surface plasmon spectroscopy (SPS),"®

Raman spectroscopy,’’® magnetoelectrochemistry,'?°

secondary ion mass spectroscopy
(SIMS),"" electron energy loss spectroscopy (EELS)'%%'2'2  and scanning
electrochemical microscopy (SECM),'? have been applied for investigations of

nanoparticles.
1.9 Salient Features of MPCs

Diverse classification schemes for MPCs are possible, depending upon the
nature of the core and peripheral monolayer. For simplifying the understanding, the
MPCs can be divided into core and capping monolayer part and a brief description of

each of them is summarized below:
1.9.1 Core of MPCs

The core of MPCs is usually made up of numerous inorganic materials, including
metallic (Au, Ag, Cu, Co, Fe,03, Pt, Pd etc.), semiconducting (CdS, CdSe, PbS, CdTe
etc.) and insulating (SiO,, TiO,, Al,O; etc.) types.?>3:°6-98.600-06566.72 gimyiiarly,
metal (AuAg, FePt, AgPd etc.) or core-shell (CdS/CdSe, CdS/CusS etc.) structures have

also been prepared using different types of inorganic materials.’*'?®> The cores are

alloy, bi-

assumed to have full-shell clusters, built up with close-packed atoms on a centre atom
by adding one, two, or three dense-packed shells.**' The number of atoms per shell is
Ns = 10ns2 + 2, where ns is the number of the shell and the total number of all these

atoms are known as “Magic Numbers”.*%*'

Since the size tuning of the core typically alters the characteristic electronic
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length scales, it is often utilized for the manipulation of properties of these hybrid
materials to generate novel functions. Interestingly, the alloy or core-shell morphologies
represent a new type of constructional units consisting of two dissimilar compositional
and structural domains, which augment new chemical and physical properties, not
present in their individual counterparts. For example, a large difference between the
intrinsic Fermi levels of the core and the conduction band energies of the n-type shell

often generates new properties in core/shell geometry.
1.9.2 Capping Monolayer of MPCs

The capping monolayer of MPCs are usually made up of organic molecules
(typically long chain aliphatic or aromatic thiols, amines, acids etc.), which offer several
versatile advantages as compared to other types of stabilizers. Advantages, like
solubility of nanoparticles in both aqueous and nonaqueous medium depending upon the
tail functional groups, binding capability with further inorganic, organic or biomolecules,
tunability of physico-chemical properties with controlled length scale and functionality of

the capping molecules, have enabled several successful applications. 2°3'°6-58.600-6.65.66.73-

8 A large variety of functional molecules other than simple alkane thiols have been
utilized, like xanthates, disulfides, di and trithiols, resorcinarene tetrathiols, phosphine,
phosphine oxide, amine, carboxylate and isocyanide, for the preparation of MPCs.”>™
Additionally, by place exchange or coupling reactions it can be further functionalized to
get suitable functional groups or mixed functional groups on the organic layer to
manipulate functionality and surface energy states of the core.?®®’® In particular, by
changing the functionality the electronic structure of the core can be tailored to modulate
the macroscopic properties, like photoluminescence and optical absorption.”>”® Further,
various chemical reactions, like substitution, polymerization and coupling, depending on
the functional groups of the monolayer, have been reported for monolayer coated gold
nanoparticles.?® Interestingly, the reactivity or functional group tunability plays a crucial
role for organization of nanoparticles to create nanoarchitectures.?®*® Few of such
advantages of the manipulation of monolayer of MPCs have been given below with

specific examples:
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1.9.2.1 Functionality and Length Scale Control: Tailoring Property

The nature of monolayer can be carefully manipulated to tune physical or
chemical properties of MPCs. For example, optoelectronic properties of metallic MPCs
have been recently tailored by organizing various chromophores of specific properties
and functions to generate photo-responsive, organic-inorganic hybrid materials.”788°
For example, chromophores, like pyrene, spiropyran, Ru(bpy)s**, fluorescenyl
derivatives, dansyl derivatives, various dyes (like Rhodamine 6G) and functionalized
fullerenes, have been used recently to change their photo-physical properties.”®’”” These
chromophore functionalized MPCs offer exciting opportunities for designing novel photon
based devises for sensing, switching and drug delivery.”®’” Further, optical property can
also be altered by changing the head group (tethering end) of the capping molecules,
like phenylisothiocyanate and benzylamine.”® The mere presence of a suitable
monolayer can make nanoparticles compatible with biological systems, thus suggesting
the usefulness of monolayers in designing biomolecular systems.?**#%* For example,
the attachment of bio-active precursors, like oligonucleotide molecules labelled with thio
group, has been used recently for the selective reorganization and detection of DNA
sequence.®® Further, the surface energy of smaller MPCs can also be altered by
changing the functionality for the manipulation of electrochemical and optical properties
of phosphine and thiol protected 0.8 nm sized Au MPCs.?* Accordingly, the attachment
of various redox active molecules, like ferrocene, bi-ferrocene and phenothiazine, have

also generated novel electrochemical properties.”**®

Apart from functionality tuning, another major advantage of MPCs is their
capability to control the thickness of the dielectric layer around the core by changing the
length of the capping molecule, which has a profound effect on the optical and electron
transfer properties. For example, recently our group has shown that a change in the
length of the capping molecules can drastically affect the tunneling conductance of Au
MPCs while organized on a SAM surface.®® Further, the effect of chain length has been
systematically controlled to change QDL behaviour using various alkanethiols with Cg,
Cs, C10, C42 and Cy chain protected Au MPCs, where the double layer capacitance has
been increased with increase of chain length.®” Accordingly, porphyrin group

functionalized Au MPCs with different chain lengths have recently been utilized to
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examine the structure and photophysical properties in comparison with SAMs of the
porphyrins on a flat gold surface, where weak chain length dependence of the energy
transfer quenching has been observed for both the systems.?® These studies show that
the properties of MPCs can be tailored by changing either the head or tail group

functionality or changing length scale of capping molecules.”®7880-88

1.9.2.2 Place Exchange Strategy: Control of ®-Functionality

Tail functionalization (w-functionalization) of MPCs causes a profound impact on
their solubility and interactions, especially for superstructure formation.”>788%° For
example, the methyl terminated aliphatic chain protected MPCs are generally
hydrophobic and are dispersed in nonpolar solvent, which can be made soluble in polar
solvent by introducing o-terminated alkanethiolate derivatives of acids, amine,

amides.ZGb,c,75,89

Further, a recent report shows the use of various water soluble thiol
ligands for the preparation of water soluble MPCs.”¥ These water soluble MPCs are
important for catalysis, biomolecules detection and biosensing, since most of these
applications are performed in water. In general, the most widely used technique to insert
wo-functionality in MPCs is place exchange reaction, where MPCs with specific capping
molecule can be place exchanged with other functional molecules.” Accordingly, the
mole ratio of molecules of new exchanging molecules to the molecules present on the
surface control the rate and equilibrium stoichiometry of this ligand exchange
reactions.?® There are varieties of functionalities, like -Br, -CN, vinyl, ferrocene, -Ph, -OH,
-COOH, -COOCHj; and anthraquinone, are incorporated on the MPC monolayer by place

exchange strategy. 260758990

1.10 Organization of MPCs

MPCs are considered as artificial building blocks for creating nanoarchitectures,

where several interesting physical phenomena, arising due to quantum effects, could be

21,26,32,45,

conveniently investigated.” " 124 |n particular, these ordered arrays could result

in several novel physical and chemical phenomena due to the collective interactions of
these MPCs, encompassing several interesting optical, electronic and magnetic

prOpertieS 13-15,26,32,45,124-126
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The three dimensional organization or superlattices of MPCs can be formed by 1)

252132127 9 organization at the air-water

self-assembly using simple solvent evaporation,
or water-organic  solvent interface or by Langmuir Blodgett (LB)
techniques.'#e199:6474c116128 £ example, a 3D ordered superlattice formation through
the solvent evaporation of iron oxide colloids has been reported.'® Similarly, 14 nm Au
nanoparticles have also been reported to form an ordered hexagonal array through
electrophoretic deposition.”*® Furthermore, another report shows the 2D ordering for

142.128d \vhile broad size distributed metallic nanoparticles

semiconducting nanoparticles,
are also reported to form superlattices due to their sufficient size dependent interparticle
attractions.™' In comparison, the assembly of covalently bound particles is not stable,
which form irreversible cross linkages driven by the weak dispersion interaction.”' For
narrower particle size distribution, easier is the long-range order.?>?732127.13" Fyrther
efforts to enhance the stability of both clusters and ordered arrays also need detailed
investigations to improve the application prospects. Anchoring them on suitable
polymeric, carbon nanotube and biological substrates have been found to be useful in

enhancing their stability."?

The organization of MPCs on solid surfaces has been extensively studied in the
last decade for designing/tuning the properties of solid surfaces, since the surface
properties critically depend on the nature of surfaces and interfaces through which the

13a,2,14a123,24,33,86.116119.133134 The assembly of nanoclusters on SAM

electron passes.
covered substrates is ideal in this respect, where synthetic and property manipulation
can be carried out by tuning the nature of organic molecules and
MPCs.'32e14af23.24,33,86,116119.133,134  Thg grganization of these clusters can be
accomplished using several interactions, including covalent, electrostatic and
hydrophobic. The covalent organization strategy involves the utilization of bifunctional
ligand, where a self-assembled monolayer is formed with one end adsorbed on the
substrate while the other end is used to anchor particles.*'** Alternatively, electrostatic
interactions are used to organize nanoparticles by controlling their charge with the help
of oppositely charged ligand molecules on surface (e.g. a quaternary amine to bind
anionic monolayer coated particles).”**'** Apart from these two conventional forces,
several other interactions, like hydrogen bonding, van der Waal's interaction,

hydrophobic and n-n type of interaction can also be used to organize MPCs."**"3* For
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example, aliphatic chain covered MPCs (hydrophobic) have been recently organized on
SAM functionalized substrate using weak van der Waals interaction between the methyl
terminal ends of thiol molecules of SAM and MPCs."*¢ Apart from using SAM
substrates, polymers or polyelectrolytes are also routinely used for the preparation of

nanoparticle multilayers on surfaces.""®"%

1.11 Properties

The reduced dimension often generates novel properties as we have accounted
in the previous section, while in this section few examples of such features will be

discussed for metallic MPCs.
1.11.1 Optical Properties

Metallic MPCs display fascinating surface plasmon resonance (SPR), depending
on the particle size and shape, chemical nature of the passivating ligands, solvent,
temperature and also on the core charge.’***'® For example, Au MPCs exhibit a
prominent SPR around 510-530 nm, which drastically differs from that of gold oxide or
gold chloride,**%%¢¢""% despite the red shift with increasing size or aggregation.®o"
However, smaller core sized particles (~ < 2 nm) do not show prominent SPR, although
decreasing their size causes a slight blue shift along with a concomitant broadening of
the plasmon band width.?’¢6%087.137.138 |nterestingly, step like spectral features are
observed for < 2 nm sized particles due to the quantum confinement, indicating their
semiconducting nature ?’®%087.137138 £y rther, Ag MPCs have a characteristic SPR
around 380-430 nm, while some of them show interesting luminescent behaviour as a
function of size and cluster-cluster spacing.®"**"2%¢ The bi-metallic, alloy or core-shell
AuAg MPCs also show intense SPR, where the band position depends on the core

composition as reported recently.%1%

The SPR of the metallic MPCs have been nicely correlated with the Mie

43,140

theory, which explains the dependence of SPR maxima and bandwidth with particle
size and shape, medium dielectric constant or solvent refractive index, temperature and
particle-particle interaction.?’#¢%*87137.138 Fyrther, the effect of core charge has also been

investigated on the SPR, which shows the accumulation of excess electronic charge

University of Pune, June 2005 34



Ph. D Thesis Chapter 1

causing blue shift of SPR position and vice versa.'***" The nature of ligand has a drastic
effect on the SPR position, which could be selectively used for applications in sensors
and medical diagnostics.”®"®'" Apart from the absorption features of MPCs, they are
also attractive for fluorescence studies. For instance, the flurophore group functionalized
MPCs exhibit resonant energy transfer phenomenon, which is of great interest in
biophotonics and materials science.”®"®'21% Fyrther, MPCs show visible luminescence

possibly due to 5 d"® - 6 (sp)' interband transition."**

1.11.2 Electronic Properties

Electronic properties of metallic MPCs would be promising for constructing
electrical devices superior to presently available semiconductor based integrated circuits
and information storage devices. Although their typical resistivity value suggests
semiconducting behaviour, especially if the size is < ~2 nm, the |-V curves show
Coulomb blockade behaviour that manifests single electron tunneling at room

13a,27,48,65,66,87,102a,114,116,121a,b,137,138

temperature. The thin dielectric layer acting as an

insulating barrier for constructing DBTJ geometry, essential for single electron

transfer, 26448

Several investigations have confirmed this phenomenon using
STM/STS,*® although the use of atomic resolution is not essential to get staircase 1-V
behaviour. Further, organized MPCs (on 2D surface or superlattice) have unique
electronic properties due to their collective interactions and for even larger sized
particles, the |-V behaviour is strongly affected by the nature of the capping organic
molecule.”'¥3* For example, chain length effects on the electrical behaviour has been
compared for hydrophobically organized Au MPCs on various SAM surfaces, shows
limiting behaviour of the transmission probability with respect to longer chain length (Cs
or Cy, aliphatic thiols).86 Further, although ohmic |-V characteristics are dominated at
room temperature for MPC superlattices of larger than 5 nm, the Coulomb blockade
effect is observed at low temperature.’®*® For example, the individual and collective
electronic properties of protected silver nanoparticles have been analyzed to explore the
electronic properties as a function of the interparticle separation and size
dispersion.”®124126d Apart from these examples, several other experimental reports are
also available, illustrating electrical properties for both 2D organized and superlattices of
MPCS.48’144
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There are several other methods, like X-ray absorption near-edge structure
(XANES),"** high resolution XPS,"**° femtosecond laser pulse techniques'*® and high-
resolution electron energy loss spectroscopy (HREELS),'*'® used to understand the

electronic properties of MPCs.
1.11.3 Magnetic Properties

Crystal anisotropy of magnetic particles enables the observation of effects of
size, shape, crystal structure and surface anisotropy on magnetic properties. For
example, various aliphatic acids, amines, sulphonates, phosphonates or
trioctylphosphine functionalized hematite (¥-Fe,03),°® Co® and FePt® nanoparticles
have been recently synthesized and the effect of particle size and shape on the
magnetic properties have been studied. The superlattices of capped magnetic
nanoclusters are very interesting as both weak van der Waals and dipolar magnetic
attractions play crucial role for the stability along with their interesting collective magnetic
properties, often different from that of isolated MPCs."*" For example, Co MPCs are
self-organized to form 2D hexagonal networks, while several other types of
organizations such as dots or labyrinths deposited on films have been observed upon
applying perpendicular magnetic field."*"'*" |nterestingly, the magnetic moments of
these systems are aligned along an “easy” axis, which act as ferromagnetic upon
reduction of temperature below a critical temperature (blocking temperature, T,).'*’
Consequently, above the blocking temperature, thermal fluctuations randomize the
moments causing hysteresis, while the width of the hysteresis loop is found to decrease
significantly with the decrease in size (i.e., the energy barrier decreases).*’ For
example, an hcp array of Co MPCs shows transition from ferromagnetic to
superparamagnetic behaviour upon cooling due to the single magnetic domain.'*%"47
Apart from these magnetic particles, very small diamagnetic clusters, like Au and Pd,
show size dependent paramagnetism, demonstrating complete transformation of

properties with size.™®
1.11.4 Electrochemical Properties

The tunable structure of MPCs has been found to reveal several interesting

electrochemical properties depending upon the core size or nature of the
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monolayer 86684852114 Eqr axample, MPCs with redox-functionality on its monolayer
(e.g. ferrocene, anthraquinone) are very interesting, where redox charge equivalents to
MPC’s can be delivered to the electrode/solution interface in a diffusion controlled

manner."*""® Further, several other redox functionalized MPCs with thiol ligands

| 75a,79d,f,116f I 149 | 150
) ) L)

containing ferroceny amidoorsilylferroceny biferroceny
anthraquinone'™' have been deposited on electrode surface using potential sweeping in
electrolyte solution to produce uniform redoxactive MPC films."*"*" This method has
also been used to create hetero-multilayers of palladium and gold nanoparticles

connected with biferrocenyl groups.'™"

Consequently, Cgo-modifed MPCs show
interesting redox activity upon film formation on an electrode surface due to the mixed-
valent nature of Cg.”"*®"®2 Such redox active films have several interesting applications,

like molecular recognization, photo-current generation and electroctalysis.”’® 49152

Major emphasis has also been placed on the investigation of the double layer
charging properties of these MPCs (< 3 nm) to understand the electron transfer features
at nano-dimension apart from the aforementioned electrochemical studies of redox-
functionalized particles.®®® The freely diffusing or surface attached MPCs on electrode
show discrete double layer charging features with respect to one electron, where the
capacitance (aF) is associated with the ionic space charge formed around each MPCs
dissolved in the electrolyte solution, known as quantized double layer charging
(QDL).%**%® Various voltammetric techniques (CV and DPV) are used to assess their QDL
features as mentioned earlier.®® The double layer capacitance (CcLy) can be calculated
from the voltage spacing (AV=e/Cc.y, € is electronic charge) in potential axis during
voltammetric measurements (especially during DPV), which is found to be size
dependent, since capacitance of MPCs are found to be increased with increase of
particles size.®® Further, DPV is particularly useful to assess the HOMO-LUMO gap of
very smaller core sized particles (< 2 nm), which is found to be similar with that obtained
using standard optical measurements.?%1381% The QDL phenomenon has been
reported for various MPCs and several effects, like core size (< 3 nm), chain length,
nature of monolayer, temperature and magnetic field, have been studied, although this

property is not known for larger MPCs 5%66:848%b.2.114
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Electrochemical features of interlinked or surface organized MPCs are also
widely investigated due to their interesting properties. For example, di-thiols containing
viologen moieties have been used as redox-active linkers in order to study electron
transfer between linked Au MPCs."®® The advantages for electrochemical studies of
organized MPCs are particularly convenient to estimate their surface coverage along

13a,65,66,114,116

with electron transfer rate constants. Further, scanning electrochemical

microscopy (SECM) has been used to investigate the kinetics of electron-transfer of

organized MPCs,'?

especially involving metal-insulator transition using a Langmuir
trough.'®® Accordingly, electrochemical properties of Ag and Au particles have been
investigated recently, which show the retention of redox property despite the formation of
an insulating monolayer.'*'>* Apart from these studies, impedance techniques also
have been used to understand the electronic properties of an array of Ag MPCs
(superlattice) as a function of the interparticle separation, where inductive behaviour has
been observed at smaller interparticle separation while the array become insulating at
larger separation.'®® Despite these importances, limitations, like potential induced

reorganization of monolayers, reductive desorption of organic molecules,'*®

changes due
to solvent entrapment and etching of the nanoparticles due to cycling, have to be kept in

mind for their future applications.
1.11.5 Other Properties

MPCs also show several other interesting properties, like chemical

26b,79e,156 149,157,158

reactivity, molecular  recognition and the abilty to form
bioconjugates 82340159160 Accordingly, the reactive nature of functionalized MPCs has
been utilized for chemical reactions for the introduction of complex functionality, like

26b,156

naphthalene, ferrocene, a-D-glucose,’™® pyrene,’® fluorescein, carbon

nanotubes, '  Cgp, 77152

and bio-molecules (like proteins, peptides and
oligonucleotides).”**821%91%0 Eyrther, cationic polymerization of MPCs have also been
reported using typical functionalization with atom-transfer-radical polymerization initiators
such as CuBr/tris(2-dimethylaminoethyl)amine'®'® or CuBr/1,4,8,11-tetramehyl-1,4,8,11-
tetraazacyclotetradecane.'®® Interestingly, these functionalized MPCs have been used
for catalyzing organic reactions as recently shown by Ti-BINOLate complex (Ti complex

of BINOL ligand, ie., chiral (R) 1,1'-bi-2-naphthol) functionalized Au MPCs to assist
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catalytic asymmetric alkylation of benzaldehyde with Et.Zn to afford the adduct formation
up to 98% yield with 86% enatiomeric excess (ee).'® Further, Pt MPCs also have been

162
d,"*®

utilized recently for catalyzing hydrogenation of maleic acid to succinic aci while

hydrogenation of allylamine have been performed using cyclodextrin modified Pt and Pd

nanoparticles.'®%

1.12 Applications of MPCs

MPCs have offered several exciting applications due to the quantum confinement
and possibility of tailoring chemical functionalities. These features of MPCs have been
successfully utilized for evaluating several orthodox theories as well as their existing
applications for miniaturized, faster and high speed optical, electrical or magnetic
devices, medicinal diagnostics, sensors, molecular recognition and several other related

phenomena. Some of these recent applications are briefly summarized below:
1.12.1 Novel Optical Devices

The SPR of MPCs, especially because of its tunable nature, is promising for
developing optical devices, like optical switches, sensors and light emitting
diodes. 621 149.157.158.163.164 £y rther, since SPR is dependent on the interparticle

43a,c, 99c,g,h FOF

separation, it can be used to sense the aggregation of the nanoparticles.
example, several biomolecules, like proteins, DNAs and amino acids have already been
detected using this procedure.®>® Interestingly, the coupling of optical and electronic
properties in a material can generate several novel phenomena, like selective sensing
and nano-optics, as shown by the incorporation of Ru(ll) tris(2,2'-
bipyrridine)cyclobis(paraquat-p-phenylene) catenane as a photosensitizer to cross-link
Au nanoparticles arrays for photo-electrochemical and electrochemical sensing.'®® In
another related example, optical fibers coated with a layer of gold nanoparticles to form

a ring microelectrode have been used for electrochemiluminescence (ECL) studies."®®

As nanoparticles have novel nonlinear optical (NLO) properties, it is possible to
change the wavelength of laser light through parametric processes. For example, the
large third-order nonlinear susceptibility of Au nanoparticles along with the near-

resonance nonlinear response is promising for use in nonlinear optical devices dispersed
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in a glass matrix.' Another interesting application is in photonics as some frequencies
of light cannot penetrate through the dielectric periodic structures because photon
modes at these frequencies do not exist, recently proposed for the preparation of
invisibility shield.’ In such photonic crystals, the dispersion of Au nanoparticles in

layers as a defect structure could cause NLO effects'®®

as demonstrated by the optical
limiting behaviour of Cgo-containing Au nanoparticles.' These applications generate
promise for nanoparticles in photonics, since the interaction of photons with nanoparticle
arrays can be modulated to generate optical switches.'"®® Further, organized
nanostructures in various geometries are also suitable for performing novel optical
devices."® For example, self-organization in dense hexagonal packages to form
apparently an external ring may be useful for the fabrication of optical devices and may
be fruitfully used to design biomaterials with cell-selective properties.’”" For instance,
several bio-molecular nanocomposite based devices are already active for medicinal use
and will be discussed later. Lastly, the performance of some of these optical devices can
be further enhanced by introducing complex metal-semiconductor networks or

assemblies and also by providing selective functionality on the surface.
1.12.2 Miniaturized Electronic Devices

Metallic MPCs are promising for several potential applications in the field of
electronics, electro-optics and information storage, which could substantially decrease
the voltage and power requirements for all types of optical sources typically from high
performance communication lasers to general illuminations. In order to realize these
benefits, functional nanostructures, however, will have to be fabricated in huge quantities
with extremely uniform and controlled size, shape and composition distributions to
optimize their properties for a particular application. Since the microelectronic devices
based on the complementary metal oxide semiconductor (CMOS) technology have
quantum mechanical restrictions for their further miniaturization, the nanoelectronic
circuit components have gained considerable attention recently.*®**® For example, a
significant increase in the density of the transistors in both the microprocessor unit
(MPU) and the dynamic random access memory (DRAM) of a CMOS chip by next

decade is expected.'”? Another, important application is, metal oxide semiconductor field
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effect transistor (MOSFET) using single or multiple nanoparticles as charge storage

elements, which can also act as sensors or actuators.'”

Nanoparticles and their organized structures are promising for novel electronic
applications due to their single electron tunneling phenomena as discussed earlier. An
example of such a molecular electronic component is the nanoscale transistor that can
be switched between "on" and "off" states with a single electron, which works efficiently
at room temperature leading to the manufacturing of field-effect transistors (FET) or
room-temperature single-electron transistors (SET).***® More specifically, upon
organizing nanoparticles on suitably functionalized substrates, metal-insulator-metal
(MIM) or metal-insulator-semiconductor (MIS) devices can be created, where single
electron tunneling event often generates novel properties.*® For example, recently we
and others have reported several methods to fabricate such MIM devices using MPCs,
which show significant nonlinearity in the |-V characteristics, suitable for performing

13a,e,14a,f,23,24,33,86,119,134 Further LangmUir-

applications of rectifier, diodes and switches.
Blodgett deposition of Au MPCs have been recently reported to form a MIS device,
which exhibits hysteresis in its capacitance versus voltage characteristics, promising for
electronic memory structure applications.’* Another recent study shows the importance
of organized gold nanoparticles for the application of resonant tunneling diode using N,
N-di-(10-mercaptodecyl)-4,4’-bipyridiniumdibromide molecule as a linker to the
substrate, where the potential dependent redox reaction of the bypyridinium molecule
controls the current flow.?* Accordingly, a nanogapped particle film based on dithiolinked
Au nanoparticles has been fabricated for a label-free DNA sensing device to acquire
nucleotide polymorphism information, which can be subsequently read by electronic

protocols.'”®

The assembly of magnetic MPCs can be used to generate information storage or
memory systems. For example, polymer-mediated FePt nanoparticle assemblies on a
solid substrate has been fabricated for performing such functions."® Accordingly,
magnetic field dependent properties of the superlattices of Co MPCs are also promising
in these respect.’”™" Apart from these, coupled magnetic and electronic functionalities
could also generate novel properties as shown for a Langmuir-Blodgett deposition of a

nonmagnetic-magnetic metal-organic bilayer film of Au nanocluster with the magnetic
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monolayer of gadolinium stearate."”” Further, the undecanoate-capped magnetites have
been recently used to control and switch the hydrophobic or hydrophilic properties of the

electrode surface.'®
1.12.3 Medical Diagnostics and Sensors

Conjugates of Au nanoparticles-oligonucleotides are of immense importance due
to the potential use for the detection of precise DNA sequences, with their attendant
applications for medical diagnoses, like disease detection, gene expression, biosensors
and forensic applications.®#%*® Further, DNA also has been used as a template for
organizing nanoparticles on a single oligonucleotide strand,?®° leading to the formation
of biochips. Apart form DNA, MPCs functionalized with cells, biomolecules and other
biological components have been extensively used for recognition of amino acids,

1791340 antigen detection™® and biosensors for immunoassays of human

proteins,
serum."®’ For example, gold nanoparticles capped with redox protein, like cytochrome C,
have been used for construction of biosensors, where the redox enzymes act as a
sensor element and nanoparticle array as a conductive matrix.'® In yet another
example, D-fructose has been sensed by gold nanoparticles encapsulated with D-
fructose dehydrogenase on glassy carbon electrode.'® More interesting is the array
constructed using bio-catalytic enzymes and nanoparticles on thiol modified Au (111)
surfaces as this shows electron transfer process in the presence of a mediator, like
catechol and a conductive spacer.’® Similarly sensors built with multilayer of
horseradish peroxidase and gold nanoparticles are found to be electrocatalytically active

for hydrogen peroxide reduction.'®®

One of the fascinating applications of superparamagnetic nanoparticles is in
biomedical diagnostics as an excellent magnetic resonance (MR) signal enhancer,
especially applicable for gene expression, cancer, angiogenesis imaging and cellular
trafficking. This can resolve the weakness of current magnetic resonance imaging (MRI)
techniques for commonly used as MR contrast agents. For example, 2, 3-
dimercaptosuccinic acid functionalized magnetic Fe;O, nanocrystals have been used to
develop a high-performance nanocrystal-antibody probe systems for the diagnosis of

breast cancer cells via magnetic resonance imaging.'®® Although several new biomedical
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applications are suggested day-by-day, adequate investigations are required to check

their effect on the immune systems before any practical use.

1.12.4 Other Applications

Apart from the above applications of MPCs, there are several other interesting
uses as catalysts as mentioned earlier; however, the monolayer stability has to be
ensured during the reaction conditions. Controlled organization of MPCs in 2D or 3D is
also considered as one of the most fascinating applications, since their size dependent
properties can be utilized for achieving the desired results. For example, several
nanocluster assemblies organized in different length scales have been found to be
promising due to their potential applications in many diverse areas such as
optoelectronic devices, single electron transistors and chemical sensors as explained
earlier. Further, several new applications, like micro/nano-electromechanical systems
(MEMS/NEMS), can be envisaged from these organized structures, since the chemical
control of the surface functionality and interaction is one of the key issues for the design,
fabrication and operation of MEMS/NEMS. For example, an active MEMS/NEMS device
has been recently created from nanoparticles using selective deposition of either

semiconducting or metallic nanoparticles (100 layers thick) on plastic/glass substrates.'®’
1.13 Conclusion and Perspectives

Thus some of the most recent developments of metalic MPCs have been
presented in this chapter with particular emphasis on their preparation, characterization,
size-dependent properties and various applications. MPCs are elegant examples of
hybrid inorganic-organic nanomaterials, having vast tunabilty with respect to their
structure property and application and are expected to lead the prospect of this field for
continuing decades with more and more tangible applications. More specifically, both the
isolated particles as well as arrays of such clusters act as indispensable building blocks
for creating designer materials in the rapidly emerging field of nanotechnology. Although
there are varieties of well-established methods to synthesize and understand the
properties of MPCs, several daunting challenges of these materials such as time and
temperature dependent reorganization, difficulties of scale-up, possibilities of

reorientation of the organic monolayer, less thermal/air stability require immediate
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attention to fructify their technological processes.
1.14 Motivation, Scope and Organization of the Thesis

The thesis addresses some of the major issues of metallic MPCs such as Au and
Ag nanoclusters, the motivation being both fundamental and technological applications
in nanotechnology. This includes syntheses, characterization and electrochemical
studies of these MPCs to address the size dependent issues on their electrochemical
properties. Further, these MPCs are considered as artificial building blocks for creating
1, 2 and 3-D nanoarchitectures (i.e., superlattices or artificial solids) for several potential
applications due to the collective interactions. In this regard, the effect of temperature on
the Au MPCs superstructures has been evaluated to understand the effect of thermal
stress on such ordered assemblies because of their significant relevance for device
applications. Accordingly, the electrochemical studies of relatively larger sized Au MPCs
reveal that they are capable of single electron charging, which may help to understand
the effect of size on the single electron transfer phenomena with its attendant
applications in nanotechnology. We have also investigated the interactions of charged
MPCs by estimating the diffusion coefficient at various charge steps, since the delicate
balance of van der Waals interactions and electrostatic repulsion could change their
motion in solution. The effect of size on the redox features of Ag MPCs in aqueous
medium has been evaluated to answer the question “does the redox activity change with
size for nanometer scale particles?” Since silver shows several size dependent
properties, like the lattice constant, melting point, electronic properties including the
photoelectron yield and the energy of the plasmon resonance absorption, leads to the
expectation that the electrochemical properties of silver nanoparticles should also be
size dependent. Similar studies for Au particles are also important to explore several

critical questions regarding their size dependent features.
1.15 Objective of the Present Study

The foregoing critical review of metallic MPCs shows several methods for their
syntheses, characterization, property and applications; although several lacunae are still
present for their wide utilization for various electronic applications. For example, most of

the Au MPCs synthesized using quaternary-ammonium salts whose removal is very
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troublesome, leads to contamination the surfaces due to the presence of ionic species.
Accordingly, the size selectivity is a daunting task, involving several complex
procedures; thus, the simple preparations of size selective nanoparticles without
quaternary-ammonium salts are important for any practical applications. Since the
superlattices of Au MPCs are important for device applications, it is necessary to
understand the thermal stress on such superstructures. Further, the relatively larger
sized Au MPCs (> 3 nm) are always sidelined despite their unique single electron
charging features along with their simple preparation techniques, despite their
usefulness for nanoelectronics. Hence, it will be interesting to explore the single electron
charging features for designing hybrid systems for applications in nanotechnology.
Redox activities of MPCs are also major issues to be explored, since their catalytic,
electrocatalytic or photocatalytic features vary drastically depending on their redox
activity. The specific objectives of the work embodied in this thesis are set out in this

perspective as follows:
a) To accomplish size selective synthesis and characterization of Au MPCs;

b) To explore the effect of temperature on the phase behaviour of Au MPC

superstructures;

c) To elucidate the single electron charging features of relatively larger sized Au

MPCs using electrochemical techniques;

d) To compare the solution based QDL behaviour with STM based single electron

charging features

e) To reveal the effective interaction by estimating diffusion coefficients, electron

transfer rate constants at various charge state using electrochemical techniques;
f) To examine the size dependent redox activity of Ag MPCs in aqueous medium;
g) To demonstrate the synthesis and characterization of Ag MPCs in single-phase;

h) To understand the redox activity of Ag nanoparticles with or with out capping

agents for exploring their electrocatalytic activity.
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The present thesis addresses above important questions related to the synthesis,
characterization and electrochemical properties of Au and Ag MPCs in six separate
chapters. The first chapter represents a critical review of synthesis, characterization,
properties and various strategies for the organization of monolayer protected metallic
nanoclusters. The electron transfer features of these nanosized particles have been
elaborately discussed to harness their potential applications in electronics, where STM
based features are discussed in conjunction with results from electrochemical
measurements. The impact of these materials on nanotechnology for diverse
applications such as catalysis, optical, electronic and magnetic device construction,
medical diagnostics and therapeutics, environmental and pollution control has been
briefly discussed. The chapter concludes by specific objectives for the present study,
future prospects and finally mentioning some of the existing limitations of these hybrid

materials.

The second chapter primarily deals with a novel route for the preparation of size
selective Au MPCs and their detailed characterization using UV-visible, TEM, XRD, H
NMR and FTIR. The effect of temperature on the ordered superlattice structure of DDT
passivated Au MPCs [approximate composition: Au4415(DDT)32g] is investigated with the
help of in-situ temperature controlled XRD and FTIR in conjunction with TG-DSC and
TEM analysis. These results indicate the formation of temperature induced, diffusion
limited phase ftransition involving non-equilibrium fractal structures, which is in good

agreement with the results available from previous theoretical studies.

The third chapter starts with the discussion of the effect of particle size and
chain length of the capping molecule on charging energy of MPCs for Coulomb blockade
nanostructures using a simple theoretical model. In later sections, the electron transfer
features of ca. 3.72 nm sized DDT protected Au MPCs [approximate composition,
Auq415(DDT)328] have been discussed using combined electrochemical and scanning
tunneling microscopic (STM) results. Further, various parameters such as capacitance,
diffusion coefficient and electron transfer rate constant have been calculated using
chronoamperometry and impedance techniques and adsorption phenomena of these

MPCs have also been discussed.
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The electron transfer features of 4.63 nm sized Au MPCs have been further
discussed in fourth chapter using electrochemical and STM/STS studies, where these
results show clear accessibility of these particles for single electron charging despite
their higher capacitance (1.95 aF). The effect of charge steps on various parameters
such as diffusion and electron transfer rate has also been discussed using combined
results of chronoamperometry and impedance. In particular, these results show that the
presence of higher charge enables these particles to diffuse faster along with the
concomitant enhancement in their electron transfer rates, which could be useful for

understanding the interparticle interactions of charged MPCs.

In fifth chapter, the redox features of various sized DDT protected silver
nanoparticle film (in the size regime of 2-7 nm) on a Pt electrode have been compared
using cyclic voltammetry in aqueous medium. Interestingly, these particles show an
irreversible redox feature, which indeed is affected by the size as in agreement with the
theoretical calculations of Kubo gap. Further, an alternate one step method of the
preparation of Ag MPCs in nonaqueous medium using a reducing agent triethylamine

(TEA) has been demonstrated along with their electrochemical features.

Finally, chapter six outlines a summary of all the major conclusions of the
present study with respect to synthesis, characterization and electron transfer properties
of monolayer protected metallic nanoclusters. The major observation is the detection of
single electron charging capability of larger sized Au MPCs in ambient condition, which
has not been previously addressed. In addition to Au MPCs, the demonstration of the
size dependent redox features of Ag MPCs directly relates these experimental results to
the previous theoretical predictions. This chapter also outlines some of the limitations of
these materials along with probable hazardous effect on the environment and their
precautions. Finally, the future prospects of these materials is outlined for next 10-20
years within a broad perspective of both fundamental and technological interest in
diverse fields such as chemistry, physics, biology, engineering for these unique hybrid

materials.

The results presented in the thesis clearly suggest, that due to the ease of
preparation, superlattice formation tendency and single electron features, larger sized

Au nanoparticles can act as promising building blocks for nanoelectronic circuit
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components. However, several limitations of these materials such as time and
temperature dependent reorganization and reorientation of the organic monolayer, less
thermal and air stability need improvement for extended use. Further, one should also
keep in mind that the electric field may damage and reorient the monolayer and
structural changes can perhaps occur at longer time scales. Despite these limitations,
the simple chemical method of preparation and the electron transfer properties of such
hybrid materials are useful to understand several important issues related to electron

transfer features of nanomaterials for possible future electronic applications.
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Synthesis and Characterization of Monolayer Protected Gold

Nanoclusters: Temperature Effect on Au Nanoparticles
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This chapter primarily deals with a
novel route to prepare size selective
monolayer protected gold nanoclusters
(Au MPCs) and their detailed
characterization using various analytical
techniques. The effect of temperature
on the ordered superlattice structure of
3.72 nm sized dodecanethiol (DDT)

passivated Au nanoclusters is also

investigated. These results indicate the formation of a temperature induced, diffusion limited,

irreversible phase transition.

* A part of the work has been published in “J. Phys. Chem. B 2005, 109, 2522".
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2.1 Introduction

Monolayer protected nanoclusters (MPCs) show novel physico-chemical
properties due to size quantization as accounted in greater details in chapter 1. More
importantly, when these particles are organized at controlled cluster-cluster separation
(spacing) they form superstructures (superlattices), generating several interesting
phenomena due to their collective behaviour."® For example, low temperature studies
reveal that the “Coulomb blockade effect” especially governs the electron transport in
such assemblies, where the individual site energies, coupling strengths, lattice
dimensionality and orders are expected to play a crucial role in the electronic transport
and the associated long range resonant energy transfer (LRRT).%®® Accordingly, both
classical and quantum coupling are observed in these structures, where the
manipulation of interparticle separation between adjacent MPCs triggers a metal-
insulator transition.*® The unique physical properties of these ordered assemblies are

especially promising for several potential technological applications.'®°

Au MPCs have drawn considerable attention as a novel inorgano-organic hybrid
materials after the emergence of Brust synthesis due to their enhanced stability, ease of
size control and a wide range of applications.>'"""® This method has been further used
for synthesizing several other metallic or alloy MPCs,™ although it has several
limitations, like ability to synthesize only 1 - 5 nm sized particles, polydispersity, higher
costs for the phase transfer agents and tedious methods for purification and size
sieving.”"™ Several other processes have also been used for synthesizing
monodispersed MPCs, including the synthesis in reverse micelles, seed mediated
growth, digestive ripening and several one-phase methods.*>*'>" For instance, Jana et.
al. has reported a single-phase technique for the preparation of larger sized metallic
nanoparticles (Au, Ag, Cu and Pt) by reducing organic soluble metal precursors in
presence of surfactants.”® Most of these synthetic procedures involve the use of
quaternary-ammonium salts, whose complete removal from the particle surface is very
troublesome.”'® Thus, the development of low cost synthetic procedures for the
preparation of size selective MPCs by avoiding the use of any quaternary-ammonium

salts is important for their practical applications.
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There are extensive reports for grooming different types of MPC superlattices of
both metals and semiconductors, where various effects, including particle size and their
distribution, length of capping molecules and several fundamental issues, like nucleation
and the growth kinetics of these ordered assemblies, have been comprehensively
discussed.?>111316ab.19-24 £or  example, hydrophobic interactions between adjacent
hydrocarbon chains lead to the formation of highly ordered, close-packed superlattices
from narrowly size distributed alkylthiol or alkylamine passivated MPCs."®? Accordingly,
longer alkyl chains favor long range ordering due to the enhancement of the interchain
interactions.”®® Ohara and coworkers have used Hamaker theory for accounting the
cluster-cluster interactions in a superlattice considering the interactions between two
finite volume spheres as a function of their separation.?’ In another remarkable study,
Landman and his co-workers have used molecular dynamics simulations to understand
the structure, dynamics and thermodynamics of these superlattices of smaller MPCs
under various conditions, where the interlocking of bundled alkyl chains due to the
predominant van der Waal's attractions play a critical role.? In particular, their results
show that smaller capping length clusters arranged in a bcc superlattice structure,
undergoes a remarkable transition to an fcc lattice at higher temperature.?? Furthermore,
these MPCs with longer chain length capping molecules possess tetragonally distorted
fcc structure, where the interlocking of these bundling passivating molecules can be
enhanced along the direction of the tetragonal distortion.? In a series of studies, Heath
and his co-workers have shown the detailed phase behaviour of two dimensional (2D)
monolayers of Ag MPCs (2-7.5 nm diameters) by pressure-area isotherms in a Langmuir
trough to account both the effect of size and interparticle separation on superlattice
structure.”® More interestingly, they have observed three distinct types of phase
behaviour, which could be classified in terms of extra classical volume available of the
passivating ligands.?® Another related study by Pradeep and co-workers has shown that
Ag MPC and AuAg alloy MPC superlattices posses distinct liquid phase as observed by
XRD and calorimetric studies; however, detailed investigation show that Au MPCs are
not ideal for superlattice formation.?* Although there are extensive reports of the effect of
temperature on the phase transition of Ag or AuAg Alloy MPC superlattices, there is no

such systematic data for Au MPCs.?*?* The understanding of the effect of temperature
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on such ordered assemblies are technologically important, since it would help to predict

the effect of thermal stress on nanodevice performance.

In this chapter, we describe a simple synthetic procedure for the size selective
preparation of Au MPCs protected with either dodecanethiol (DDT) or tridecylamine
(TDA) ligands. In particular, we use DDT or TDA for both simultaneous phase transfer
and capping in nonaqueous medium for Au particles during reduction, which upon
boiling at 120 °C in toluene produces moderately monodispersed nanoparticles. More
importantly, these particles are free from any quaternary-ammonium salts, while various
sizes of particles are also obtained by simple tuning of the synthetic conditions. Further,
these particles spontaneously form superlattices upon slow evaporation of solvent on
solid supports or TEM grids. The effect of temperature on 3.72 nm sized DDT protected
Au MPCs has been investigated using in-situ temperature controlled XRD and FTIR
studies in conjunction with TG-DSC analysis. In-situ temperature controlled XRD and
FTIR studies reveal that upon thermal heating, these ordered assemblies of Au MPCs
transform to a disordered state. This phenomenon has been identified as temperature

induced irreversible phase transition from an ordered phase to a disordered state.
2.2 Experimental Section
2.2.1 Materials

Dodecanethiol (99%), NaBH,, tridecylamine and HAuCl,3H,O were obtained
from Aldrich, while toluene, acetone and ethanol (AR grade from Merck) were used after
further purification; deionized water (16 MQ) from Milli-Q system was used for all

experiments.

2.2.2 Size Selective Synthesis of Au MPCs

Au MPCs of four differently sizes (viz. 3.72, 4.63, 6 and 8.2 nm) have been
synthesized using modified Brust synthesis'' followed by a digestive ripening

process.'%P

In brief, particles were synthesized in a bi-phasic mixture of water and toluene

(v:v;1:1; 50 ml each) using 1 : 3 mole ratio of gold to thiol in an ice bath. This Au :
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thiol ratio was kept constant, since the core size is mainly controlled by the Au : thiol
stoichiometry.'? The biphasic mixture under low temperature (ice bath) was stirred for 30
m and subsequently reduced by dropwise addition of 20 ml 0.1 M aqueous NaBH,
solution. Upon the slow addition of NaBH,, the pale yellow color of gold salt was
transformed to reddish-violet indicating Au® cluster formation. The Au° clusters were
found to be shifted to the organic phase turning the upper layer reddish-violet upon
rigorous stirring for 3 h. After separating the aqueous layer, the non-aqueous layer was
collected and this process was repeated 20 times to obtain finally 1 It of toluene
containing both Au MPC and unbound thiol. The non-aqueous layer was then
concentrated under vacuum at 40 °C to a final volume of 100 ml, where the ratio of Au to
unbound thiols is typically 1 : 30. This procedure will be repeated for the preparation all

other particles and will be termed as step (P).

Particle (a) was obtained as violet powder after step (P) by concentrating the
toluene layer under vacuum at 40 °C. This was further redissolved in 20 ml toluene and
centrifuged to precipitate the agglomerated or bigger fraction particles. The highly
toluene soluble fraction (after centrifugation) was precipitated by the addition of copious
amount of acetone (500 ml). The particles were allowed to settle and the excess acetone
was decanted to reduce the volume to 20 ml, followed by repeated centrifugation (5

times) and decantation to remove the unbound thiol and other unwanted by-products.

Particles (b-d) were synthesized by boiling the reaction mixture after the step (P)
at 120 °C in an oil bath and were subsequently cooled slowly at room temperature to
form a dark red solution. In particular, Au : thiol/amine ratios were kept at 1 : 30 for the
preparation of particles (b) and (d) respectively, which were boiled for 1 h. In contrast,
particles (c) was prepared by boiling the reaction mixture for 1.5 h using Au : thiol ratio of
1 : 200. These reaction mixtures were further concentrated (10 ml) and the MPCs were
precipitated by the addition of excess acetone (250 ml), followed by the decantation to
reduce the volume to 20 ml. These particles were then repeatedly centrifuged (7 times)

with excess of acetone for further purifications.
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2.2.3 Techniques Used for the Characterization of MPCs
2.2.3.1 UV-visible Spectroscopic Analysis

All the optical measurements were recorded using Shimadzu, UV-2101 PC
spectrophotometer using a quartz cell (10 mm path). The spectra were background
subtracted using the same solvent as used for nanoparticles dispersion unless

mentioned separately.
2.2.3.2 Transmission Electron Microscopic (TEM) Analysis

TEM and high resolution TEM (HRTEM) micrographs were taken on a JEOL
model 1200EX instrument operated at an accelerating voltage of 120 kV and a Philips
CM 20 FEG instrument operated at an accelerating voltage of 200 kV respectively. TEM
samples were prepared by dropcasting highly purified Au MPCs from toluene dispersion

on a carbon coated Cu grid (400 mesh) and dried slowly at room temperature.
2.2.3.3 (a) X-ray Diffraction (XRD) Analysis

X-ray diffraction was carried out on a Philip1730 machine using Cu K« radiation
(A« = 1.54 A) at a step of 0.02° (20) at room temperature. The background was

subtracted with the linear interpolation method.
(b) In-situ Temperature Controlled XRD Analysis

In-situ temperature controlled X-ray diffraction experiments were performed using
Rigaku Dmax 2500 diffractometer. The system consisted of a rotating anode generator
with a copper target and a wide-angle powder goniometer, having a diffracted beam
graphite monochromator. Rigaku low-medium temperature attachment was fitted in the
goniometer for high temperature measurements. The maximum temperature that could
be reached in this attachment was 300 °C. The generator was operated at 40 kV and
150 mA. All the experiments were performed in the reflection mode. The sample holder
was a copper block and a very thin layer of MPCs was dropcasted on this block. The
copper block with the sample was heated at the rate of 2 °C /min. The diffraction pattern

was collected while the sample temperature was held constant within 1 °C of the set
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temperature and the data was acquired in 5 min. The sample was kept under vacuum
during the experiment to avoid thermal degradation. The diffraction data was collected at
room temperature and subsequently at various temperatures as mentioned in the text to

monitor the change in structure during heating.
2.2.3.4 Nuclear Magnetic Resonance (NMR) Analysis

NMR spectra were recorded in a Bruker MSL300 MHz in CDCI; solvent using
tetramethoxysilane (TMS) as an internal standard, while concentrations of MPCs were

approximately 10-12 mg/ml.
2.2.3.5 (a) Fourier Transform Infrared Spectroscopic (FTIR) Analysis

FTIR spectroscopic measurements of purified powders of Au MPCs were carried
out on a Perkin-Elmer FTIR Spectrum One spectrophotometer operating at a resolution
of 4 cm™ after mixing with KBr (1 wt % MPCs).

(b) In-situ Temperature Controlled FTIR Analysis

Room temperature and high temperature infrared spectra of these samples were
taken using a Perkin-Elmer FTIR Spectrometer (model PC 16) at a resolution of 2 cm™ in
the range of 450 - 4400 cm™. A total of 32 scans were used for signal averaging. High
temperature spectra were obtained by mounting the sample in the Mettler Toledo
FP82HT hot stage and placing it in the sample compartment of FTIR after aligning using
a red laser light. The sample was heated at the rate of 5 °C/min and the spectra were

collected while the sample temperature was held constant.
2.2.3.6 Thermogravimetric (TG) Analysis

Thermogravimetric experiment was performed in a TGA-7 unit of the Perkin
Elmer thermal analysis system, operated under nitrogen flow in the temperature range of
50 to 800 °C with a scanning rate of 5 °C/min.
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2.2.3.7 Differential Scanning Calorimetric (DSC) Analysis

The calorimetric measurements were carried out using the DSC-7 unit in a
temperature range of -10 °C to 150 °C. The samples were heated at a rate of 10 °C/m
under nitrogen environment. The instrument was calibrated using standard procedures
but for heating rates other than 10 °C/min indium was scanned at the required heating

rate to determine the instrumental lag and the sample data was corrected accordingly.
2.3 Results for the Characterization of Au MPCs
2.3.1 UV-visible Spectroscopic Analysis

The color of the nanoparticles have fascinated scientist over hundreds of years,
which originates due to the surface plasmon resonance of the particles.?® Mie was the
first to describe them quantitatively by solving Maxwell's equations with the appropriate
boundary conditions for spherical particles.?® The total extinction cross section (Gex)
composed of absorption and scattering is given as a summation over all electric and
magnetic multipole oscillations. For particles with smaller sizes than the wavelength (%))
of the exciting light (A, »2r, for gold when 2r < 25 nm, where r is the radius),?’ only the
dipole absorption of the Mie equation contributes to the extinction cross section (Oext).
The Mie theory then reduces to the following relationship (quasi-static or dipole

approximation),
Oext = (OVpem>2/c).[wez(w)/{ e1(®) + 2 €n}? + £2(02)?] (2.1)

where Vp is the spherical particle volume, ¢ is the speed of light, w is the angular
frequency of the exciting radiation and ¢, is the dielectric constant of the surrounding
medium (assumed to be frequency independent).?® Accordingly, [e(®) = &(o) + iex(®)],
where g¢(®) and sx(») denote the real and imaginary part of the dielectric function of the
material respectively. This shows that the surface plasmon band position strongly
depends on the particle size, dielectric function of the materials and its surrounding

medium. %%
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Figure 2.1 (a-d) UV-visible absorption spectra corresponding to Au MPCs (a) 3.72, (b) 4.63, (c) 6
and (d) 8 nm in toluene, where particles (a-c) are capped with DDT and (d) is capped with TDA.
These spectra show a red shift and sharpening of surface plasmon peak with increase in particle
size, inset showing the exponential variation of peak position with size.

Figure 2.1 shows the superimposed UV-visible spectra of these particles in
toluene, where the plasmon peak positions have been found to be red shifted and
sharpened with the increase in particle size.” Inset shows the variation of the peak
positions with particle size (diameter), which could be fitted to a first order exponential
growth. Accordingly, Figure 2.2 (a) shows the UV-visible spectra of 3.72 nm sized MPCs
in various solvents, such as hexane, heptane, cyclohexane, chloroform,
carbontetrachloride and toluene (i-vi) to account the effect of solvent refractive index
(dielectric constant), where the absorption maxima have been shown along the arbitrary
Y axis. The surface plasmon resonance of these particles are observed between 518-
522 nm for the above solvents (i-vi), where the peak position has been red-shifted with
increase in solvent refractive index. In particular, Figure 2.2 (b) shows the nonlinear
variation of surface plasmon peak position with the refractive index, which is in good
agreement with the earlier reports.*® However, a minor absorption at ca. 375 nm has
been observed, which might be attributed to the presence of weakly bound Au®* ions on

these nanoparticles.
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Figure 2.2 (a) UV-visible absorption of DDT protected 3.72 nm sized Au MPCs in hexane,
heptane, cyclohexane, chloroform, carbontetrachloride and toluene (i-vi); (b) the nonlinear
variation of the surface plasmon peak position with increase in solvent refractive index.

2.3.2 TEM Analysis

Size distributions and periodic arrangements are evident from a comparison of
the TEM images of these particles. For example, Figure 2.3 (a-d) shows a high
population of uniformly sized particles with an average size of 3.72+0.4 nm along with
their statistical distribution (Gaussian) as shown in the inset of Figure 2.3 (b). More
specifically, the high-resolution image shown in Figure 2.3 (a), depicts the lattice fringes
for these particles, whereas hexagonal closed packed superlattice structure is evident in
Figure 2.3 (b-c). Accordingly, Figure (2.4-2.6) shows the respective TEM images of the
particles having diameter of 4.63, 6 and 8.2 nm along with their statistical distribution. All
of these particles clearly show large area superstructures due to their monodispersed

nature, either mono or multi layers at different regions.
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Figure 2.3 (a-d) TEM images of purified Au MPCs corresponding to particle Auq4¢5(DDT)325 after
repeated solvent extraction and careful fractionation experiments revealing particle size of
3.72+0.4 nm [particle size distribution is shown at the inset of (b)]. The lattice fringes are also
visible in micrograph (a) for these particles, whereas ordered structures are seen in (b-c).

Figure 2.4 (a-c) TEM images of purified Au MPCs corresponding to particle Auygee(DDT)s41 after
purification, revealing particle size of 4.63+0.04 nm [particle size distribution is shown at the inset
of (b)]. Both mono and multilayer superstructures are seen in (b-d).
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Figure 2.5 (a-c) TEM images of purified Au MPCs corresponding to particle Augsss(DDT)gs1,
where highly long-range ordered structures are seen in (b-d) [particle size distribution is shown at
the inset of (b)].

Figure 2.6 (a-d) TEM images of the highly monodispersed Au MPCs corresponding to particle
Au47s95(TDA)4g28 along with ordered structures [particle size distribution is shown at the inset of

()l
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The composition of these Au MPCs are also approximated from the TEM results
by calculating the nearest stable magic numbers as full shell clusters, since certain
magic numbers are known to be stable.®*’ The average composition of these MPCs are
summarized in Table 2.1 by assuming the shape of these particles as spherical, radius
of Au atom is of 144 pm, perfect fcc packing and further considering 2 S atoms per 3 Au

atoms on the surface as reported for two dimensional SAMs. %2
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Figure 2.7(a-d) XRD patterns of Au MPCs corresponding to particles (a-d), showing bulk fcc
crystal structures, corresponding lattice planes are marked in the figure.

2.3.3 XRD Analysis

XRD analysis was further carried out to investigate the crystallinity of these
MPCs and also to evaluate their size distribution. Figure 2.7 (a-d) shows the respective
XRD patterns of these MPCs corresponding to particles (a-d). The XRD reveals bulk fcc

crystal structure as in agreement with the previous reports® and the corresponding
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lattice planes are marked in the figure. Particle size is calculated from the full width at

the half maxima (FWHM) of the (111) peaks using the Scherrer formula as given by:
Particle Size = K;Ax / BCosO (2.2)

where K is Scherrer constant (0.9 for spherical particles), Ax is wavelength of the X-ray
diffraction (1.54 A for Cu K,), B is the FWHM of the peak and 6 is diffraction angle.*? The
calculated particles size is comparable with the corresponding size calculated from TEM
analysis and this data is also summarized in Table 2.1 along with approximated particle

composition, surface plasmon peak position and size for TEM analysis.

Table 2.1 Variation of surface plasmon peak position with experimentally obtained particle size
from both TEM and XRD analysis along with average particle composition

Sample Average particle Plasmon peak Size from Size from
number compositions position (nm) TEM (nm) XRD (nm)
(a) AU1415 (DDT)sz8 522 3.72+0.40 3.82
(b) Auz2g69(DDT)sa1 523 4.63+0.04 4.91
(c) AUgs35(DDT g1 526 5.99+0.09 5.72
(d) AU17895(TDA)1928 561 8.20+0.10 8.70

2.3.4 NMR Analysis

Surface passivation as well as the purity of these MPCs (a-d) is examined with
the help of '"H NMR analysis as shown in Figure 2.8 (a-d). These spectra show three
distinct multiplets corresponding to the protons at C,, C;.44 and C4, (C43 for particles d)
carbons at ~1.56, ~1.26 and ~0.84 ppm respectively. The carbon positions have been
marked for DDT in the scheme as shown in the inset of Figure 2.8 (a). The individual
peak positions are similar but broadened as compared to that of pure alkanes.'

Interestingly, the proton at C; position is not observed perhaps due to the inhomogeneity
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in the local chemical environment as a consequence of capping through S atom. In
particular, the absence of prominent resonance at 2.7 ppm corresponding to the protons

at C, position indicates strong interaction with the metal surface as well as the purity of

the samples.'
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Figure 2.8 (a-d) 'H NMR response of purified Au MPCs (a-d) in CDCls, revealing that peaks are
significantly broadened from their ideal position due to the effective surface passivation of Au
core. The carbon positions have been marked for DDT in the scheme as shown in the inset of (a).
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2.3.5 FTIR Analysis

The local molecular environment of the passivating ligands on these MPCs can
be obtained from FTIR analysis, where the C-H stretching region (2800-3000 cm™) is
particularly informative about the orientation of methylene chains. For example, Figure
2.9 (i) (a-d) shows the superimposed FTIR spectra of C-H stretching region
corresponding to particles (a-d), where four peaks are evident corresponding to
symmetric (d*) and asymmetric (d) CH, stretching modes, asymmetric in plane (r') and

symmetric (r*) stretching mode of terminal methyl groups.
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Figure 2.9 (i) The superimposed FTIR spectra of C-H stretching region (a-d) corresponding to
particles (a-d), where four peaks are evident corresponding to symmetric (d*) and asymmetric (d")
CH, stretching modes and symmetric (r') and asymmetric in plane (r) stretching mode of terminal
methyl groups. (ii) Variation of (1) d*, (2) r’, (3) d” and (4) r' stretching modes with particle size,
showing blue shit with increase of size due to the increment of disordering in monolayer.

The ordering of the alkyl chains is best evident by the peak positions of d* and d-
CH, stretching vibrations, whereas r* and r stretching modes are indicative of
orientational freedom of the chain terminals. The corresponding positions of these
stretching modes are summarized in Table 2.2 for Au MPCs (a-d) and are also plotted
individually with their size in Figure 2.9 (ii). Most importantly, we find the d* and dvalues

for particle (a-b) red shifted as compared to the bulk alkanes, whereas a similar blue
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shift is observed for particles (c-d). The red shift of d* and d”stretching modes indicates
the presence of extremely high percentage of all-trans conformations, characteristic of
crystalline alkanes, whereas blue shift corresponds to greater number of gauche
defects.?** Interestingly, all these stretching modes are blue shitted with respect to the
size as shown in Figure 2.9 (ii), where (1-4) corresponding to d*, r*, d" and r. More
specifically, this blue shift of stretching modes with increase of size illustrates the
decrease of alkyl chain order along with concomitant increment of gauche defects. Thus,
our results indicate that the presence of higher number of ligands (as expected to be

increase with the size of core) might promote disordering in the capping monolayer.

Table 2.2 Variation of d*, r*, d” and r FTIR stretching modes with particle size

Particle (1) d* 2r @) d @r

Size (ecm™) (ecm™) (cm™) (ecm™)
(a) 3.72 2848.8 2871.4 2917.8 2955.7
(b) 4.63 2850.7 2871.9 2919.0 2957 .4
(c) 6.00 2851.3 2872.5 2920.0 2957.9
(d) 8.20 2852.4 2873.0 2922.2 2958.5

All other bands are assigned on the basis of n-alkane vibrations as shown in
Figure 2.10, where graphs (a-d) correspond to particles (a-d). The scissoring motion of
all-trans methylene chains are apparent at ~1467 cm™, which is broadened with the
increase of size. This may be due to the overlap of other vibration modes, such as
scissoring motion of a methylene group next to a gauche bond and the methyl
antisymmetric bending vibration. The methylene wagging and rocking bands appearing
between 1200 and 1400 cm™, indicate crystallinity, which is also suppressed for particles
(d). The appearance of a prominent band at ~1369 perhaps corresponds to defects,
which appears as a very small peak at ~ I367 for particles (a-c). This further, indicates
that the disorder in the alkyl chains environment increases with the increase of particle

size.
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Figure 2.10 (a-d) Superimposed FTIR spectra of Au MPCs in 1200-1500 cm” region
corresponding to particles (a-d), where methylene wagging, rocking and a large number of
progression bands are visible.

Thus, we have successfully described the synthesis of size selective Au MPCs in
the range of 3.7 — 8 nm excluding either the use of quaternary-ammonium salts or any
tedious separation steps. These particles are thoroughly characterized by UV-visible,
TEM, XRD, "H NMR and FTIR to depict their size, crystallinity and surface passivation.
Most importantly, we find that the ordering of the passivating alkyl chains decreases with
the increase Au core size. Further, the capability of these MPCs for larger superlattice
structure along with their simple synthetic techniques could be useful for several

applications in nanotechnology.
2.4 Effect of Temperature on 3.72 nm Sized Au MPCs Superstructures

In this part, the investigation of the effect of temperature on the ordered
superstructures of 3.72 nm sized Au MPCs is described with the help of in-situ
temperature controlled XRD and FTIR in conjunction with TG and DSC analysis. Since
Auq415(DDT)308 particles have relatively ordered, crystalline passivating layer and are
capable for superlattice formation, we examine the effect of temperature on their

superstructure in detail as described below:

University of Pune, June 2005 89



Ph. D Thesis Chapter 2

2.4.1 TEM Analysis

The ordered superlattice structure is obtained due to the uniform size distribution
of these particles (images a-c in Figure 2.11). Interestingly, the TEM images of the solids
precipitated after mixing large excess of acetone in the toluene containing Au MPCs
show highly ordered superlattice along with several multilayer (3D ordering) structures
[Figure 2.11 (d)]. More specifically, these particles show a tendency to arrange in a
hexagonally close packed arrangement, where the average particle edge to edge
distance is 2.5 — 2.7 nm. These average spacing is in good agreement with earlier

reports, where 3-4 carbon chains are assumed to be interdigitated during the

12,24

superlattice formation.

Figure 2.11 (a-c) Ordered superlattice structures of the nearly uniform 3.72+0.4 nm sized Au
MPCs; inset (c) shows Gaussian distribution of their size. (d) Ordered superlattice structure along
with several multilayers (3D ordering) obtained from the solid precipitated after mixing large
excess of acetone in toluene containing Au MPCs.
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2.4.2 In-situ XRD and TG-DSC Analysis

Long range ordering in these structures can be investigated with the help of low
angle XRD measurement, which indicates the enhancement of interplanar spacing (dng)-
We used dropcasted thin films of Au MPCs from toluene at room temperature on a Cu
substrate for in-situ temperature controlled XRD analysis. This Au MPC containing Cu
holder was heated at various (a-i) temperatures and the XRD data were recorded. For
example, Figure 2.12 (i) shows the superimposed variation of the low angle XRD peaks
of these Au MPCs, where several sharp peaks at regular intervals indicate the long-
range superlattice formation. The superlattice is indexed in a bcc phase with (110), (220)

and (330) lattice planes as in good agreement with previous results.??

However, the calculated lattice parameter from low angle XRD results (ca. 5.25
nm) for the superlattice is smaller than the value obtained from TEM analysis (6.3%1
nm), which indicates that significant overlap is present between neighbouring clusters.
More specifically curves (a-i) correspond to 25, 65, 85, 115, 125, 150, 165, 180 and 200
°C, which accounts for a drastic change in the crystallinity of the Au MPC superlattice
after 110 °C. In particular, the peak positions are almost unaffected for the curve (a-c),
while a shift and an increase in the peak to peak spacing can be seen in curve (d).
Interestingly, curves (e-h) depict an amorphous nature, which indicates that the
crystallinity is lost at 110-120 °C. However, the room temperature XRD analysis of the
previously heated sample at 150 °C retains the amorphous nature, depicting that the
transition is irreversible unlike that of Ag MPCs.?* The thermal stability of these MPCs is
also investigated with the help of thermogravimetric (TG) analysis, which shows that
partial degradation starts from 175 °C and completes at 270 °C with almost 20 % wt loss
as shown in the inset of Figure 2.12 (i). This weight loss is in good agreement with our
approximate calculation of MPC’s composition. Accordingly, the TG result shows that the
degradation of these particles is not the reason for the destruction of the superlattice

order, which is further confirmed from the higher angle XRD results.
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Figure 2.12 (i) (a-i) The superimposed variation of the low angle XRD peaks of Au MPCs at 25,
65, 85, 115, 125, 150, 165, 180 and 200 °C, which reveal a sharp phase transition in a
temperature range of 110-120 °C; inset shows thermogravimetric (TG) curve of the
corresponding particles. (ii) (a-i) The superimposed variation of the high angle XRD peaks of Au
MPCs at 25, 65, 85, 115, 125, 150, 165, 180 and 200 °C, where bulk fcc structure are evident for
these particles; inset shows the effect of temperature for the case of (111) peak.

University of Pune, June 2005 92



Ph. D Thesis Chapter 2

33°C 0
21 ,
1 ) .
& ; 130
E 1
314- "\
=
=3 2 115
C

N
S 7.
=

16°C

1o
o

0 30 60 90 120
Temperature (°C)

Figure 2.13 Superimposed first two cycles (1 and 2 indicating the number of cycle) of DSC
response of Au MPCs, where the alkyl chain melting (H) and cooling (C) are seen at 33 °C and
16 °C respectively as reversible first-order transitions.

The higher angle XRD results reveal that these MPCs have bulk fcc structure as
reported earlier for larger MPCs and the planes are identified as (111), (220), (200) and
(311).%22 However, Cu sample holder peaks are observed due to the thin nature of the
MPC films (marked as *), although these do not appear in the low angle region for blank
substrate. More importantly, the peak position and the full width at the half maximum
(FWHM) of these peaks are not affected up to 165 °C, as shown in Figure 2.12 (ii)
corresponding to curves (a-i) for 25, 65, 85, 115, 125, 150, 165, 180 and 200 °C.
However, the intensity of these peaks has been slightly increased above 115 °C and a
drastic increment along with sharpening is observed above 180 °C as shown in the inset
of Figure 2.12 (ii) for the case of (111) peak. The sharpening of the peak positions could
be attributed to the partial desorption of the thiol monolayers from the nanoclusters
surface. Thus these higher angle XRD results further preclude the possibility of the
destruction of monolayer and increment of the particle size as the reason for the phase

transition observed in the low angle XRD analysis.
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In an attempt to capture this phase transition, we have carried out differential
scanning calorimetric (DSC) analysis of the purified powder of these particles in the
temperature range of -10 °C to 150 °C. Interestingly, only one distinct first-order
transition is observed corresponding to the melting of the alkanethiolate chain assembly,
while no other transition is evident, unlike, previously observed for Ag or AuAg alloy
superstructure (Figure 2.13) and octadecanethiol protected Au MPCs.?* The alkyl chain
melting and cooling are manifested at around 33 °C and 16 °C respectively. More
importantly, the observed chain melting temperature is shifted to higher energy as
compared to its smaller analogues as reported earlier due to the increase in particle
size.' The reversible hysteresis behaviour is a characteristic of the first-order
transitions. The alkyl chain melting transition appears at the same temperature during
the second cycle and is comparable to that of the previous cooling curves.'®?* However,
the absence of superstructure phase transition might be attributed to the higher ordering
of the alkyl chains as compared to the Ag and AuAg alloy.?* Further heating causes
more ordering of the alkyl monolayer as evident from the increase of the sharpness and
the height of these DSC peaks (particularly in the heating curves), which might also

suppress these superstructure phase transition.
2.4.3 In-situ FTIR Analysis

The variable temperature infrared analysis was carried out to investigate the
exact characteristic of the alkyl chain assembly during the heating. Figure 2.14 (i and ii)
shows the high and low frequency region of the infrared spectra of these MPCs in a
pressed KBr pellets heated in-situ at 40, 60, 95, 120, 140, 160, 180 and 200 °C
temperatures corresponding to curves (a-h). The positions of the characteristic peaks
are drastically shifted to lower energy side permanently at higher frequency region
above 100 °C. The high degree of conformational order in the monolayer is best
evidenced by the position of the symmetric (d*) and antisymmetric (d) CH, stretching
peaks in the room temperature FTIR spectra. Average values of 2852 and 2922 cm™ for
these peaks indicate an extremely high percentage of all-trans conformations,
characteristic of crystalline alkanes.?* Disordered systems, such as liquid alkanes,
display much higher values (2856 and 2928 cm™ respectively), which have been

convoluted to higher number of gauche defects.?*** The r bands for methylene vibrations
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have been identified as 2955 cm™, although the r* mode is not prominent enough in the

spectra.
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Figure 2.14 (i) High and (ii) low frequency region of the infrared spectra of these MPCs in a
pressed KBr pellets heated in-situ at 40, 60, 95, 120, 140, 160, 180 and 200 °C corresponding to
curves (a-h), where the positions of the characteristic peaks for aliphatic alkane as drastically
shifted to lower energy side permanently at higher frequency region above 100 °C. (iii) Variation
of symmetric (a) and antisymmetric (b) peak positions with temperatures are shown, where the
change of the methylene local environment suggests a temperature induced phase transition.

All other bands are assigned on the basis of n-alkane vibrations [Figure 2.14 (ii)],
where peaks corresponding to the methylene wagging and rocking and a large number

of progression bands are observed. For the spectrum in the region 1400-1500 cm™, all-

University of Pune, June 2005 95



Ph. D Thesis Chapter 2

trans scissoring mode is observed, like methylene scissoring at ~1460 cm™ and CH»-S
methylene scissoring at ~1410 cm™”. The peak at 1376 cm™ is attributed to the
symmetric bending vibration of CH; groups. The presence of a large number of bands
between 1200-1400 cm™ corresponding to either twisting-rocking or wagging
progression modes, gives a strong evidence for the micro-environment of the alkanethiol
monolayer on Au clusters.?**® The band at 1341 cm™ in the spectrum is attributed to the
end gauche conformation, while the bands at 1125 and 1095 cm™ are assigned as (c-C)r
and (c-c)q stretching modes respectively. In particular, these prominent progression
bands are indicative of the presence of higher order in the monolayers (column like),
which might be one of the reasons for the absence of superstructure melting in DSC.
The 700-800 cm region comprises of two sets of bands, the first one is due to

methylene rocking (726 cm™), while the remaining one is due to C-S stretching.?*

Upon successive heating, interestingly, the high frequency region shows drastic
change on the symmetric (d*) and antisymmetric (d") CH, stretching peaks as compared
to that of the methylene vibrations. In particular, the CH, stretching peaks are found to
be shifted to higher values at a temperature range of 105-120 °C, indicating disorder.
Figure 2.14 (iii) depicts the variation of symmetric (a) and antisymmetric (b) peak
positions with temperature, where the change of the methylene local environment is
evident. However, the presence of unaffected progressions bands (1200-1400) above
the DSC melting temperature suggests higher ordering due to intra-chain packing (can

24T which increases as a result of

be viewed as bundled columns of alkyl chains),
repeated annealing. It is also possible that some of these chains near the metal core
are not likely to be molten and hence gets more ordered during repeated annealing. This
clearly suggests that in this temperature range phase transition of the superstructures do
happen, which cause the destruction of the order. In contrast, in the low frequency
region, the C-H stretching does not show any characteristic shift, although partial
narrowing of the peaks with heating is observed, indicating increased order in the alkyl
chain. However, splitting is not observed in the methylene rocking mode in any of these
spectra, which manifests that the interchain interactions are less as compared to that

previously reported for Ag or AuAg alloy MPCs.?*

University of Pune, June 2005 9



Ph. D Thesis Chapter 2

2.5 Discussion

The complete characterization of these MPCs shows effective capping of DDT on
the particles surface, where the order of the monolayer is reflected by the NMR, DSC
and FTIR studies. Further, effective van der Waal's attraction among the monolayers of
adjacent MPCs causes spontaneous superlattice formation as revealed by these results.
In-situ temperature controlled low angle XRD and FTIR studies indicate irreversible
phase transition of these ordered assembilies to a disordered state as shown in scheme
2.1, where the alkyl chains are considered as ordered columns along with some

disordered chains.?*

110-115°C

Highly Ordered Disordered
Superlattice Structure

Scheme 2.1 Schematic representation of irreversible phase transition of Au MPCs from ordered
assemblies into a disordered state in accordance with the results of in-situ temperature controlled
XRD and FTIR studies.

The superlattice stability could be understood well with the help of a model of
Ohara and coworkers, where the stability is dependent on the degree of the attractive
van der Waal’s interactions due to the passivated alkyl chain.?' The attractive potential

for this interaction is given for two finite volume spheres as
V (Lss) = -An/12[r/Lss{1+ Lss/2(ra + ru)} + 1/(1+ Lsg/r, + D?/4r,rp) +

2In[Lss{1+ Lss/2(ra + ra)}{r:(1+ Lss/r; + LSSZ/4rarb)}] (2.3)
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The Ay is the material dependent Hamaker constant (= 1.95 eV for Au-Au
attraction), r, and r, are the radius of two particles A and B respectively, r; is the reduced
radius as 2r.rp/(ra*r,) and Lss is the separation between the nearest surfaces of adjacent
spheres. Further, V(Lss) is comparable with kgT and it behaves differently at both Lgs >>
rr and Lss << r; limits. Accordingly, if V(Lss) >> kgT, the enhanced attraction causes
aggregation to a nonequilibrium structure (fractal), which is governed by the diffusion

limited aggregation model.?"3*

In the present case, the heating causes increment in the ordering of the
passivated monolayers of each MPCs, facilitating the coalescence with its surrounding
neighbours. Further, the energy require to form these small aggregates may be less than
the energy required to form long range superlattices, thus leading to the destruction of
the superlattice order. The loss of crystallinity has been evident from both the low angle
XRD and FTIR results, where many subtle changes are observed above 100 °C. Thus
our results are in good agreement with the above theoretical predictions of temperature

induced diffusion limited phase transition involving nonequilibrium fractal structures.
2.6 Conclusions

Size selective synthesis of Au MPCs in the range of 3.7 — 8 nm is described by a
simple route without involving the use of quaternary-ammonium salts or any tedious
separation steps. The size distribution of these particles is calculated from the results of
TEM and XRD, whereas optical properties of these particles are examined with UV-
visible spectroscopic studies. The '"H NMR and FTIR studies are used to address their
surface passivation, which show that the ordering of the passivating alkyl chains
decrease with increasing Au core size. The effect of temperature on 3.72 nm sized Au
MPCs superstructures is demonstrated with the help of in-situ XRD and FTIR studies in
conjunction with TEM and TG-DSC analysis. More specifically, these Au MPCs form
long range, ordered assemblies due to the attractive van der Waal’s interactions among
the passivated alkyl chains, which upon heating causes an irreversible phase transition
to a disordered state. The low angle XRD data shows the disappearance of the Bragg’s
peaks corresponding to a larger unit cell of highly ordered superlattices due to this phase

transition. This has also accounted in FTIR results, which show the shift in antisymmetric
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and symmetric stretching frequencies of the methylene vibrations due to the disordered
structure. These results are in good agreement with the theoretical prediction that the
increment of attractive interactions could cause the formation of diffusion limited non-
equilibrium structures. Our study shows that a decrease of temperature sufficiently
below the thermal degradation of monolayer from the surface could cause destruction of
these superlattices of Au MPCs, thus predicting the effective temperature window for

any device application of these artificial solids.
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Chapter 3

Single Electron Charging Features of

Monolayer Protected Gold Clusters®

The electron transfer features of ca. 3.72 nm sized Au MPCs have been investigated using
combined electrochemical and scanning tunneling microscopic (STM) studies. In particular, the
calculated capacitance is in good agreement with
experimentally obtained values from both of these
techniques. Further, various parameters, like diffusion
coefficients and electron transfer rate constants, are

calculated from the results of chronoamperometry and

impedance techniques. Adsorption phenomena of these

MPCs on electrode surfaces have also been discussed along

with an elementary discussion of the determination of

electron transfer rate constants of adsorbed MPCs.

* A part of the work has been published in “J. Appl. Phys. 2004, 6, 5032” and another part in
“Langmuir 2004, 20, 10208".
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3.1 Introduction

In recent years, there has been a large effort to understand the structure and
properties of metallic and semiconducting monolayer protected nanoclusters (MPCs)
due to their stability coupled with several attractive size dependent properties."? Further,
the ordered arrays of such metallic and semiconducting MPCs are of special interest for
harnessing their attractive properties for a large number of potential applications, like

single electron devices in molecular electronics.’

As discussed in chapter 1 (Section 1.3), electron transfer behaviour in such
ordered arrays has shown that, when such metallic nanoclusters are organized at a
small spatial distance of ~ 1 nm in one, two or three dimensions, a typical example of the
double barrier tunnel junction (DBTJ) is formed in series with the nanoparticles at the
centre to manifest single-electron tunneling.®® In particular, the passivated organic
molecules enable several magnificent illustrations in controlling the electron transfer
through these tunnel junction systems, where the discreteness of electronic charge of
these MPCs plays an important role.>*” These MPCs have a tiny capacitance (sub-atto
farad), C, in such a way that the charging energy (Ec = e%/2C) is always greater than the
thermal energy (kgT), where e is the fundamental charge unit and kg is the Boltzmann’s
constant. For example, if the capacitance is few atto farads (10"® F ) the charging
energy turns out to be 100-150 meV, while thermal energy is only ~ 26 meV.
Consequently, in the presence of an external field, the system shows steps in the I-V
characteristics due to this capacitive nature, popularly known as Coulomb blockade or
Coulomb staircase.®’ An interesting consequence of the Coulomb blockade behaviour of
these MPCs is the manifestation of multivalent redox property in several electrolytic
solutions, which arises due to the coupling of the charge storage capability with
consecutive electron transfer events as evidenced by voltammetric measurements,
known as quantized double layer (QDL) charging.'® As mentioned in the first chapter the
double layer capacitance (CcLy) of MPCs is so small (sub-atto farad) that even room
temperature resolution of single electron charging become possible, analogous to
scanning tunneling microscope/spectroscopic (STM/STS) based “Coulomb staircase” or

“Coulomb blockade” behaviour.' Such QDL charging has been reported for both metal
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(i.e., Au, Ag, Cu and Pd) and semiconductor (i.e., CdS, PbS, Si etc.) MPCs, although a
majority of the study is concerned with Au MPCs due to their enhanced stability.'®"2
There are extensive reports on the electrochemical behaviour of these smaller sized
(1.1- 3 nm diameter) MPCs, while no detailed study is available for larger (> 3 nm

diameters) Au MPCs.'*"2

To date, several experimental illustrations of Coulomb blockade for ensembles of
metal nanoparticles anchored on substrates through covalent and electrostatic
interactions or superlattices have been reported earlier.>® In comparison, in this chapter,
we describe an elementary theoretical model to explain the effect of variation of the
chain length and cluster size on the charging energy for such Coulomb blockade
nanostructures, assuming the cluster to be a curved metallic surface embedded in a soft
medium of organic molecules. Further, the single electron charging features of
dodecanethiol (DDT) protected 3.72 nm sized Au MPCs [Auq415(DDT)s2s] in
dichloromethane (CH,Cl,) using combined electrochemical and STM studies have been
investigated in order to unravel such phenomena in relatively larger sized MPCs. In the
preceding chapter (2), we have discussed their synthesis and characterization details
along with the effect of temperature on their superstructure. Most importantly, our
voltammetric and STM studies summarize that these particles are accessible for single
electron charging. For instance, the |-V behaviour obtained from the STM measurements
on a single particle shows a clear Coulomb blockade effect, whereas the voltammetry
reveals a large population of QDL charging events. These MPCs are found to have high
tendency to adsorb on the electrode surface, which is also characterized by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV). The electron transfer rate
constant calculated using the Laviron’s approach for immobilized electroactive species
on electrode surface is found to be ca. 2 s™, which is slower as compared to the value
for its smaller analogues. We believe that the understanding of the single electron
transfer features of these larger sized MPCs would help to rationalize the effect of size
on single electron transfer phenomena with its attendant applications in molecular

electronics and nanotechnology.
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3.2 A Simplified Model to Understand the Charging Behaviour in Coulomb

Blockade Nanostructure

Tunneling conductance, G(V) = dI/dV of a metal-molecule-metal tunneling
junction is a direct measure of the single particle density of state in metal nanoclusters.
Landauer has given an elegant description of the size dependent electron tunneling in
quantum dots (Q-dots) in terms of transmittivity (reflectivity) of a barrier. When an
electron in a nanoparticle experiences a barrier due to the surrounding dielectric

medium, the transmission probability (Tp) is given by,
InTp ~ [-2(McEg)"2.Lg)/n (3.1)

where Eq is the barrier potential (conductance gap in eV) and Lg is the length of the
barrier as can be typically the length (d) of the passivating chain, m, is the rest mass of
the electron and h = h/2x, where h is the Plank’s constant.”® We propose a new model
for the tunnelling barrier by assuming that the cluster (i.e., a group of metallic or non-
metallic atoms) having a curved metallic surface, is embedded in a medium of soft
organic moiety. The cluster-organic moiety-interface (metal-molecule interface) can have
a charge distribution with an isotropic dielectric constant, enabling them to behave as
tiny capacitors.™ Another key assumption is regarding the spacing between clusters,
where twice the chain length is considered for intercluster separation, which may not be
strictly true. Accordingly, the capacitance (Cic) of the cluster can be calculated by
modifying the simple electrostatic model of ‘parallel plate capacitor’, to ‘curved metallic

sheets’ separated by a distance of Lgg, as,
C|C = 2naosmr2/LBB (32)

where, g, is the permittivity of free space, ¢, is the dielectric constant of the medium, r is
the radius of the cluster and Lgg is the effective distance between two clusters. This
effective distance between the clusters is the summation of twice the length of the
organic molecule and the distance contribution due to the curved surface of the cluster,
i.e., 2(d + dx), where dx is the variation of the distance due to curvature of the surface,

as demonstrated in the inset of Figure 3.1. Therefore, dx is given by,
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2o ndx/n =1/2,

ie., Lgs = 2(d + r/2),
where, d represents the length of the organic molecule used for capping the clusters.
Hence, the capacitance (Cic) becomes;

E. (eV)

r (nm)

Figure 3.1 (i) Variation of charging energy (E;) with nanocluster radius (r), calculated by
assuming clusters as spherical metal sheets embedded in organic medium (exponential fitting is
also seen in the figure as solid line); inset shows the dimensional parameters used to calculate
the effective distance between the clusters; r is the radius of the cluster core, d is the length of
organic chain and dx is the contribution due to curvature of the cluster surface at a certain point P
to the capacitance (C,c). (ii) Variation of electrostatic charging energy (E.) with chain length (d) for
clusters with an average size of 5 + 0.5 nm with above approximations (linear fitting is also shown
as solid line).
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Since the distance between clusters can change with size (r) and also with the
length of the organic molecule (d), we need to consider the intercluster distance as the
primary variable with a minor approximation. When cluster size is very large compared
to the length of the organic chain, i.e., d/r is very small, then (1 +2d/r) will be
approximately equal to unity. On the contrary, when r — « the capacitance depends only
on the cluster radius and not on the organic chain length. The approximate value of the
capacitance at high radius is given by C\; = 2neqenr, while, on the other hand when the
organic chain length is very large (i.e., d — =) the capacitance will become zero. For
example, experimentally changing either the size of particle or the chain length can lead
insulator-to-metal transitions in these Coulomb blockade nanostructures due to the

change in the charging energy of the system.®

Table 3.1 Variation of calculated capacitances and charging energies of Au MPCs (5 + 0.5 nm)
with various chain lengths of organic passivating molecules

Organic Length of organic Calculated Calculated
molecule molecule (nm) Capacitance (aF) Charging
Energy (eV)
Cy2 SH 1.56 0.19 0.43
Cs SH 1.17 0.22 0.37
PhC,SH 1.00 0.23 0.35
Cs SH 0.75 0.26 0.31
PhSH 0.70 0.27 0.30

As the charging energy (E;) is inversely related to the capacitance, we further
investigate the nature of charging energy with respect to the length of the organic moiety

(Table 3.1). The Electrostatic charging energy for the cluster is derived as,

E. = (€% /4neoemr) + (de?/2neoemr?) (3. 4)
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and therefore,
dEJ/dd = (€¥/2neoemr?) (3. 5)

which gives the change in the charging energy with chain length. Consequently, the
variation of electrostatic charging energy with cluster radius and chain length for different
clusters can be experimentally verified using the above equation. For example, the
charging energy varies (E;) exponentially with cluster radius (r) [Figure 3.1 case (i)],
which can be fitted to E.= A e™ "X where K’ is constant and A equals to 3.98 eV,
corresponding to the charging energy for clusters of 1 nm radius. The above equation
also easily predicts the charging behaviour of clusters at boundary conditions of cluster
radius; as for instance, the charging energy will become zero only for a very big cluster,
i.e., having infinite radius. On the other hand, the charging energy for a zero radius
cluster is shown as infinity, i.e., the charging of a cluster with zero diameter is not
possible. This equation also reveals that at the limiting condition of the cluster i.e., at
zero dimension, interestingly, the model collapses to the case of the point atom. In
addition, the charging energy (E.) calculated by the above equation for 5 + 0.5 nm
clusters with different capping agents reveals a linear decrease with the decrease in
chain length (d) [Figure 3.1 case (ii)]. Simultaneously, the calculated value of intercept
(i.e., €%/4neqemr = 192 meV) using 5 nm sized clusters can be considered as the charging
energy, when the chain length (d) becomes zero (i.e., bare cluster). More significantly,
this implies that in the absence of organic moiety, clusters can thus act as capacitors
with a charge, Q = 2ne.enrV. This has profound implications on the electronic structure

of small clusters in deciding the limits of metallicity with respect to size and Kubo gap.®
3.3 Experimental Section
3.3.1 Materials

Dodecanethiol (99%), NaBH, and tetrabutylammoniumhexaflurophosphate
(TBAHFP) and HAuCl, 3H,O were obtained from Aldrich, whereas toluene, acetone and
dichloromethane are of AR grade from Merck and were used after further purification. In

all these experiments deionized water (16 MQ) from Milli-Q system was used.
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3.3.2 Synthesis of Au MPCs

Synthesis and characterization details of Auq415(DDT)38 MPCs have been already
described in chapter 2 (section 2.2.2) along with the appropriate determination of

composition.

3.3.3 Scanning Tunneling Microscope/Spectroscopic (STM/STS)

Measurements

One of the most widely used test samples for STM investigations is highly
oriented pyrolytic graphite (HOPG) substrates due to its reasonable flatness in the sub-
nanometer range and non-reacting nature. HOPG was used after cleaving off surface
layers of graphite using good quality tape to create a fresh, atomically flat surface, with
cleavage steps. Later, they were cleaned with acetone and ultrasonically agitated in
methanol to remove impurities and adhered particles, if any. The sample for STM
analysis was prepared by putting a very dilute drop of nanoparticle solution on HOPG
substrate followed by drying for 5 min. STM studies were subsequently carried out
immediately after the deposition. The STM tips were made from 0.25 mm diameter

polycrystalline Pt - Rh wire by mechanically cutting them at an angle.

A home-built STM based on fine mechanical-screw-lever arrangement assembly
with a compact, four-quadrant, three dimensional scanner was used for this
investigation.”® Details of the system and the general procedure for imaging are
discussed elsewhere."” The images were processed using SPIP software.”® The STM
imaging was carried out in air with an optimum values of tunnel current (0.15 nA) and
bias voltage (100 mV) in constant current mode. The time between imaging and sample
preparation was kept minimum (5 m) and once the particles were located with some

difficulties they were imaged repeatedly.
3.3.4 Electrochemical Measurements

All the electrochemical measurements were carried out in CH,CIl, using
tetrabutylammoniumhexaflurophosphate (TBAHFP) as supporting electrolyte in an ice

bath (273 — 276 K) using a standard three electrode cell comprising Pt micro electrode
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(50 um) as the working electrode, a Pt wire as counter electrode and another Pt wire as
quasi reference electrode (calibrated independently with an internal standard of
ferrocene/ferrocenium cation redox couple) unless mentioned separately. Differential
pulse (modulation time 0.02 s, interval time 0.1 s, step potential 0.025 V and modulation
amplitude 0.02 V), cyclic voltammograms and chronoamperometry experiments were
performed on an Autolab PGSTAT30 (ECO CHEMIE) instrument, whereas
electrochemical impedance measurements were carried out in an impedance analyzer
(Autolab PGSTAT 30 with FRA software). The ac signal amplitude was 5 mV and the
frequency range employed was 1 Hz to 50 kHz and the data were recorded with
averaging over 3 cycles for each frequency. The chronoamperometry and impedance
measurements were carried out employing a Pt disc (0.5 mm diameter) working

electrode under identical conditions as mentioned above.
3.4 Single Electron Charging Features of Au4415(DDT)328
3.4.1 STM/STS Measurements

Figure 3.2 (a) shows a typical STM image of Au nanoparticles on HOPG surface,
where few isolated particles are located. The particle size is estimated to be = 4.5 nm
from STM image as shown in Figure 3.2 (b), which is comparable to the size obtained
from the TEM analysis (Figure 3.2c). STS was performed by positioning Pt-Rh tip over
an isolated Au MPC (marked by an arrow in Figure 3.2a) by disabling the feedback
control and measuring |-V characteristics. The |-V characteristics were always repeated
several times and the final signal was averaged over tens of runs. The derivative, dl/dV

vs. V was obtained by the numerical differentiation of measured |-V curves.

Figure 3.3 shows typical |-V characteristics of an isolated nanoparticle marked in
Figure 3.2 (a), along with its dI/dV variation with voltage (left inset). In particular, curve
(a) describes the experimental |-V behaviour, while (b) shows the theoretically fitted
curve using equations 3.1 and 3.2, based on orthodox theory."® These curves are highly
non-linear with the zero conductance region of around 0.2 eV, which could be due to the
Coulomb blockade effect. More specifically, the comparison of (a) with (b) depicts that
the experimental curve deviates from theoretical one, especially, at higher positive and

negative biases.
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Z-range: 9.832 nm , Mean: -0.9569 nm

12.2

(b)

-2.76

Y-range: 29.9 nm

Position/ nm

17.7

591
K-range: 29.9nm

Figure 3.2 (a) Constant current STM image of Au nanoparticles (scan area: 300 A x 300 A) with
important parameters, like | = 0.15 nA and V = 100 mV; (b) Line profile of two nanoparticles are
marked by the line in (a). (¢) TEM image of the same particle for comparison showing fairly
uniform Gaussian distribution with an average patrticle size of 3.72 + 0.4 nm (inset).
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Figure 3.3 |-V characteristics of the isolated Au particle marked in Figure 3.2 (a) showing single
electron charging features as illustrated by (a) experimental plot along with (b) its theoretically
fitted curve using equations (3.1 and 3.2). The dl/dV vs. V is shown in left inset, whereas the
schematic diagram of the theoretical model used to fit with the experimental curve is shown in the
right inset. Comparison of experimental and theoretical ?Iot gives the best-fit parameters as R =
10%ohms, C;=1x 10"°F, R,= 10°ohms, C,=2.5x 10 F, Cg;=2.8 x 10" F, Vg,= 0V, Cg, =
O0F,Vg, =0V, Qy=0,V,=0.17V, E;=0.19 eV, kT/E;= 0.1307 and T = 300 K.

The detailed explanation for single electron tunneling® can be provided by the
orthodox theory of Hanna and Tinkham,®® where two-junction system is treated with

fractional charge Q, on the central electrode without an external electrode. In particular,

the theory gives an expression for current (1) in the following form:

N=w

I= Y e[r(N,V)=1,(N,V)]p(N,V) (3. 6)
N=—0

Where ri (N, V) and |, (N, V) are the electron tunneling rates from the right and left
respectively, on the first junction and p (N, V, t) is the probability that there are N extra

electrons on the middle electrode at time t with applied voltage V.®° According to Amman
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et. al.?® if it is assumed that the charge distribution completely relaxes during the
tunneling event (i.e., the time of tunneling is much longer than the relaxation time of the
system but shorter than the time between tunneling events), the resultant electron

tunneling rate turns out to be,

1 eV, (N,V)—E,

r(N,V)=
1 > ele [1 _ e{—eVl(N,V)JrEC}/kBT]

(3.7)

From the above equation (3.2) it is clear that at T = 0 K tunneling is suppressed for eV <

Ec, where Ec corresponds to the charging energy of the junction.

Right inset of Figure 3.3 shows the schematic diagram of the equivalent circuit of
DBTJ used to fit the experimental curve, where (R;, C;) is the resistance and
capacitance of tip/nanoparticle junction, (R,, C,) is the resistance and capacitance of
nanoparticle/substrate junction, (Cq1Vg1) and (Cg2,Vg2) are the capacitance and voltage
on the tip with respect to ground potential, Qqis the fractional charge, E. is the Coulomb
blockade energy and T is the temperature.'® Although the theory is defined for three
electrode system (right inset of Figure 3.3), we simplify it here for the two electrode
system, considering Vg1, Vg2 = 0 and V,, as the sample bias voltage. Since there is no
third electrode Cg4s and Cgy, are parallel to Cqand this combination represents the tunnel
junction capacitance between the tip and the nanoparticle. The best fit parameters
obtained are R;=108ohms, C;= 1 x 10" F, R,= 10°ohms, C,=2.5x 10° F, Cg;= 2.8 x
10™ F,Vgy=0V, Cg,=0F,Vg,=0V, Q=0, Vo= 0.17 V, E;=0.19 eV, kT/E.= 0.1307
and T= 300 K.

The capacitance (Cs) and E. are found to be 7.495 x 10" F and 0.106 eV
respectively considering a spherical particle coated with dielectric layer, where Cs =
4nepeyr; with r = 2.25 nm as the radius of the nanoparticle (from STM), €y (=8.85 x 1072
F.m") as the permittivity of free space, €, as dielectric constant as 3" and E¢ the
charging energy (Ec = €%/2Cs). In particular, the value of Ec obtained from the fitted
parameters of the experimental plot is slightly higher than that of the value calculated
theoretically. However, it is possible that simple orthodox model is inadequate in this

region or a model based on electron transport in metal-organic molecule-metal may be

University of Pune, June 2005 115



Ph. D Thesis Chapter 3

required to understand the electron transport in the present case.®® Inspite of these
deviations, the STM studies show that these larger particles are accessible for single

electron charging in air despite their higher capacitance values.
3.4.2 Electrochemical Behaviour
3.4.2.1 Quantized Double Layer Charging

The consecutive one electron QDL peaks observe in solution are analogous to
current peaks seen in traditional redox reactions.’® Thus, MPCs in solution can be
viewed as mixed-valent ensembles of clusters with adjacent state of core charges,
where the QDL charging process is diffusion controlled and obeys the Nernst equation

with respect to the average core potential.’

Accordingly, these peak potentials can be
taken as the formal redox potential E® for each (z/z + 1) “redox couple or charge state
couple” and is given by the DPV peak potentials.'™ The formal redox potential E® can be

described by:
E%;+1 = Epzc + (z-'/)e/Ceru (3.8)

where Epcis the potential of zero charge (i.e., z = 0) of the MPC and z is assigned such
that z > 0 and z < 0 corresponding to core “oxidation” and “reduction” respectively and
CcLu is the capacitance of the MPC. More specifically, the Cc¢Ly is associated with the
ionic space charge formed around an MPC dissolved in the electrolyte solution, upon
electronic charging of the core, whose charging is controlled by electrostatic (i.e., double
layer) principles.’® The above equation predicts a linear plot of E®,, .1 vs. charge state

(popularly known as “Z-plot”), which can be used to determine Cc_ from the slope.’®"?

Figure 3.4 (a) shows the superimposed DPV response of 2 mg Au MPC/ml in (i)
0.1 and (ii) 0.05 M TBAHFP in CH.Cl,, where a large population of evenly spaced
current peaks are observed (charging states are marked in Figure 3.4 following z/z + 1
fashion).” The blank response (iii) is also superimposed with these curves recorded in
an identical condition at 0.1 M TBAHFP. Further, (b) shows the response of 2 mg Au
MPC/ml in 0.1 M TBAHFP upon cathodic scan direction. Figure 3.4 (c) shows
superimposed DPV response (graph i-ii) of these MPCs (2 mg Au MPC/ml in 0.05 M
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TBAHFP) using 10 and 5 mV pulse amplitude respectively. Here, as prepared Au MPCs
are assigned the charge state of z = -1, which is reasonable since a very strong reducing
agent, like NaBHy,, is used for MPC preparation and thus one expects the MPC formed
to be in the reduced form.""® Hence, -1/0 and -2/-1 are the first oxidation and reduction
processes respectively; the -1/0 and 0/1 charge steps are marked in all graphs for
comparison with respect to the potential measured using a Pt quasireference electrode.
The corresponding potentials for individual charge steps of each DPV plots have been

summarized in Table 3.2.

(b)

-12 4

I/nA

-1/0 01

I/'nA

0.8 0.4 0.0 0.4 0.8
E/V

Figure 3.4 (a) Superimposed DPV responses of 2 mg Au MPC/ml with (i) 0.1 M and (ii) 0.05 M
TBAHFP concentration at 20 mV pulse amplitude in CH,Cl, on a Pt microelectrode (50 um) along
with the (iii) blank response; (b) response of 2 mg Au MPC/ml in 0.1 M TBAHFP upon cathodic
scan direction in identical conditions and (c) responses using (i) 10 and (ii) 5 mV pulse amplitude
at 0.05 M TBAHFP. The -1/0 and 0/+1 charge steps are marked for comparison in all cases.
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Table 3.2 Peak positions and corresponding charge states for the DPV responses as shown in
Figure 3.4

Charge Fig. 3.4. Fig. 3.4. Fig. Fig. 3.4. Fig. 3.4.
State a.(i) a.(ii) 3.4.b c.(i) c.(ii)
-9/-8 - -0.90 - - -
-8/-7 - -0.80 - - -
-7/-6 -0.70 -0.70 -0.69 - -
-6/-5 -0.60 -0.60 -0.58 -0.76 -
-5/-4 -0.48 -0.51 -0.48 -0.62 -
-4/-3 -0.37 -0.41 -0.37 -0.50 -0.71
-3/-2 -0.27 -0.31 -0.27 -0.39 -0.54
-2/-1 -0.16 -0.21 -0.17 -0.29 -0.39
-1/0 -0.05 -0.11 -0.07 -0.18 -0.26
0/+1 0.07 -0.01 0.024 -0.05 -0.12
+1/+2 0.18 0.09 0.13 0.06 0.01
+2/+3 0.29 0.19 0.22 0.17 0.13
+3/+4 0.40 0.28 0.32 0.28 0.23
+4/+5 0.49 0.37 0.42 0.41 0.34
+5/+6 0.58 0.47 0.53 0.53 0.44
+6/+7 0.70 0.56 0.61 0.61 0.54
+7/+8 --- 0.65 --- 0.69 0.63
+8/+9 --- 0.74 --- --- 0.73
+9/+10 - 0.82 - - -
+10/+11 0.90
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Interestingly, the full width at half maximum (FWHM) of each peak is found to be
of ca. 50-55 mV particularly signifying the QDL process for these larger MPCs, which
differs from the earlier reports of smaller sized Au MPCs (110-115 mV) or ideal (90.6
mV) one electron transfer process for conventional redox species.'®?' This anomalous
FWHM might be attributed to several complex interactions of these charged MPCs in the
vicinity of electrode surface. For example, these MPCs can be viewed as assembly of
mixed valent redox centers at the electrode solution interfaces during electrochemical
process.? This resembles the case of conducting polymers, where the occupied site
interaction energies (in the order of kgT) substantially cause change in redox capacity
with the magnitude and types of interactions. This type of interaction is also widely
known for electroactive films or adsorption electrochemistry, where depending on the
degree of the adsorbate-adsorbate interaction substantial broadening or sharpening of
the voltammetric peaks are observed.?? Another possibility is the interdigitation of the
hydrocarbon chains effectively leading to closer distance between MPCs as if there is an
attractive interaction caused by the soft organic matrix. Furthermore, there are also
possibilities for the reorganization of charges among clusters by electron self-exchange
or disproportionation. In contrast, the smaller sized MPCs show broadened FWHM
values, which could be attributed to their negligibly weak interactions originating from

their semiconducting nature.™

Figure 3.5 (a-e) represents the “Z plot” for Au MPCs corresponding to the DPV
response shown in Figure 3.4a (i-ii), Figure 3.4b and Figure 3.4c(i-ii) respectively, where
linear (R? > 0.99) behaviour can be seen as expected for the ideal QDL behaviour.'®"
The C¢y calculated from the slope of the “Z plots” as summarized in Table 3.3, are in
good agreement with the theoretically estimated capacitance value of 1.4 aF using a

concentric sphere capacitance model, as
Ceiu = 4 meogm () (r + d) (3.9)

where, g, is the permittivity of free space, ¢, is the dielectric constant of the medium
(taken as 3)", r is the radius of the MPC core (1.86 nm) and d is the length of the

capping agent (1.52 nm)."® According to this model, the charging energy,

E. = e?/2CcLy = (€2d) / [8neoem r(r + d) (3.10)
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for the same MPC is found to be of 52 meV confirming the criteria for single electron

charging (E; >> KgT273).

0.8
g 0.4
o
“ 0.0
=
= 04/

0.8 A

87 43 0/1 4/3 8/9
Z (Charge State)

Figure 3.5 Superimposed “Z plot; i.e., E? vs. redox couple charge state (Z/Z + 1)’ for Au MPCs
(graphs a-e) of the DPV response corresponding to graphs Figure 3.4a (i-ii), Figure 3.4b and
Figure 3.4c (i-ii) respectively, where a linear (R2 > 0.99) behaviour can be seen as expected for
the ideal QDL behaviour.

Table 3.3 Comparison of the Capacitance calculated from the slopes of the Z plots (Figure 3.5)
and the Concentric Sphere Capacitance Model

Z plots . Capacitance from
from R? Experimental Concentric Sphere

Figure Capacitance (aF) Capacitance Model (aF)

3.5

(@  0.999 1.57

(b)  0.999 1.76

(c) 0.999 1.68 1.4

(d)  0.999 1.50

(e) 0.996 1.43

University of Pune, June 2005 120



Chapter 3

Ph. D Thesis
(@) (b)
120 - 120
* o ex* * -

> * X * E o0
g/ * = [ ] :
= * >
51 < °

80 - 80 4

s'/-7 ' 4/'-3 ' 0'/1 ' 4'/5 Y -s'/.7 -4;-3 (;/1 4'/5 8/9
V7 y/

Figure 3.6 (a-b) Plot of AV vs. charge state (Z) obtained from the DPV responses shown in
Figure 3.4a (i) and Figure 3.4b respectively, revealing more regular voltage spacing at negative

potential.

However, plot of AV vs. Z (Figure 3.6) reveals relatively more regular voltage
spacing at negative potential, although there is a variation in the intermediate potential,
perhaps due to the relative polydispersity of samples. The AV values in Figure 3.6 (a)

and (b) correspond to the DPV response shown in Figure 3.4a (i) and Figure 3.4b

respectively.

225

o 2 4 6 8 10
Core radius (nm)

Figure 3.7 Theoretical prediction of the variation of capacitance (4 ) and charging energy (®) with
size according to the concentric sphere capacitance model for DDT protected Au MPCs [Energy

position of kgT»73is marked as (%)].
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Interestingly, Figure 3.7 shows the variation of capacitance (4) and charging
energy (®) with the core radius using same capping molecule (DDT) and could be fitted
to non-linear and exponential curve fitting respectively. Accordingly, when the size is
small, fewer charging events are possible at smaller potential window with higher AV
value due to the larger E.. In contrast, smaller E. of the large sized MPC causes highly
populated charging events with smaller AV value at a shallow potential window. This
simple plot predicts that 5-7 nm is the limit for observing QDL behaviour, although

lowering the temperature can further change the limit by 1-2 nm.
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Figure 3.8 Cyclic voltammetric response of Au MPCs at (a) 50 and (b) 100 mV/s superimposed
with its derivative response showing a series of QDL charging steps; (c¢) shows the same
superimposed response at 100 mV/s, where electrode fouling due to specific adsorption is
evident.
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In comparison to DPV, CV also resolves this high population of charge steps,
where the derivative response is particularly comparable with DPV results. Figure 3.8
shows the cyclic voltammetric response of Au MPCs at (a) 50 and (b) 100 mV/s scan
rate along with its derivative responses. Since these larger sized particles essentially
have higher capacitance values as indicated also by the DPV peak to peak spacing (ca.
100 mV), this could in principle prevent better resolution by CV. Interestingly, Figure 3.8
(c) shows the CV response at 100 mV/s scan rate, where electrode fouling is observed
due to the adsorption of these MPCs. This observation is taken into consideration in later

sections during the discussion of the electrochemical features of these adsorbed MPCs.
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Figure 3.9 (a-d) Linearly fitted | vs.

t—1/2 (sec—lll)

t-/2

corresponding to (+1), (+2), (+4) and (+6) charge states.

t»1/2 (sec—1/2)

plots, obtained under four applied anodic potentials

The diffusion coefficient (Dc) of Au MPCs has also been calculated by

chronoamperometry technique using Cottrell equation (3.11).2' Assuming that linear
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semi-infinite diffusion is applicable for freely diffusing MPCs in solution, the current (l) -

time (t) response can be written as,

lg()=nFAC,Dc *n "t (3.11)

where, n is the change in core charge state, C, is the MPC concentration in the solution
(8.7 x 107 mol.cm™), A is the area of the electrode (0.5 mm diameter = 1.96 x 10 cm?),
F is the Faraday constant, t (0.2 s <t < 30 s) is the time duration of the measurement of
current after applying the respective constant potential corresponding to individual
charge step in DPV response as shown in Figure 3.4 and D¢ is the diffusion coefficient

of the charged clusters in the electrolyte solution under applied potential.
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Figure 3.10 (a-d) Linearly fitted | vs. t” plots, obtained under four different applied cathodic
potentials corresponding to (-1), (-2), (-4) and (-6) charge states.

The D¢ of cluster is calculated by analyzing the slope of the linearly fitted | vs. t”

plots. These | vs. t” plots were obtained under various applied potentials corresponding
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to the valleys (between two peaks) of the DPV response shown in graph (i) of Figure 3.4,
where MPCs are assumed to be roughly in monovalent charge states. For example,
Figure 3.9 (a-d) and Figure 3.10 (a-d) show the individual linearly fitted | - t” behaviour
under different anodic and cathodic potentials corresponding to (+1), (+2), (+4), (+6),
(-1), (-2), (-4) and (-6) charge states respectively. The terms anodic and cathodic are
used to indicate that the applied bias is either anodic or cathodic with respect to the
Epzc. Table 3.4 summarizes various parameters, such as applied potential,
corresponding charge states, slope of the plots and the calculated diffusion coefficient

using equation (3.11).

The experimentally observed D¢ values are compared with the theoretically

calculated diffusion coefficient (Dsg) using modified Stokes-Einstein equation (3.12),
Dse= kg T / 21TndH (3.12)

where, Dge is the diffusion coefficient of neutral MPCs, kg is the Boltzman constant, T is
absolute temperature (here 273 K), n is solvent viscosity (viscosity of CH,Cl, at 273 K is
0.533 cp) and dyis the hydrodynamic diameter of the MPC. The hydrodynamic diameter
(dy) has been assumed to be twice the chain length added to the diameter of the Au
MPC."%®28" The calculated value of Dge by above equation is 16.6 x 107 cm?.s™, which is

comparable with the experimentally observed values.

Interestingly, the calculated D¢ values for these clusters increase with applied
potential, despite being smaller to those calculated (Dsg) using modified Stokes-Einstein
equation. This potential dependent variation of D¢ can be attributed several to factors,
like the charged nature of MPCs, contribution due to migration and interactions with
other charged or uncharged MPCs, electrode surface, presence of supporting electrolyte
anions or cations and solvent molecules.”® Moreover, the hydrophobic nature of the
capping monolayer also provides strong interaction between adjacent clusters, which
may drastically affect the motion of MPCs in solution under the applied potential. These
types of interactions could be explained on the basis of DLVO (Derjaguin-Landau-
Verwey-Overbeek) theory, where both hydrophobic (attractive) and electrostatic
(repulsive) interactions are considered.?* More specifically, in solution there is always a

competition between these two forces, where a change in any of them may affect the
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motion of these MPCs. The above reasons justify the deviation of experimental diffusion
coefficient values from the theoretical ones, primarily arising from the larger dimension of
these MPCs.

1.6x10° (a) )
~ .
E 1.2x10" ]
~
£ ) C
= 8.0x10" - . “|‘
: | J\IXN—‘—/T/\/—W—
v’ | .°
N 4.0x10*
.': RC'[ W
0.0 / RN . , . ,
0.0 4.0x10* 8.0x10* 1.2x10°
Z’ (Ohm.cm?)
1.8x10° - .
i b "/
1.6x10° (b) =
5 | -.,’.
1.4x10° - -
— 1.2x10° e
N 1 A
— 1.0x10° s
8.0x10* o
6.0x10*{ =~

020 025 030 035 0.40
®17 (Hz172)

Figure 3.11 (a) Complex plane impedance plot of Au MPCs in CH,CI, on a Pt disc (0.5 mm
diameter), where the suppressed semicircle at the higher frequency domain is fitted and analyzed
with a Randles equivalent circuit. The low frequency region is particularly governed by the mass
transfer as a straight line at more than 45° to the real axis is observed. The Randles equivalent
circuit is shown as inset, where Rg is solution resistance, Rt is charge transfer resistance, Cq is
double layer capacitance and W is Warburg impedance. (b) Diffusion coefficient is estimated from
the slope (o) of the linearly fitted (R2 > 0.99) modulus of the real and imaginary part of impedance
data (4.19 Hz to 1 Hz) with ™.
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Impedance technique is particularly useful to understand the electron transfer
dynamics and the mass transport features of the electroactive materials in solution.?'
Figure 3.11 (a) shows complex plane impedance plots of Au MPCs in CH.Cl, on a Pt
disc (0.5 mm diameter), where a suppressed semicircle at the higher frequency domain
and a straight line with more than 45° inclination angle to the real axis in the low
frequency region are observed. Subsequently, this plot has been divided into high and
low frequency regions for the convenience of interpretation before analysis using the
Randles equivalent circuit, considering that the charging of an MPC to an individual

charge step from its adjacent number is a one-step, one electron process.?’

Table 3.4 Various parameters and calculated diffusion coefficient values from
chronoamperometry (Figure 3.9 and 3.10)

Chronoam- Charge Applied Slope Num D¢ from D¢ from Dse
perometry State  Potential (x10° berof Chronoam- Impedan (x 107
graphs (DPV) (V) As'?) elect- perometry -ce cm’s™)
ron  (x10” cm’s™) (x107
cm’s™)
Fig. 1.9 (a) +1 0.13 28 1 0.93
Fig. 1.9 (b) +2 0.25 70 2 1.43
Fig. 1.9 (c) +4 0.45 227 4 3.71
Fig. 1.9 (d) +6 0.65 1402 6 63.00
1.24 16.6
Fig. 1.10 (a) -1 -0.11 28 1 0.87
Fig. 1.10 (b) -2 -0.22 45 2 0.60
Fig. 1.10 (c) -4 -0.43 189 4 2.60
Fig. 1.10 (d) -6 -0.65 582 6 10.86
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The high frequency data could be fitted to a semicircle, which give rise to charge
transfer resistance (Rcr) and solution resistance (Rs) as 3.51 x 10* and 5.87 x 10*
ohm.cm? respectively. The double layer capacitance (Cq) 2.4 pF.cm?, is calculated
using the frequency maxima (omax = 11.89 Hz) of this semicircle, as [Cq= 1/ Rct ®max]
suggesting the interfacial capacitive contribution of ensembles of these MPCs at the
electrode-solution interface. This seems to be reasonable as the value is one order of
magnitude less as compared to the value for a bare electrode. The standard rate
constant of one electron QDL charging process has been calculated using the following

relationship:
k = RT / n® F?R¢rC, (3.13)

assumingn =1, C, = C*(O)=C*(R) = (8.7 x 10" mol.cm®), a = 0.5, T = 273 K. The kis
found to be of 7.97 x 10° cm.s™, which suggests that the QDL charging process is
kinetically very sluggish as compared to a normal redox reaction, such as Fe(CN)s>/
Fe(CN)s* couple on a gold electrode (k = 2.3+0.7 x 102 cm.s™").2° Low frequency region
is particularly informative about the mass transport features, which we consider as solely
due to diffusion. We have linearly fitted the modulus of the real and imaginary part of
impedance data (4.19 Hz to 1 Hz) with o™ to calculate (o) from the slope of the graph
(5.73 x 10° ohm.cm?.s""?) as shown in Figure 3.11 (b). In particular the low frequency

component (Warburg impedance),
W =60 " -jow 2 (3.14)

where o is a constant. The diffusion coefficient (D¢) can be calculated from the following

relationship as,
c=V2RT/An*F?D"C, (3.15)

assuming n = 1, A = area of the electrode (1.96 x 10 cm?), Do = Dg = D¢, C, = C*(0) =
C'(R)=(8.7 x 107 mol.cm™) and T = 273 K. The Dc¢is found to be of 1.24 x 107 cm?®s™,

which is comparable with the value obtained from chronoamperometry.
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3.4.2.2 Adsorption features

Ordered arrays of MPCs are particularly useful for several technological and
fundamental applications.?® Recent reports show that smaller MPCs can be organized
on an electrode surface either by place exchanging with bifunctional ligand molecules
present on the Au MPCs surface or by direct covalent linkage through a bridge of metal
ion to a carboxylate terminal SAMs on gold electrode.?” These preformed MPC layers
have been used in recent times for several electrochemical and solid state electrical
measurements, which show single electron transfer phenomena.?*?#" |n addition, these
MPCs show a strong tendency to physisorb on the electrode surface during
voltammetry, presumably due to the interaction among charged MPCs and supporting
electrolytes ions."® These adsorption phenomena could be revealed by both CV and

DPV results and it is possible to extract the electron transfer (ET) kinetics.?’
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Figure 3.12 Scan rate dependent cyclic voltammetric behaviour of adsorbed Au MPCs on Pt
microelectrode in CH,CI, at (a) (i) 10, (ii) 25 and (iii)) 50 mV/s and (b) at (iv) 100 and (v) 200 and
(vi) 500 mV/s scan rates (all are in second cycles). (c) Superimposed CV response of these
particles for first five cycles at 50 mV/s scan rate.
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We have also observed the signature for the electrode film formation of Au MPCs
upon prolonged cycling during CV and DPV experiments. For example, Figure 3.12 (a
and b) represents the scan rate dependent cyclic voltammograms of these MPCs in
CH,CI, at (i-vi) 10, 25, 50, 100, 200 and 500 mV/s scan rates (all at second cycle),
where 0/1 and -1/0 charging peaks become prominent. The appearance of peaks is
more significant at lower scan rates and the magnitude of AE, for the case of 10 mV/s is
in good agreement with the DPV peak spacing for 0/1 to -1/0 charge state. Figure 3.12
(c) depicts the effect of cycling at 50 mV/s, where the peak current and spacing are
almost invariant after second cycle. Accordingly, Figure 3.13 shows such superimposed
response of the MPCs during various courses of the DPV experiments. For example, (i)
cycles along with (iv) indicating a response after sustained cycling (> 25 cycles) as
revealed by the CV.

60 -

I/nA

Figure 3.13 The superimposed DPV response of the MPCs in various course of the experiment;
(i) initial responses as depicted in Figure 3.4, (ii-iii) after several scanning and (iv) the same
features are depicted by the CV analysis in Figure 3.12, demonstrating surface immobilization
after prolong scanning, probably due to interaction among charged MPCs and with counter ions
of the supporting electrolytes.
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Figure 3.14 The superimposed plots of (a) peak potential and (b) peak currents with scan rates
from the cyclic voltammograms in Figure 3.12, where (i) and (ii) represents anodic and cathodic
peaks respectively. The variation of peak potential and current with scan rates is indicative of
irreversible one electron transfer process of immobilized electroactive species on electrode
surface.

The superimposed variation of peak potential and current with scan rate reveals
that adsorbed redox species undergoes electron transfer in the form of a totally
irreversible one electron process.?' For example, the variation of peak potential with
scan rate is more at higher scan rates compared to that at its lower ones, indicating that
the process becomes charge-transfer limited on the time scale corresponding to higher
scan rates (Figure 3.14a). For instance, this diagnostic feature can also be seen from
the variation of peak currents with scan rate, where a prominent nonlinearity is observed
particularly at higher scan rates (Figure 3.14b). However, the deviation at low scan rates
might possibly originate due to the convolution of currents of diffusing species with those
strictly due to the adsorption on the electrode surface. Furthermore, several additional
factors, such as insulating nature due to monolayer capping, inhomogeneity of the film,
finite mass and charge transport through the film, structural and resistive changes in the
film during oxidation/reduction process and finally changes in the dielectric constant of

the film and solution may also cause deviations from the ideal behaviour.
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Figure 3.15 Variation of In v vs. E, for both (a) anodic and (b) cathodic peaks respectively from
the CV shown in Figure 3.12. The value of a is estimated to be of 0.35 as obtained from the slope
of these graphs according to equation (3.18).

In an attempt to determine the energy transfer coefficient a and the rate constant
kagss, We used Laviron’s approach, which is valid for totally irreversible reactions for an
electroactive species immobilized on the electrode surface.?® Realistically, this can be
approximated, when the difference in cathodic and anodic peak potentials is (AE;) >
200/n mV. We have used the AE, values of -1/0 to 0/1 charging peaks at 50, 100, 200
and 500 mV/s scan rate in the CVs illustrated in Figure 3.12 for the ET analysis, where
(AE;) > 200/n mV. The anodic (Ea) and the cathodic (Epc) peak potentials are expressed

by this approach as follows:
Epc = E® — (RT/anF) In(anF/kRT) — (RT/anF) In v (3.16)
Epa= E® + [RT/(1-0)nF] In[(1-0)nF/kRT] = [RT/(1-a)nF] In v (3.17)

where E’ is the formal potential and R, T, F and n have their normal significance.
Thus plots of E,c and Ep, vs. In v should have two straight lines with slopes s.and s, as
[-(RT/anF)] and [RT/(1-a)nF], respectively.
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Table 3.5 Peak Potentials of anodic (E,.), cathodic (E,c) processes, peak separation (AE,) and
other relevant parameters, such as o and kygs calculated from the CV data (Figure 3.12)

Scan 0.010 0.025 0.050 0.100 0.200 0.500 a Rate Average
Rate Constant ET (kags)
(vV.s™) (Kaas) (s
(s™)
E,.(V) 0.140 0.160 0.190 0.200 0.203 0.220 2.8

E,c(V) 0.037 0.030 0.003 -0.007 -0.020 -0.050

0.35 15 2.2

AE,(v) 0.103 0.130 0.187 0.207 0.223 0.270

Thus o and k,qs can be determined from the following relationships,
o = Sa/(Sa — S¢) (3.18)
Kags= (anFVv¢/RT) or [(1-a)nFVv./RT] (3.19)

where, v, and v, are the cathodic and anodic sweep rates at E, = E* respectively.
Accordingly, Figure 3.15 (a and b) shows the linear variation of In v vs. E, for both
anodic and cathodic directions respectively. The estimated value of o is 0.35, which
shows that the energy barrier for QDL charging is not symmetric and the rate constant
Kags is approximately 2.2 s™ (values from v, and v are 2.8 and 1.5 s™ respectively).
Table 3.5 summarizes the anodic (Ep,), cathodic (E,c) peak potentials, anodic to cathodic
peak separations (AE,) from the CV data as shown in Figure 3.12 at various scan rates
and the calculated relevant parameters, such as o and kugs Using Laviron’s approach.
The calculated rate constant of these larger sized particles are found to be smaller as
compared to recently reported values for similar covalently attached smaller sized Au
MPCs.
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3.5. Conclusions

In this chapter, we analyze the variation of capacitance and charging energy with
cluster size and length of organic molecules using a simple model to understand the
electronic behaviour of Coulomb blockade nanostructures. Further, we show for the first
time that the relatively larger sized Au MPCs can also act as multivalent redox species
(QDL behaviour) despite their higher capacitance values (1.4 aF). Various
electrochemical techniques, such as CV, DPV, chronoamperometry and impedance
measurements have been utilized to unravel their electron transfer features.
Independent STM studies also have been used to support their accessibility for single
electron transfer, where Coulomb blockade effects are evident at room temperature. In
particular, the current-voltage (I-V) characteristics of these Au particles on highly
oriented pyrolytic graphite (HOPG) surface are nonlinear with a large central gap
(around 0.2 eV) and are in good agreement with the orthodox theory for DBTJ systems.
The capacitance calculated from both these two experimental techniques are in good
agreement with the results of the theoretical calculations. Further, the electrochemical
techniques (chronoamperometry and impedance measurements) have been used to
calculate their diffusion coefficients (x 10”7 cm?.s™), which show evidence for the effect of
charge on these values. The electron transfer rate constant (7.97 x 10° cm.s™) also has
been estimated from the impedance measurement as well as from voltammetry using

Laviron’s approach for adsorbed MPCs (ca. 2 s™).
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Chapter 4

Interactions of Charged Monolayer Protected

Gold Clusters in Electrolyte Solution *

In this chapter, the quantized double layer (QDL) charging features of 4.63 nm sized monolayer
protected Au nanoclusters [Au,gee(DDT)s41] have been investigated using electrochemical and
scanning tunneling microscopy (STM)/
spectroscopy (STS) studies. These particles
show clear accessibility for single electron
charging, despite their higher capacitance
(1.95 aF). Further, the diffusion coefficients
have been estimated for various charge state
particles using chronoamperometry and

impedance techniques, which subtly reflect

the interactions between the charged MPCs.
These results show that higher core charge facilitates higher diffusion coefficients, indicating the

importance of repulsive interaction compared to that of the neutral MPCs.

* A part of the work has been published in “Electrochem. Commun. 2004, 6, 661" and another
part has been communicated to “Langmuir 2005”.
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4.1 Introduction

Interparticle interaction of colloids, especially for nanometer sized colloidal
dispersions of solid particles suspended in a liquid solvent, play a crucial role for
numerous industrial applications, like advanced coatings, drug carriers and colloidal
crystals preparation.™ This has also a pivotal role for hierarchical self-assembly of
nanostructured materials, which is believed to be a central process for nanotechnology.>
" Accordingly, the interactions of monolayer protected nanoclusters (MPCs) are often
dictated by their size selective preparation, separation and especially their self-assembly
depending on their shape, size, nature of solvent and other ions present in solution.>”’
Interestingly, MPCs and their assemblies show fascinating single electron transfer
property, which renders them as potential building blocks for nanoelectronic circuit

components as discussed in chapter 1.3%"

Conventionally, STM is used to assess single electron transfer features of
smaller MPCs at low temperature, which often show “Coulomb staircase.'*'
Furthermore, the voltammetric measurements of smaller sized MPCs in solution or self-
assembled on electrode surface also show quantized double layer charging (QDL)
analogous to Coulomb blockade as discussed in chapter 1 and 3."°?° Due to this double
layer charging, the smaller sized particles (2r < 1.3 nm, where ‘r is the radius of
particles) behave like molecular redox system, where bonding interactions (electron
orbital-shell effects or pairing effects, or both) are dominated over electrostatic charging
of the metal cores, covered with a dielectric film."” This has been reflected as a large
separation of potential (AV) in the potential of zero charge (i.e., Epzc) regions in 1.1 < 2r
< 1.9 nm size regime, termed as “Electrochemical Band Gap” and is comparable with
HOMO-LUMO (Highest Occupied Molecular Orbital-Lowest Unoccupied Molecular
Orbital) gap."” However, the electrostatic principles govern the electronic charging of the
core larger than 1.9 nm, i.e., double layer principles dominated over bonding
interactions. More specifically, the capacitance is associated with the ionic space charge

around MPCs dissolved in the electrolyte solution.">?°

To date, several important issues related to the core-charged MPCs have been

reported, like (a) charge equilibration upon mixing of different core charged MPCs,
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described by the stoichiometry of the mixture and the Nernst relation,’ (b) relation of
core charge with the surface plasmon resonance (SPR),?' FTIR absorption and narrow
band-edge photoluminescence (for semiconducting particles)®® and (c) effect on
chemical reactivities, like ligand place-exchanges on MPCs.?® Further, several
theoretical and experimental efforts have been put forward to understand MPC-MPC and

MPC-solvent interactions,®"**?°

although no adequate reports are available for the
interactions of charged MPCs. Since the QDL process is diffusion controlled,”?® the
effective interaction between MPCs can in principle affect both mass transfer (diffusion
coefficients) and electron transfer processes in different ways. Consequently,
measurement of diffusion coefficients at various charge steps could provide some
valuable insight on the interaction between the charged MPCs, where the delicate
balance of van der Waals interaction and electrostatic repulsion could change their

motion in solution.

In this chapter, single electron charging feature of 4.63+0.04 nm sized Au
nanoparticles passivated with dodecanethiol (DDT) has been investigated using both
STM/STS and voltammetric techniques. In particular, STM/STS measurements of these
particles were carried out on a highly oriented pyrolytic graphite (HOPG) substrate at
room temperature in air to obtain topography, current-voltage (I-V) and dl/dV versus V
characteristics. The experimental |-V has been fitted with the theoretical I-V based on
the orthodox model.?**” The voltammetric measurements were performed in
dichloromethane using differential pulse voltammetry (DPV) and cyclic voltammetry
(CV). More importantly, our study summarizes that Au MPCs show highly nonlinear |-V
characteristics, while the QDL charging property is evident in voltammetric
measurements as a large population of charging events with an equidistant AV spacing.
The capacitances of these MPCs obtain from both STS and voltammetric measurements
are found to be in good agreement with the theoretical values. To explore the effective
interactions of charged MPCs, the diffusion coefficient values are calculated for various
charged particles using chronoamperometry and impedance techniques. These results
show that the presence of higher charge enables these particles to diffuse faster along

with concomitant enhancement in their electron transfer rates.
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4.2 Experimental Section
4.2.1 Materials

Materials used in these experiments were same as mentioned in chapter 3
(section 3.3.1).

4.2.2 Synthesis of Au MPCs

Synthesis and characterization details of Au,gee(DDT)s41 MPCs have been already
described in chapter 2 (section 2.2.2) along with the appropriate determination of

composition.

4.2.3 Scanning Tunneling Microscope/Spectroscopic (STM/STS)

Measurements

The samples for STM analysis were prepared by putting a drop of nanoparticle
solution on HOPG substrate and used after drying it for 5 min. STM studies were carried
out immediately after the deposition using tips made from 0.25 mm diameter
polycrystalline Pt - Rh wire by mechanically cutting them at an angle. A home-built STM
based on fine mechanical-screw-lever arrangement assembly?® with a compact, four-
quadrant, three-dimensional scanner was used for this investigation.? Details of the
system and the general procedure for imaging are discussed elsewhere.*® Images were
prepared using SPIP software.’ The STM imaging was carried out in air with optimum
values of tunnel current (I = 0.2 nA) and bias voltage (V = 100 mV) in constant current
mode. The time between imaging and sample preparation was kept minimum. Once the
particles were located with some difficulties they could be imaged repeatedly and
tunneling spectroscopy was performed by positioning Pt-Rh tip over an isolated Au-
nanoparticle by disabling the feedback control and measuring I-V characteristics. The |-V
characteristics were always repeated several times and finally the signal was averaged
over tens of runs. The dl/dV vs. V characteristics were obtained by numerical

differentiation of measured |-V curves.
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4.2.4 Electrochemical Measurements

All electrochemical measurements were carried out in dichloromethane using 0.1
M tetrabutylammoniumhexaflurophosphate (TBAHFP) supporting electrolyte in an ice
bath (273-276 K) using a standard three electrode cell comprising Pt micro electrode (50
um) as the working electrode, a Pt wire as counter electrode and another Pt wire as a
quasireference electrode (calibrated independently with an internal standard
ferrocene/ferrocenium couple) unless mentioned separately. Differential pulse
(modulation time 0.02 s, interval time 0.1 s, step potential 0.025 V and modulation
amplitude 0.02 V) and cyclic voltammetric experiments were performed on an Autolab
PGSTAT30 (ECO CHEMIE) instrument. Electrochemical impedance measurements
were carried out in an impedance analyzer (Autolab PGSTAT 30 with FRA software)
employing a Pt disc (0.5 mm diameter) working electrode. The ac signal amplitude was 5
mV rms within 1 Hz to 50 kHz frequency range and the data was recorded with
averaging over 3 cycles for each frequency. Similarly, chronoamperometry experiments
were carried out employing a Pt disc (0.5 mm diameter) working electrode under

identical conditions as mentioned above.
4.3 Single Electron Charging Features of Augse(DDT)s44

Although many reports are available on the electrochemical behaviour of smaller
(1-2 nm) diameter Au MPCs, only few studies are available for the combined
investigations using electrochemical and STM techniques.' In particular, the low
temperature I-V measurements using STM at 93 K revealed "Coulomb staircase" with
six regularly spaced charging steps for 1.64 nm diameter Au MPCs." In the preceding
chapter (Chapter 3) we have discussed the combined experimental evidence (STM and
voltammetric) for single electron charging features of larger sized Au MPCs (3.72 nm);
consequently it is necessary to explore whether more larger particles do also show this
property or not. Accordingly, the single electron charging features of these MPCs have
been compared using STM and electrochemical techniques and these results show that
4.63 nm sized particles also depict similar behavior despite their higher capacitances.

More importantly, the presence of high population of charging events in these larger
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particles would make them useful for nanoelectronic device construction due to the

simplicity of their preparation as compared to that of smaller sized particles. 33

4.3.1 STM/STS Results

Due to their highly monodispersed nature, Au MPCs form ordered structures on
HOPG surface as revealed by STM (Figure 4.1a-b) as well as by TEM (Figure 4.1d). The
particle size estimated from STM image is = 4 nm from Figure 4.1 (b-c), which is smaller
than the size from TEM results, indicating that tip convolution effects are minimum and

perhaps that an asperity smaller than nanoparticle is responsible for imaging.
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Figure 4.1 (a) 3D view of the STM image of the ordered structures of DDT capped Au
nanoparticles (300 x 300 A), scan Area (300 x 300 A), | = 0.2 nA, V = 100 mV. (b) Plane view and
(c) line profile of three marked Au nanoparticles; (d) TEM also reveals similar features.
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Figure 4.2 shows typical |-V and dI/dV vs. V characteristics (inset 1) of these
particles, where curve (a) shows the experimental |-V response taken on an isolated
nanoparticle as indicated by an arrow in Figure 4.1 (b). An attempt to fit this data with
orthodox theory fails, which on closer examination, reveals that these curves are
asymmetric with a d.c. shift along the X-axis. Removal of the offset of 0.05 V from
experimental data results into a fairly good fit with the theoretical curve, which is shown
in curve (b) of Figure 4.2. These |-V curves show fairly non Coulomb blockade regime
(zero current region), which can be explained by the orthodox theory of single

electron.?%%’
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Figure 4.2 Curve (a) marked by “O” symbol shows the experimental |-V of isolated Au
nanoparticle marked by an arrow in Figure 4.2b with d.c. offset of 0.05 V. Curve (b) marked by
“V” symbol shows the offset-corrected I-V. Left inset (1) shows the dI/dV versus V of curve (b).
Right inset (2) * shows the schematic diagram of the theoretical model used to fit the
experimental curve. Comparison of offset-corrected experimental I-V [curve (b)] and theoretical
plot (solid line) gives the best fit parameters as R;=10% ohms, C;=5 x 10%° F, R, = 10° ohms, C, =
7x10™F, Cgi=1x10%*F,Vg;=0V, Cg, =0F, Vg, =0V, Q(e)=-0.05¢, Vo= 0.15V, E,=
0.11 eV, kgT/E.=0.2421 and T = 300 K.
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We have performed curve fitting®® of the |-V plots based on the orthodox theory.

According to Hanna and Tinkham?’ the current is given by,
1(V) = e[y (ny) —T5 (ny)] (4.1)

where ng is the most probable number of electrons on the center electrode and T, and

I', are the tunneling rates for the second junction l"ji (n) is given by,

+ 1 _AEJJ_'r
() = —— / (4.2)
Rie” \ 1-exp(AE; [ kgT)

where the +/- refers to the electrons tunneling on/off the center electrode (n— n = 1), AE
is the energy change of the system when the electron tunnels across the barrier and R;
is the tunneling resistance of the j" junction. For the case of low temperature, when

| AE5*(no) | >>kgT, T, (n,) can be simplified as,
270

1 1_ .
——F -0,/e)xCV/ AES {0
in ~{R,C, { 5 (”o o e) 1 e},for 5

(4.3)
0, forAE; )0

Where Cs=C,+C,, C; and C, are the capacitance of the first and the second junction and

Qq is the fractional electron charge present on the particle.
This means that I(V) = 0 when

(-e/2+nge-Qp)/C1 < V < (e/2+nye-Qy)/Cy (4.4)
This is so called “Coulomb blockade”. Outside of this voltage range I(V) is given by:

1

(V)=
) R.C.

{—(noe—QO)—i-ClV—gsgn(V)} (4.5)

The sgn(V) is the signum function of (V) often used to define a function of real number,

which is 1 for positive numbers, -1 for negative numbers and 0 for zero. Although the
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theory is strictly defined for a three electrode system [right inset (2) of Figure 4.2], it can
be extended for the case of two electrode system by considering Vg1 and Vg, equal to
zero and taking V,, as the sample bias voltage. Since there is no third electrode, Cq41 and
Cgy2 are parallel to Cq and the combination represents the tunnel junction capacitance
between the tip and a typical nanoparticle. The schematic diagrame‘5 of the equivalent
circuit of double barrier tunnel junction to fit the experimental curve is shown in the inset
2 of Figure 4.2, where (R4, C,) is the resistance and capacitance of tip/nanoparticle
junction, (R, C,) is the resistance and capacitance of nanoparticle/substrate junction,
(Cg1,Vg1) and (Cg2,Vg2) are the capacitance and voltage on tip with respect to the ground
potential, Qo is the fractional charge, E¢ is the charging energy or Coulomb blockade

energy and T is the temperature.

The best fit parameters for the offset-corrected |-V data, that result into a fairly
good fit with the theoretical curve are R; = 10% ohms, C;=5 x 10%° F, R, =10° ohms, C,=
7x10"F, Cg1=1x10%F,Vg;=0V, Cg,=0F, Vg, =0V, Qy(e)=-0.05¢, V,=0.15
V, Ec=0.11 eV, kgT/Ec=0.242 and T = 300 K. The capacitance (Cs) of the particle can
be estimated using a simple model involving spherical particles coated with a dielectric
layer as 4negenr = 6.67 x 10" F, where r (= 2 nm, from STM) is the radius of the
nanoparticle, €, (= 8.85 x 10"? F.m™) is the permittivity of free space and ¢, is the
dielectric constant (= 3 for DDT). Accordingly, the E¢ (= g%/2Cs) comes out to be 0.12
eV, which is in reasonable agreement considering the uncertainty involved in the

measured parameters.

Interestingly, there is no zero current region in these |-V curves and only a
suppression of current over the region of the order of 0.1 eV is observed, which can also
be seen in inset 1 of Figure 4.2. These results are significantly different from our earlier
results with 3.72 nm particles measured at lower concentration (chapter 3), indicating the
coupling of nanoparticles in self-assembled areas leading to a smaller tunneling current
in the zero bias region. The presence of charge, Qo(e) = 0.05 e also suggests the
possibility of reorganization of charges between the clusters in the presence of electrode
surface. Similar results have been observed for the STM/STS measurements of titanium
dioxide nanoparticle film on Au(111), where the increase in the particle density results in

a change in the shape of |-V curves.*®
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4.3.2 Voltammetric Results

The consecutive one electron QDL peaks observed in solution are analogous to
current peaks seen in traditional redox reactions, where the QDL charging process is
diffusion controlled and obeys the Nernst equation with respect to the average core

potential. %

Accordingly, these peak potentials can be taken as the formal redox potential
E” for each (z/z + 1) “redox couple or charge state couple” and is given by the DPV peak

potentials. The formal redox potential E® can be described by:
E% 241 = Epzc + (2-'/2)e/Ceru (4.6)

where Epcis the potential of zero charge (i.e., z = 0) of the MPC and z is assigned such
that z > 0 and z < 0 corresponding to core “oxidation” and “reduction” respectively and
CcLu is the capacitance of the MPC. The above equation predicts a linear plot of E®, 1
vs. charge state (popularly known as “Z-plot”), which can be used to determine C¢ y from

the slope.?°

Figure 4.3 (a) shows the superimposed DPV response of these larger sized Au
MPCs protected with DDT in dichloromethane on a Pt microelectrode (50 um) at 1.6,
0.96 and 0.8 mg/ml concentrations (i-iii respectively) along with the blank Pt (50 um)
response under identical conditions. For example, DPV plots (Figure 4.3a) reveal highly
populated evenly spaced current peaks (80-90 mV), whereas Figure 4.3 (b) shows the
linear variation of base line corrected DPV peak currents of (i) -1/0 and (ii) 0/1 charge
state with MPC concentration. Accordingly, Figure 4.3 (c) shows the superimposed DPV
response of these larger sized Au MPCs protected with DDT in dichloromethane on a Pt
microelectrode (50 um) at 0.96 mg/ml concentrations at i) 30, ii) 20 and iii) 10 mV pulse
amplitude. These DPV plots reveal a highly populated evenly spaced (ca. 80-90 mV)
current peaks, where the (-1/0) and (0/1) charging peaks are marked following z/z + 1
fashion for comparison (corresponding potentials are expressed vs. Pt quasireference
electrode). The corresponding potentials for individual charge steps of each DPV plots
have been summarized in Table 4.1. Interestingly, the full width at half maximum
(FWHM) of each peak is found to be of ca. 40-45 mV, particularly signifying the QDL
process for these larger MPCs, which differ from the earlier reports for smaller sized Au

MPCs (110-115 mV) or ideal (90.6 mV) one electron transfer process for conventional
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15-20,37

redox species. This anomalous FWHM value might be attributed to several

complex interactions among these assemblies of mixed-valent redox centers at the

electrode-solution interface during the electrochemical process.***°
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Figure 4.3 (a) DPV response of (4.63 £ 0.04 nm) DDT passivated Au MPCs, at 1.6, 0.96 and 0.8
mg/ml concentrations corresponding to graph (i-iii) respectively along with the blank response
(iv); (b) nonlinear increment of the DPV base line corrected peak currents at (-1/0) and (0/+1)
charging peaks with MPC concentration and (c) the superimposed DPV response of Au MPCs at
i) 30, ii) 20 and iii) 10 mV pulse amplitude using 0.96 mg MPCs/ml, showing highly populated
QDL charging. These figures reveal a highly populated evenly spaced current peaks, where the
(=1/0) and (0/+1) charging peaks are marked for comparison.
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Table 4.1 Peak positions and corresponding charge states for the DPV response shown in Figure
4.3. (Columns have been named according to the individual DPV graphs as shown in Figure 4.3)

Charge Figure Figure Figure Figure Figure Figure

State 43.a.i 4.3.a.ii 4.3.a.iii 4.3.c.i 43.cii  43.c.iii
(V) (V) (V) (V) (V) (V)
1112 0.93
10/11 0.85 0.93 0.91 0.90
9/10 0.77 0.91 0.86 0.83 0.91 0.82
8/9 0.70 0.81 0.78 0.74 0.81 0.72
7/8 0.62 0.71 0.67 0.65 0.72 0.64
6/7 0.55 0.62 0.58 0.56 0.62 0.55
5/6 0.47 0.52 0.50 0.47 0.52 0.45
4/5 0.39 0.42 0.41 0.37 0.42 0.38
3/4 0.30 0.32 0.33 0.29 0.32 0.29
2/3 0.27 0.22 0.26 0.19 0.22 0.20
112 0.15 0.13 0.16 0.10 0.13 0.12
0/1 0.06 0.04 0.07 0.01 0.04 0.03
-1/0 -0.02 -0.06 -0.07 -0.07 -0.06 -0.07
-2/-1 -0.09 -0.15 -0.02 -0.16 -0.15 -0.16
-3/-2 -0.18 -0.25 -0.11 -0.26 -0.25 -0.25
-4/-3 -0.26 -0.34 -0.20 -0.36 -0.34 -0.34
-5/-4 -0.33 -0.44 -0.28 -0.45 -0.44 -0.44
-6/-5 -0.41 -0.54 -0.37 -0.55 -0.54 -0.53
-7/-6 -0.49 -0.64 -0.46 -0.65 -0.65 -0.62
-8/-7 -0.57 -0.75 -0.55 -0.75 -0.75 -0.72
-9/-8 -0.65 -0.84 -0.63 -0.83 -0.84 -0.82
-10/-9  -0.74 -0.94 0.7 -0.92 -0.94 -0.92
-11/-10  -0.80 -0.81
-12/-11  -0.88 -0.91
-13/-12  -0.96
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In conjunction with the results of DPV, these high populations of charge steps are
also accessible by cyclic voltammetry. For example, Figure 4.4 (a) shows the
superimposed response of these MPCs at 50 mV/s scan rate using 0.96 and 0.8 mg/ml
concentrations (graphs i and ii respectively) along with the blank Pt (50 um) response
under identical conditions, where a high population of evenly space sigmoidal waves are
visible, indicating successive one electron process. Since these larger sized particles
essentially have higher capacitance values as indicated by the DPV peak to peak
spacing (ca. 80-90 mV), this could in principle lead to poor resolution by CV. In
particular, the derivative (graphs i and ii respectively) of these CV responses is
comparable with the DPV results, as shown in Figure 4.3. Further, Figure 4.4 (c) shows
the superimposed CV response of these MPCs at i) 100 and ii) 50 mV/s scan rates using
0.96 mg/ml MPC concentration, where the corresponding derivatives (iii and iv) are
comparable with the DPV results. Interestingly, these MPCs do not show any signature
of the “Electrochemical Band Gap” as observed for smaller sized particles, indicating

that the process is particularly governed by the double layer charging principles.

Table 4.2 Capacitance values calculated from the Z plots (Figure 4.5)

Z plot R? Capacitance (aF)
(3.a.1) 0.99 213
3. a. ii) 0.99 1.75
(3. a. i) 0.99 2.07
3.c.i) 0.99 1.86
3. c. ii) 0.99 1.75
(3. c. i) 0.99 1.87
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Figure 4.4 (a) CV response at 50 mV/s scan rate for 0.96 and 0.8 mg/ml concentrations (graphs
i-ii respectively) along with the blank response (iii), where the QDL behaviour is clearly visible in
the enlarged view of the CV curves shown as an inset, (b) derivative response of the CV shown in
(a) and (c) superimposed CV response at i) 100 and ii) 50 mV/s scan rate for 0.96 mg MPCs/mi
concentrations along with their derivative response (iii and iv respectively).

Figure 4.5 (a-f) represents the corresponding “Z plot” for these Au MPCs
obtained form the DPV analysis at Figure 4.3 (a and c), where linear (R®> > 0.99)
behaviour can be seen as expected for the ideal QDL behaviour."® The capacitance
(CcLu) values calculated (Table 4.2) from the slope of the “Z plot” are 2.13, 1.75 and 2.07
aF from Figure 4.5 (a-c) corresponding to graphs at Figure 4.3 (a. i-iii), while 1.86, 1.75
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and 1.87 aF form Figure 4.5 (d-f) corresponding to graphs at Figure 4.3 (c. i-iii). These
experimentally determined capacitances of 4.63 nm sized Au MPCs are in good

agreement with the corresponding theoretical value (1.95 aF), estimated with the help of

|.20

a concentric sphere capacitance mode

109 -S4 <10 45 9/10
Z (Charge State)

Figure 4.5 Superimposed “Z plots” of E” vs. redox couple charge state (Z/Z £ 1) of Au MPCs at
(a) 1.6, (b) 0.96 and (c) 0.8 mg/ml concentrations using 20 mV pulse amplitude; graphs (d — f)
correspond to DPV response at 30, 20 and 10 mV pulse amplitude using 0.96 mg MPCs/ml
suggesting ideal QDL behaviour.

So far we have discussed the electron transfer features of these particles using
STM/STS and voltammetric techniques, where both of these techniques depict their
single electron transport features. More specifically, multiple peaks have been observed
in voltammetric experiments, whereas STS measurements only show evidence for
Coulomb blockade near zero bias without any signature of the Coulomb staircase. In
particular, STM analysis considers particles to form double barrier tunnel junctions
(DBTJ), where the interfacial capacitances of both sides contribute to the real

capacitance of the particle. The capacitance from STM measurement is estimated to be
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of 7.5 x 10" F, which is in good agreement with the theoretical prediction. However,
supporting electrolyte ions and solvent molecules always surround the particles and
consequently they can diffuse together to the electrode surface prior to electron transfer.
Although the processes are same in both STM and voltammetry (i.e., the electrode is
used to donate and subtract electron from the particle to detect the current), STM has an
advantage of unraveling geometrical and electronic structure of isolated particles as well
as particles within self-assembled films. In sharp contrast, electrochemistry provides
phenomena of averaged sized particles (ensemble) in the proximity of the solution
environment. Despite these differences, Coulomb blockade observed in both
voltammetry and STM experiments are fairly in good agreements with a common origin
of their capacitive contribution, notwithstanding the difference between the

environments.
4.4 Interaction of Au MPCs

There are numerous experimental studies to account interparticle interactions
between dispersed MPCs,* which include osmometry and small angle X-ray scattering
(SAXS) measurements of trioctylphosphine (TOP) and trioctylphosphineoxide (TOPO)-
capped CdSe?*® and DDT protected Au MPCs®. Furthermore, few theoretical studies are
also available, which account both the MPC-MPC and MPC-solvent interactions
quantitatively.?® These results show that the interparticle interaction is followed by simple
steric stabilization model (in the order of thermal energy), where the core-core van der
Waals attraction is modified by an osmotic repulsion between adsorbed chains.®?42°
More specifically, the larger sized particles (i.e., > 5 nm diameter) are less attractive than
that of smaller core sized particles, possibly due to the less number of ligand surface
coverage than that of larger one.® The potentials of van der Waals attraction (Evaw) @and

steric repulsion (Egeric) are described by the following relations:

Evaw= -A/12[(4r3/Lcc?-4r%) + (4r81X3) + 2In(Lec®-4r? Lec?)] (4.7)
Esteric = [100rdsam?/( Lec-2r)TT0mior] ke Texp[-Tr(Lec-2r)/ Ssam] (4.8)

where, A is the Hamaker constant, r is the radius and L¢c is the center to center distance
between spheres, dsau is the chain length of capping molecule and oy, is the diameter

of the area occupied by the capping molecule on the particle surface.*' Furthermore, the
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strength of the interparticle interaction also could be modulated by changing the nature

of solvent i.e., by tuning the degree of solvation.?*®

Scheme 4.1 Schematic representation of the interaction of the MPCs in electrolyte solution for (a)
neutral and (b) charged MPCs, where “Ly” and “Lg” are the core to core separation (Ly < Lg) for
respective cases; (c) the schematics of individual entities, like Au MPCs, solvent molecules,
supporting electrolyte cations and anions to demonstrate these interactions

0 mmp Cation

@ m=p  Solvent & w=p Anion

The interparticle interactions of MPCs in electrolyte solution are described by
Derjaguin-Landau-Verwey-Overbeek (DLVO) principle,"? where there is a delicate
balance between steric repulsion, long range van der Waals attraction and electrostatic
repulsion due to the electrical double layer. The repulsive electrostatic potential between

like-charged colloidal particles suspended in a polar solvent is expressed by

Ee = 2megor €2 In[1 + exp(-k Lss')] (4.9)
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where, ris the radius of particles, ¢is the surface potential, ¢ is the relative permittivity of
the solution, g, is the permittivity of vacuum, k' is the Debye length and Lss' is the
surface separation distance in electrolytic solution.”? One of the important issues is how
the charge present on the MPCs affects these interactions. Since the width of the double
layer would be expected to be increased with the increment of the core charge, it is likely
that the higher charge present on the MPCs could enhance the repulsion. Accordingly,
scheme 4.1 shows the interaction of MPCs in electrolyte solution for (a) neutral and (b)
charged MPCs, where “Ly” and “Lg” are the core to core separation for (a) and (b)
respectively. It is clear from this argument that “Ly” should be less than “Lg” due to the
increase of repulsion as a result of the increment of core charge. Since the QDL
phenomenon is diffusion controlled process, the electrochemical measurement of
diffusion coefficient of MPCs at various charge steps could easily justify this prediction.
Consequently, diffusion coefficient values have been measured for various charge steps
using two independent electrochemical techniques chronoamperometry and impedance
technique. Furthermore, impedance measurements also allow us to put insight onto the
charge step dependent electron transfer features along with diffusion coefficient

measurements.
4.4.1 Chronoamperometric Results

The diffusion coefficients (Dc) of Au MPCs have been calculated by
chronoamperometry using Cottrell equation (4.10).%” Assuming that linear semi-infinite
diffusion is applicable for freely diffusing MPCs in solution, the current (I) - time (t)

response can be written as follows:

ls()=nFAC,Dc”n "t ™ (4.10)

where, n is the change in core charge state, C, is the MPC concentration in the solution
(9.5 x 107 mol.cm™), A is the area of the electrode (0.5 mm diameter = 1.96 x 107 cm?),
F is the Faraday constant, t (0.2 s <t < 20 s) is the duration for the measurement of
current after applying the respective constant potential corresponding to individual
charge step in DPV response as shown in Figure 4.3 and D¢ is the diffusion coefficient

of the charged clusters in the electrolyte solution under applied potential.
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Figure 4.6 Superimposed linearly fitted | vs. t7 plots, under five applied (a) anodic potentials
corresponding to (+1), (+2), (+3) (+4) and (+6) charge states and (b) cathodic potentials
corresponding to (-1), (-2), (-3), (-4) and (-6) charge states.

The D¢ of cluster is calculated by analyzing the slope of the linearly fitted | vs. t™*
plots. These | vs. t” plots were obtained under various applied potentials corresponding
to the valleys (between two peaks) of the DPV response as shown in graph (i) of Figure
4.3, where all MPCs are assumed to be approximately in monovalent charge states. For

example, Figure 4.6 (a and b) shows the superimposed linearly fitted | - t” behaviour
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under different anodic and cathodic potentials corresponding to [(+1), (+2), (+3), (+4)
and (+6)] and [(-1), (-2), (-3), (-4) and (-6)] charge states respectively. The terms anodic
and cathodic are used to indicate that the applied bias is either anodic or cathodic with
respect to the Epzc. Table 4.3 summarizes various parameters such as applied potential,
corresponding charge states, slope of the plots and the calculated diffusion coefficient

using equation (4.10).

Table 4.3 Various parameters and calculated diffusion coefficient values using equation 4.10
from chronoamperometry data (Figure 4.6)

Charge  Applied Slope Number of D Do
State Potential Transferred
(DPV) V) pA.s'? Electron cmis’ (x 107 cm?.s™)
+1 0.19 0.06 1 3.50 x 107
+2 0.27 0.09 2 1.98 x 107
+3 0.35 0.13 3 1.74 x 107
+4 0.43 0.17 4 1.80 x 107
+6 0.59 0.32 6 2.84 x 107 14.7
-1 0.02 0.003 1 1.40 x 10°®
-2 -0.09 0.04 2 3.10 x 107
-3 -0.16 0.07 3 4.60 x 10°®
-4 -0.23 0.10 4 6.00 x 10°®
-6 -0.48 0.36 6 3.50 x 107

4.4.2 Impedance Results

Figure 4.7 (a) shows the superimposed complex plane impedance plots of Au
MPCs in CH.Cl, on a Pt disc (0.5 mm diameter) working electrode under open circuit

potential (OCP) and various anodic dc bias corresponding to various charge steps (+1),
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(+2), (+4) and (+6), where a suppressed semicircle at the high frequency domain and a
straight line with more than 45° angle to the real axis in the low frequency region are
observed. Subsequently, the impedance data have been divided into high and low
frequency regions for the convenience of interpretation and analyzed using the Randles
equivalent circuit, considering the electrode reaction to be a single-step, one electron
process.®” The high frequency part of these plots has been fitted to a semicircle using
complex nonlinear least square (CNLS) procedure and has been superimposed in
Figure 4.7 (b).

Scheme 4.2 Schematic representation of Randles equivalent circuit used for analyzed
impedance data, where Rg is solution resistance, Rt is charge transfer resistance, Cy is double
layer capacitance and W is Warburg impedance.

Accordingly, Figure 4.8 (a) shows the superimposed complex plane impedance
plots of these Au MPCs under OCP and various cathodic dc bias corresponding to
various charge steps (-1), (-2), (-4) and (-6), whereas the semicircle fitted with the high
frequency part has been indicated in Figure 4.8 (b). The schematic representation of
Randles equivalent circuit used for analyzed impedance data is shown in Scheme 4.2,
where Rs is solution resistance, Rcr is charge transfer resistance, Cq is double layer
capacitance and W is Warburg impedance. Various parameters calculated from these
plots along with corresponding charge steps have been summarized in Table 4.4.
Furthermore, Figure 4.9 (a) shows the plot of applied potentials vs. IZI, which accounts

for lowering of the impedance at higher charge, possibly due to the presence of surface
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states on lower charge state particles. Accordingly,

Chapter 4

Figure 4.9 (b) shows the

superimposed variation of Rct, Rs and Cy with applied potentials, which indicate that Ret

decreases while Cq increases with increase of applied potentials.
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Figure 4.7 (a) Complex plane impedance plots of Au MPCs in CH,Cl, on a Pt disc (0.5 mm
diameter under OCP and various anodic dc bias corresponding to various charge steps (+1),
(+2), (+4) and (+6); (b) the superimposed high frequency part of these plots, after fitting with the
Randles equivalent circuit.
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Figure 4.8 Complex plane impedance plots of Au MPCs in CH,CIl, on a Pt disc (0.5 mm
diameter) under (a) OCP and various cathodic dc bias corresponding to various charge steps (-
1), (-2), (-4) and (-6); (b) the superimposed high frequency part of these plots, after fitting with the

Randles equivalent circuit.
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The calculated standard rate constants of the one electron QDL charging
process at various charge states also have been summarized in Table 4.4 using the

following relationship,
k=RT/n?F?RcrCy, (4.11)

assuming n = 1, C,= C*(0) = C*(R ) = (9.5 x 107 mol.cm™), o = 0.5, T = 273 K and the
value of Rcr has been obtained from the fitted semicircle in the real axis as shown in
Table 4.4. The variation of the standard rate constant (k) with applied potential has been
plotted in Figure 4.9 (c), where higher charge state particles reveal higher rate constant.
However, the reversible features observed in voltammetry (Figure 4.4) especially for
scan rates below 100 mV/s do not agree with this sluggish nature and this could be
justified due to various deviations from the ideal semi-infinite diffusion boundary
condition due to adsorption, assumption of symmetric energy barrier, involvement of
complex interactions between these MPCs, additional migrational contribution due to the
charged nature of MPCs etc. Further studies are desired to unravel the exact reasons for

this discrepancy.

The diffusion coefficients are estimated for various charge state particles by
analyzing the lower frequency part of the impedance plots (Warburg impedance),
considering, diffusion as the sole mode of mass transport. The linearly fitted modulus of
the real and imaginary part of the impedance data (3.76 Hz to 0.464 Hz) with o2 are
superimposed in Figure 4.10 (a) and (b) for anodic and cathodic processes respectively.
The estimated diffusion coefficient (Dc) values at various charge states have been
summarized in Table 4.4, after extracting from the slope (o) of the linearly fitted

modulus of the real and imaginary part using the following relationship (4.12):
c=V2RT/An*F?D"C, (4.12)

assuming n = 1, A = area of the electrode (1.96 x 10° cm?), Do = Dg = D¢, C, = C*(O) =
C*(R)=(9.5x 10" mol.cm™®)and T = 273 K.
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Figure 4.9 (a) Plots of applied potential vs. IZI at three different frequencies (viz. 1 KHz, 53.4 Hz
and 4.33 Hz), showing the decrease of impedance at higher charge, possibly due to the presence
of surface states on lower charge state particles. (b) The superimposed variation of Rcr, Rs and
Cq with applied potentials, showing a decrease of Rcr and increase of Cy with increased of
applied potentials. (c) The variation of the standard rate constant (k) with applied potential
suggesting higher rate constant for particles with higher charge states.
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Figure 4.10 Superimposed linearly fitted (R®> > 0.99) modulus of the real and imaginary part of
impedance data (3.76 Hz to 0.464 Hz) with »"* under (a) anodic and (b) cathodic applied dc bias
potentials as shown in Table 4.4.
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Table 4.4 Various parameters, such as solution resistance (Rs), charge transfer resistance (Rct),
double layer capacitance (Cq), standard rate constant (k) and diffusion coefficient (D¢) calculated
from the impedance measurements along with Stokes-Einstein equation. The diffusion coefficient
values are comparable with values shown at Table 4.3

k
] Rer Rs o Dc Dse
Charge Applied (cm )
_ . (Ohm. (Ohm. Cy4 (Ohm. (em®  (x107
State Potential ) ) s™)
cm®) cm®) (uF) cmZis s7) cmis
(DPV) s 3 x10° 172 1
x10°  x10 s ) x 107 )
+6 0.70 2335 463 282 110 277126.5 2.67
+4 0.42 24.71 480 1.52 1.04 369729.0 1.84
+2 0.28 2852 500 132 090 428002.2 1.87
+1 0.19 35.62 528 160 0.72 4726424 1.53
OoCP 0.06 34.76 540 111 0.74 5313734 1.21 14.7
-1 0.02 2742 529 090 094 515216.0 1.29
-2 -0.11 2527 520 0.74 1.02 541246.0 1.16
-4 -0.23 21.37 470 0.76 1.20 431390.0 1.84
-6 -0.50 18.72 447 066 1.37 357823.8 2.67

4.4.3 Effect of Charge Steps on Diffusion Coefficient

Interestingly, the experimentally calculated D¢ values using chronoamperometry

and impedance have been found to increase with the increment of the core charges as

shown in Figure 4.11 (a and b). However, the experimentally calculated D¢ values are

found to be smaller compared to the estimated diffusion coefficient (Dsg = 14.7 x 107

cm?®s™”) using modified Stokes-Einstein equation [Dsg = kgT/2mndy]. The Dse is the

diffusion coefficient of MPCs in the solution assuming no charge on it, where, kg is the

Boltzman constant, T absolute temperature (here 273 K), n the solvent viscosity
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(viscosity of CH.Cl, at 273 K is 0.533 cp) and dy the hydrodynamic diameter of the MPC
(twice the chain length added to the diameter of the Au MPCs, i.e., 7.67 nm ).*** This
anomaly of theoretical diffusion coefficient value with experimental results might be due
to the weakly attractive nature of the MPCs, which has not been considered in the
Stokes-Einstein equation. Several other factors, like contribution due to migration and
interactions with other charged or uncharged MPCs, effect of interdigitation of chains on
MPC surface, supporting electrolyte anions or cations and solvent molecules, might

possibly slow down the experimental D¢ values.*

5.0x10” - (a)
—_ . . - 6.0x10"
- L J
Im L r
e~ 0.0 - See ,
=
— (b) J
5 - 3.0x10
Q 7
-5.0x10" 4 v
v v
04 00 04 08
Applied potential (V)

Figure 4.11 Variation of diffusion coefficients (D¢) with applied potentials as estimated from (a)
chronoamperometry and (b) impedance analysis causing an increase in Dc with increment of
core charges.

The potential dependent variation of D¢ is the direct evidence for the presence of
interparticle interactions, where the lower charge state particles are more attractive than
the one with higher charge states. The highly charged particles might be repulsive due to
the effective overlap of double layers, which is expected to increase with increasing the

core charge. Thus for the case of MPCs possessing a lower charge state, there is a
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balance between van der Waals (attractive) and electrostatic (repulsive) interactions,
whereas MPCs having higher charge state can experience repulsive force as the major
effective interaction. These reasons justify the preliminary experimental evidence for the
interparticle interaction of charged MPCs as demonstrated by the charge state

dependent variation of diffusion coefficients.
4.5 Conclusions

Our electrochemical and STM results demonstrate that the single electron
transfer features of larger sized Au MPCs are accessible, despite their higher
capacitance values. More specifically, voltammetry reveals high population of charging
events, whereas STS exhibits highly nonlinear I-V as an evidence for the single electron
transport. We believe that these unique single electron transfer features of these Au
MPCs along with their preparative simplicity will have attendant applications for
designing nanoelectronic devices. The effective interactions of the charged MPCs have
been evidenced from the estimation of diffusion coefficient values of various charged
particles, illustrating that the higher core charge enables these MPCs to move fast along
with an increase in electron transfer rate constant. This charge state dependent variation
of diffusion coefficient indicates that the repulsive forces are more dominant compared to
attractive ones at higher core charge states, whereas there is a delicate balance
between both attractive and repulsive forces at lower core charge particles. We believe
that these results would help to understand the interactions of charged MPCs in solution,

essential for several important applications.
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Chapter 5

Electrochemical Investigation of

Monolayer Protected Silver Nanoclusters®

In this chapter, the redox feature of dodecanethiol protected silver nanoparticles (size regime of

15 3.0 45 6.0 75
Size (nm)

2-7 nm) films on a Pt electrode have been compared
using the results from cyclic voltammetry (CV) in
aqueous medium. In particular, these particles show
irreversible voltammograms and the redox behaviour
is indeed affected by the size as in agreement with
the theoretical calculations of Kubo gap. Further, an
alternate one step method for the preparation of Ag

nanoparticles in nonaqueous medium using an

electron transfer agent triethylamine (TEA) has been depicted along with their electrochemical

features.

* A part of the work has been published in “Phys. Chem. Chem. Phys. 2004, 6, 1304” and
another part in “Chem. Commun. 2002, 76”.
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5.1 Introduction

The size and shape dependent properties of metal nanoparticles (smaller than 15
nm or so) are often different from that of the bulk, leading to the expectation that the
electrochemistry of nhanometer scale particles should also differ from that of their bulk
analogues.1'6 For example, in case of silver, the lattice constant of the fcc unit cell is
contracted by as much as 9% for nanoparticles,” while the melting point is depressed by
as much as 700 °C.”® Moreover, electronic properties including the photoelectron yield'™
'2 and the energy of the plasmon resonance absorption also exhibit similar remarkable
size dependence.” These observations lead to the expectation that the electrochemical
properties of silver nanoparticles should also be size dependent. Accordingly, as
discussed in chapter 1, the standard redox potential (E°) of the nanoparticles shifts
negatively from the corresponding bulk E°, provided that the surface free energy is same
for both.'"® This is further confirmed by the pulse radiolysis experiments, where a single
Ag atom exhibits an E° of -1.8 V vs. normal hydrogen electrode (NHE) while the silver
trimer (i.e., Ags) is found to have an E° near —1.0 V as compared to + 0.799 V for bulk
Ag." The silver clusters are therefore predicted to be stronger reducing agent than
zinc (EOZn/Zn2+ = -0.76V), as they can readily reduce many inorganic and organic
compounds.?"?® Spectroelectrochemical study of small polyacrylic acid coated silver
particles in an aqueous solution using an optically transparent thin layer electrode
reveals that the position of the surface plasmon band is blue shifted during electron

accumulation, depending on the applied potential.*

In preceding chapters (2-4), we have discussed several aspects of monolayer
protected Au nanoclusters (Au MPCs) and due to similarities of Au and Ag, it is
important to extend these studies to silver. Accordingly, this chapter is devoted to the
discussion of synthesis, characterization and electrochemical features of monolayer
protected silver nanoclusters (Ag MPCs) due to their immense importance in catalysis,
photochemistry and nanoelectronics.?*? In the first part of this chapter, the size
dependent redox features of dodecanethiol (DDT) protected Ag nanoparticles in
aqueous medium have been investigated as the redox property of silver is well known

due to their potential applications in catalysis, photography, optical property manipulation
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or anti-microbial and other biological activities.?*?*> We find that the redox behaviour of
Ag core is affected by size as in agreement with the theoretical calculations on the basis
of Kubo gap. More specifically the separation between oxidation and reduction peaks
(AE,) in cyclic voltammograms, increases with increase in size and after reaching a
maxima (3.5-6 nm), decreases with further increase in size despite the presence of
dielectric capping layers of organic molecules. As kinetic parameters are directly related
with AE, value, our results suggest that the electron transfer facility should decrease with
increase in size in a similar manner. Further, in the last section, an alternate one step
method of the preparation of Ag MPCs in nonaqueous medium using a reducing agent
triethylamine (TEA) has been demonstrated along with their electrochemical features.
TEA has been selected on the basis of its unique properties as reducing agent in
photochemical reactions, miscibility in most of the organic solvents and the use of amine
group for stabilizing nanoclusters.?” DDT and tridecylamine (TDA) have been used along
with TEA to enhance the monodispersity and stability. These particles exhibit redox
activity depending on the nature of capping molecules, which can be effectively utilized

in suitable electrocatalytic reactions.
5.2 Experimental Section
5.2.1 Materials

Dodecanethiol (99%), tridecylamine, NaBH,4, LiClIO, and KCI obtained from
Aldrich and AgNO; from Merck were used as received, while triethylamine, toluene and
acetonitrile are of AR grade and were used after further purification. In all these
experiments deionized water from Milli-Q system was used. Ag-benzoate was prepared
by using silver nitrate and benzoic acid and use used after recrystallization from water as

a pure crystalline solid.
5.2.2 Synthesis of Different Sized Ag MPCs

Ag nanoparticles of different sizes were synthesized by a modified Brust’s
method.?® In brief, 100 ml of 1 mM aqueous AgNO; solution was reduced by 0.4 M
NaBH,; aqueous solution in the presence of 100 ml of 3 mM DDT in toluene under

vigorous stirring. Yellow color initially appeared in the aqueous layer was gradually
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transferred into dark brown in the organic layer. Different sized particles (a-e) were
obtained by tuning the reaction temperature and the metal salt to DDT ratio. More
specifically, two types of particles, (a) and (c) were synthesized at 0 °C, keeping the
metal to DDT ratio as 1 : 3 and 1 : 1.5 respectively, whereas, particles (b), (d) and (e)
were synthesized at room temperature by varying the metal to DDT ratioas 1: 3,2 : 3
and 1 : 1.5 respectively. Particles were concentrated under vacuum using a rotary pump
(10- 107 torr) at 40 °C and precipitated by the addition of acetonitrile and the resultant
brown powder was collected by centrifugation. All the samples were further redispersed

in toluene for solution phase investigations.
5.2.3 Characterization Techniques

Optical measurements were recorded using Shimadzu UV-2101 PC
spectrophotometer using a quartz cell (10 mm path). The spectra were background

subtracted using the same solvent.

Transmission electron microscopic (TEM) measurements were carried out on a
JEOL model 1200EX instrument operated at an accelerating voltage of 120 kV. A drop
of toluene containing Ag nanoparticles was placed on an amorphous carbon film (400
mesh), deposited on a commercial copper grid for electron microscopy. After slow
evaporation of toluene at room temperature, the grid was introduced in the electron

microscope chamber and the images were recorded.

Fourier transform infrared spectroscopic (FTIR) measurements were carried out
on a Shimadzu PC-8201 instrument in the diffuse reflectance mode at a resolution of 2

cm™ using KBr pellet.

X-ray photoelectron spectroscopic (XPS) measurements of Ag nanoparticles
were carried out as dropcasted film on glass slide by using VG MicroTech ESCA 3000
instrument at a pressure >1 x 10 torr. The general scan and Ag 3d, C 1s and S 2p
core-level spectra were recorded with unmonochromatized Mg Ko radiation (photon
energy = 1253.6 eV) at a pass energy of 50 eV and an electron takeoff angle (angle

between electron emission direction and surface plane) of 60°. The overall resolution
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was ~ 1 eV for the XPS measurements. The core-level binding energies (B.E.s) were

aligned taking the adventitious carbon binding energy as 285 eV.

Cyclic voltammetric experiments (CV) were performed on an Autolab PGSTAT30
(ECO CHEMIE) instrument using a standard three electrode cell, comprising Ag
nanoclusters organized [few drops of Ag MPCs (=1 mg/ml) were dropcasted and dried at
ambient condition] on a Pt disc (4 mm diameter) as the working electrode, a large

platinum flag as counter electrode and saturated calomel electrode (SCE) as reference.
5.3 Size Dependent Redox Features of Ag MPCs
5.3.1 Particle Characterization

Since the number of atoms present in the clusters influences almost all physical
and chemical properties of nanoclusters, uncertainties in size dispersion often causes
irreproducibility of cluster properties. One way to solve this problem is by carrying out
precise fractionation with a variety of complex methods, such as solubility fractionation,
chromatography, capillary electrophoresis and mass spectrometry.”>' Nevertheless, a
complete characterization using various techniques is essential in order to get
information about their structure, morphology and composition prior to any investigation
of their size-dependent property. In the present study, the particles are characterized
initially from their surface plasmon resonance by UV-visible spectroscopy, whereas TEM
along with selected area electron diffraction (SAED) gives the size dispersion and crystal
structure. FTIR and XPS techniques are also used to characterize these particles, in

particular to get the information about surface composition and oxidation state.

Figure 5.1 (a-e) shows UV-visible spectra of differently sized particles
[corresponding to particle (a-€)] in toluene, demonstrating that the plasmon absorption of
metal particles is strongly affected by its size distribution. The peak position of different
Ag nanoparticles (a-e) are significantly broadened and more importantly there is a blue
shift (24 nm), suggesting an increase in size as reported recently.*® The UV-visible peak
positions are summarized in Table 5.1. Although particle size can be calculated from the
UV-visible absorption maxima using Mie theory, the results need not always agree

because several changes occur in the surface structure due to the adsorption of the
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capping agents.”323% A plot of the plasmon peak position vs. particle size (from TEM
measurements) suggests significant nonlinearity (Inset of Figure 5.1). The peak
broadening and shift observed in the UV-visible spectra are attributed to the aggregation
or the formation of a superlattice type of structure, which is in good agreement with TEM
results. For example, the peak broadening and shift are well known for the MPC

superlattices due to intercluster plasmon coupling.®

(e)
(d)

1.8 3.6 54 7.2
Size (nm)

Absorbance (a.u.)

400 500 600 700 800
A (nm)

Figure 5.1 (a-e) UV-visible absorption spectra of different sized DDT protected Ag nanoparticles
corresponding to (a-e) in toluene; inset showing the nonlinear variation of the peak position with
particle size.

Figure 5.2 (a-e) shows TEM images along with their particle size distribution of
different Ag nanoparticles (a-e). In particular, Figure 5.2 (a) shows the TEM image of the
smallest sized particle (a) of the series with an average particle size of 2+0.4 nm, with
reasonable monodispersity. Similarly, Figure 5.2 (b, ¢ and d) reveals nearly
monodispersed particles (b), (c) and (d) with an average particle size of 2.6, 3.3 and

4.7+0.4 nm. In contrast, TEM image of particle (e) shows [Figure 5.2 (e)] some degree of
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polydispersity with an average particle size of 7.2+0.4 nm, perhaps arising from
unfavorable experimental conditions, like low capping agent to metal salt ratio and

preparation at relatively higher temperature.
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Figure 5.2 (a-e) TEM images of the “as prepared” different sized Ag MPCs (a-e) along with their
respective particle size distribution. The representative SAED patterns of DDT capped Ag
particles shown in (f) for particle (c), revealing bulk fcc crystalline structure with a lattice constant
of 4.079 °A. For electron microscopy, a drop of toluene containing nanoparticles was placed on
an amorphous carbon film of nearly 3 nm thickness, deposited on a commercial copper grid and
dried at room temperature in air.

Interestingly, particles (a-c) show close packed superlattice type structure as
illustrated in Figure 5.2 (a-c) due to their small and monodispersed nature, with an inter-
cluster spacing of ca. 2.5 nm, corresponding to roughly double the chain length of the

DDT, assuming some degree of chain interdigitation.***® This array like features are
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absent for particles (d-e), which may be due to larger size and polydispersity of particles
as reported earlier.®” Moreover, the crystallinity is restored in particles as illustrated by
the representative selected area electron diffraction (SAED) pattern of the sample (c) in
Figure 5.2 (f), which reveals fcc bulk crystal structure with a lattice constant of 4.079 °A;
the planes are identified as (111), (220), (311), (331) and (422).
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Figure 5.3 Representative FTIR spectrum of DDT capped Ag MPCs corresponding to particle (c)
in the (a) 4000 to 450 cm™ range, indicating C-H starching region and (b) n-alkane vibration
region. The spectrum was recorded with diffuse reflectance mode using KBr pellet dispersion with
a2 cm’ resolution.

In order to get a molecular level understanding of the surface passivation of
these particles, FTIR spectra were recorded. The spectrum of DDT passivated surface
shows several clearly resolved peaks indicating ordered and dense crystalline bulk
alkane, especially for all the C-H stretching regions [Figure 5.3 (i)] as reported
previously.**3® The high degree of conformational order is best evidenced by the position
of the symmetric (d*) and antisymmetric (d") CH, stretching peaks. Average values of
2849+1 and 2923+1 cm™ for these peaks indicate an extremely high percentage of all-
trans conformations. Disordered systems, such as liquid alkanes, display much higher
values (2856 and 2928 cm™ respectively), which have been convoluted to higher number
of gauche defects.® The r* and r bands for methylene vibration have been identified as

2893+1 and 2956+1 cm™ respectively.
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Figure 5.4 Representative X-ray photoelectron spectra of DDT capped Ag nanoparticles
corresponding to particle (c), revealing core level information of (a) Ag 3d, (b) S 2p and (c) C 1s
(experimental data points are shown as up triangle, resultant fitting curve as continuous line and

individual fitted curves as dashed lines).
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All other bands were assigned on the basis of n-alkane vibrations [Figure 5.3 (ii)].
For the spectrum in the region 1400-1500 cm™, all-trans scissoring modes have been
observed, like methylene scissoring at ~1466 cm™ and CH,-S methylene scissoring at
~1424 cm™. The peak at 1379 cm™ is attributed to the symmetric bending vibration of
CH, groups, while the presence of large number of bands between 1200-1400 cm™
corresponding to either twisting-rocking or wagging progression modes, is a strong
evidence for the micro-environment of the alkanethiol monolayer on silver clusters.* The
band at 1339 cm™ in the spectrum is attributed to the end gauche conformation, while
the bands at 1122 and 1070 cm™ are assigned as (c-c); and (c-c)q stretching modes
respectively. The 700-800 cm™ region comprises of two sets of bands, the first one due
to methylene rocking and the other remaining due to C-S stretching. The intense peak at
720 cm™ is assigned as the methylene-rocking mode, where a small shoulder near 720

cm™ may be due to C-S stretching.* %%

The XPS analysis of core level spectra of C 1s, Ag 3d and S 2p confirms the
formation of Ag nanoparticles with the surface passivation of DDT. The peak position,
line shape and peak to peak separation (~ 6 eV) are the standard measure of the Ag
oxidation state [Figure 5.4 (i)].**The B.E. for Ag 3d doublet (368.2 and 374.2 eV) is
consistent with Ag® oxidation state.®® The S 2p doublet appears at 161.9 and 163.2 eV
respectively [Figure 5.4 (ii)], which is in good agreement with those of previously
reported values for chemically bound thiolate sulfur. “>*'The shift in B.E. is neither due to
the presence of free alkylthiol nor disulfide, as their B.E.s is expected to be much larger
than 163 eV. Although there is a mild signature for the peak corresponding to thiolate
moiety at 167.8 eV, it is possible to be originated from the beam induced damage as
reported earlier for 2D SAM and for Au MPCs.*? Figure 5.4 (iii) shows C 1s XP spectrum,
where the deconvolation of the peak with respect to Gaussian fitting shows two distinct
peaks at 282.8 and 285 eV respectively.*?> We have taken 285 eV peak as the reference
peak, while peak at 282.8 eV may be due to the presence of carbide species, originating
from differential sample charging. Since the peak positions were assigned on the basis
of the C 1s peak at 285 eV, it does not affect the other B.E. values. The XPS result is in
good agreement with FTIR results, which confirms the presence of DDT molecules on

the surface of Ag particles.
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5.3.2 Electrochemical Measurements

In order to understand the electrochemical behaviour of these differently sized Ag
MPCs, samples were dropcasted on the Pt disc electrode from toluene dispersion and
dried at room temperature in air prior to cyclic voltammetric experiments. Figure 5.5 (a-e)
shows the scan rate dependent voltammograms of Ag MPCs corresponding to particles
(a-e) in 0.1 M aqueous KCI upon anodic scanning, where nearly irreversible nature with
varying peak to peak separation is evident. Accordingly, Figure 5.6 (a-e) shows
representative cyclic voltammograms of these particles (a-e) at 100 mV/s scan rate and
Table 5.1 summarizes the detailed analysis of the electrochemical parameters such as
anodic (Ep,) and cathodic (Ep.) peak potentials, AEp and E4,, from these voltammograms
at 100 mV/s scan rate for all particles along with their surface plasmon peak positions
(UV-visible) and their average size (TEM). For example, Figure 5.6 (a) shows the
voltammograms of particle (a), revealing broad and prominent anodic peak as compared
to cathodic peak, whereas Figure 5.6 (b-e) corresponding to particle (b-e), shows nearly

irreversible behaviour.

The current peaks observed in the cyclic voltammetry (CV) are quite small, as
MPC films are highly resistive; nevertheless, peaks are neither due to oxidation of thiol
nor any electrochemical reaction of the supporting electrolyte as the potential window is
quite small. In addition, these peaks are missing when base line voltammograms are
taken under identical condition without Ag nanoclusters. Consequently, the
electrochemical data suggests that, as prepared particles are more prone to oxidation
compared to reduction, as the anodic peak is more distinct. The electrochemical
reactions can be rationalized as, Ag,’ — Ag.’ + e, followed by, Ag," + CI' > Agn." +
AgCl + e, whereas, the cathodic peak could be due to the possible reaction, Ag, + e —
Ag.’. The anodic peak of the couple is better resolved especially at higher scan rates
and there is a slight dependence of scan rate on the peak potential, perhaps due to the
insulating nature of the DDT layer on the metal cluster surface. The broad nature of
redox peaks can also be due to the distribution of redox potentials corresponding to
cluster dispersion,* while the plateau type behaviour of both oxidation and reduction

peaks can be attributed to the microelectrode type behaviour.
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Figure 5.5 (a-e) Superimposed voltammograms corresponding to particles (a-e) at 10, 20, 50,
100, 200 and 500 mV/s scan rate (all in 2™ scan) in 0.1 M aqueous KCI using a modified Pt as
working electrode, Pt flag as counter and SCE as reference. The anodic peak of the couple is
better resolved especially at higher scan rates and there is a slight dependence of scan rate on
the peak potentials, perhaps due to the insulating nature of the DDT layer on the metal cluster
surface.
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The difference in some of the features of voltammograms could be attributed to
effectiveness of the capping agent and the population of the surface defects, like
pinholes, grain boundaries, trapped solvents and high resistance of the MPC films.*
Nevertheless, the presence of these alkyl chains does not obstruct electron transfer
behaviour from the core as indicated by the capped nanoclusters, although the anodic
peak is sharper than the cathodic one due to more facile oxidation process. The
oxidation process after several cycles (> 50) causes a partial destruction of monolayer
integrity and this reorganization is seen for all cases as a prominent anodic peak in
comparison with the cathodic one. For example, Figure 5.7 shows both peaks
significantly sharpened, suggesting the destruction of monolayers during the oxidative

sweep of CV measurements.
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Figure 5.6 Representative cyclic voltammograms (a-e) of different sized DDT protected Ag
nanoparticles (a-e) at 100 mV/s scan rate in 0.1 M aqueous KCI using a modified Pt as working
electrode (all are in 2™ scans).
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Table 5.1 Variations of surface plasmon peak positions and electrochemical parameters, such as
Epa, Epc, AEp and Eqj; for 2-7 nm sized (from TEM) DDT capped Ag nanoclusters (a-€)

Position of

Size
Cluster the Epa Epc AEp E112
(TEM; +0.4
Type plasmon (V) (V) (V) (V)
nm)
peak (nm)
(@) 433 2 0.096  -0.08 0.176  0.008
(b) 434 26 0.144 -0.080 0.224 0.032
(c) 432 3.3 0.094 -0.164 0.258 -0.350
(d) 418 4.7 0.150 -0.120 0.270 0.015
(e) 410 7.2 0.105 -0.087 0.192  0.009
2 -
0-
<
=
S
-2 ]
-4 -

-0.2 0.0 0.2 0.4

Figure 5.7 Representative cyclic voltammetric response of particle (c) at 20, 50, 100, 200 and
500 mV/s scan rate after 50 scans 0.1 M aqueous KCI using a modified Pt as working electrode,
Pt flag as counter and SCE as reference, where both the peaks are sharpened enough,
suggesting the destruction of monolayers during oxidative sweep of CV measurements.
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The peak nature or position of voltammograms does not change significantly, if
the supporting electrolyte, KClI, is replaced by (a) KNOj3 or (b) Na,SO, as shown in
Figure 5.8 for particle (c). The electrochemical reaction is believed to occur via electron
tunneling across the particle and the electrode through organic capping molecules.? The
mechanism of electron transfer has been speculated to include contact electrification,
nanosparking or multielectron tunneling across the Helmholtz layers between the two

metal surfaces etc.?*
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Figure 5.8 The superimposed voltammograms of particle (b) at 20, 50, 100, 200 and 500 mV/s
scan rate in 0.1 N aqueous KNO; (a) and at 10, 20, 50, 75 and 100 mV/s in 0.1 N aqueous
Na,SO, using a modified Pt as working electrode, Pt flag as counter and SCE as reference (all
are in 2™ scan). The peak nature or position is unaffected with the change of supporting
electrolyte KCI to KNO3; or Na,S0O,.

In order to understand the effect of particle size on the electrochemical behaviour
of DDT capped Ag nanoparticles, we intend to correlate the separation between anodic
to cathodic peak potentials (AEp) and E4; with size. Accordingly, a representative plot of
AEp vs. particle size is shown in Figure 5.9 (i), where an increase of AEp with increase in
size is clear till 3.5-6 nm. Interestingly, Figure 5.9 (ii) shows the plot of Eq; vs. particle
size revealing an almost constant value of E4;, throughout this size regime as observed

for conventional materials. Further, as AEp value is directly related to the kinetic
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parameters, we hope the electron transfer facility may decrease with increase in size in
a similar manner. Nevertheless, we have not carried out the calculation of rate constants
by using dimensionless parameters, since there are several ambiguities such as large
AEp separation or unknown diffusion coefficients, transfer coefficients for this colloidal
systems.** Perhaps electrochemical scanning tunneling microscopy (ESTM) can resolve
the problem with its higher sensitivity compared to CV. Despite these limitations, this is

the first attempt for a systematic study of size dependent redox property of Ag MPCs.
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Figure 5.9 Variation of (i) AEp with size of the Ag MPCs showing the maxima around 3.5-6 nm
followed by a further reduction and (ii) E4, vs. particle size for similar clusters (E4,, was calculated
by averaging the cathodic and anodic peak potentials of voltammograms).

Similar correlation of size-dependent redox properties of gold nanoparticles is
also important for understanding their role in catalysis.*> For example, a recent report
shows that positively charged Au, particles are the active catalytic species for the
production of water gas, while metallic gold particles are mere spectators.*® In this
regard, we do not observe any redox activity of Au MPC films in neutral aqueous
medium for variety of supporting electrolytes, like KCI, Na,SO, and KNOs, while bare
gold particles show redox activity in acidic medium.>*® Since desorption of organic

monolayer is known in such harsh conditions,*” eventually leading to the agglomeration
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of uncapped particles by electrochemical Ostwald ripening,*® it may not be suitable for

investigating such sensitive features.
5.4 Synthesis of Ag Nanoparticles Using Triethylamine

Since the physical and photophysical properties of nanoclusters are influenced
by the number of atoms present in the clusters (size, shape control), size dispersion
often cause large irreproducibility of cluster properties.>*“° Thus a minor variation in the
size distribution can cause a large discernible effect in many of the properties and
consequently, one of the principal objectives of various synthetic strategies is to achieve
precise control over their size, shape and dispersion.’® Metallic nanoclusters stabilized
by self-assembled monolayers (SAMs) are generally prepared by the well known Brust's
synthesis.?® In brief this method consists of a biphasic system where a reducing agent
such as NaBH, along with an appropriate capping agent in an organic phase is used to
generate metal nanoclusters.”® Since NaBH; can cause sudden pH change of the
aqueous phase subsequent to the generation of cluster nuclei, its adverse effect on the
growth rate of the clusters can be avoided by the use of a mild reducing agent.
Furthermore, the high diffusion coefficient of silver ions in water (dielectric constant, € =
80) can accelerate the growth of the particle size and hence the use of low dielectric

constant solvent is important to restrict the growth.”’

Researchers have tried so far several routes to get precise size distribution by
following various strategies including, 1) use of metal complex that serves both metal ion
provider and nanocluster stabiliser,® 2) different solvent systems with low dielectric
constant (eg. supercritical water, CO, and ethane),®® 3) use of different types of capping
agents, like aliphatic or aromatic thiols, amines, acids to restrict clusters growth® along
with the use of different templates, such as miceller solutions, cavities of zeolites and
pores of alumina, to restrict the clusters growth.>® In this regard, we have carried out the
synthesis of silver nanoparticles in toluene (monophasic system with low dielectric
constant) with the help of a unique electron transfer agent triethylamine (TEA). Silver
benzoate as a homogeneous soluble salt is selected as a metal ion provider as well to
stabilize initially formed clusters by the adsorption of benzoate anions. Simultaneous use

of DDT or TDA along with TEA reveals monodispersed silver nanoclusters, whereas use

University of Pune, June 2005 186



Ph. D Thesis Chapter 5

of only TEA produces polydispersed clusters in the same synthetic strategy. Accordingly,

cyclic voltammetric results of these clusters suggest different electrochemical properties.
5.4.1 Synthetic Procedure

Briefly, the capped nanoclusters were synthesized in toluene using TEA as an
electron transfer agent and Ag-benzoate as the metal ion provider. Briefly, 1 mM Ag-
benzoate was dissolved in toluene by vigorous stirring followed by addition of DDT or
TDA such that metal ion to DDT/TDA concentration ratio kept 1 : 1. After half an hour
vigorous stirring, 100 mM TEA (in toluene) was added dropwise and stirred overnight.
The resulting colorless solution was shaken with 10 mM NaHCOj; solution to remove
excess benzoic acid and then the resulting toluene solution was dried under N;
atmosphere. The particles without capping in toluene were also synthesized by using the

same synthetic protocol, except using any external capping agents during synthesis.
5.4.2 Characterization of Ag Nanoparticles

The reducibility of TEA has been demonstrated by UV-visible spectroscopy
(Figure 5.10a), which reveals the presence of a charge-transfer absorption band
between 517 and 308 nm. This shows an orange coloration (lasting for few minutes = 5-
10 min) as shown by the photograph in inset 1 of Figure 5.10 (a). However, the
absorption intensity in the visible region has diminished with time along with a
concomitant rise of the peak intensity in the ultraviolet region (colorless solution;
photograph in inset 2 of Figure 5.10a). Significantly, this later absorption at 308 nm
corresponds to the surface plasmon characteristic of very smaller silver nanoclusters,
which perhaps adsorbed with TEA and benzoic acid on its surface.®*® The quiescent
solution produces silver mirror (= 7 days) due to the growth of particles of chemically

identical silver clusters as shown by the photograph as inset 3 of Figure 5.10 (a).
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Figure 5.10 (a) Time dependent UV-visible spectra of the reduction of Ag-benzoate by
triethylamine at (i) 1 min, (i) 5 min, (iii) 10 min, (iv) 15 min superimposed with (v) UV-visible
spectra of aqueous 1,4-dioxan mixture of triethylamine. (b) Time dependent reduction of Ag-
benzoate by TEA in toluene without using any external capping agent at (i) 10 min, (i) 30 min, (iii)
295 min, (iv) 385 min, (v) 450 min, (vi) 28 h and (vii) 49 h, suggesting slow growth process of
these particles. (c) Superimposed UV-visible absorbance spectra of Ag nanoclusters prepared by
(i) only TEA, (ii) TEA along with DDT and (iii) TEA along with TDA.

The reduction in toluene is comparatively slower than that of in neat TEA as
revealed in Figure 5.10 (b), which shows the time dependent UV-visible spectra of the
Ag particles synthesized in toluene without using any external capping agent. More
specifically, spectra (i-vii) corresponding to 10 min, 30 min, 295 min, 385 min, 450 min,

28 h and 49 h, show the growth process of these particles. In presence of external
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capping agent, like DDT or TDA, the process is much faster as shown in the
superimposed UV-visible spectra in Figure 5.10 (c), where graphs (i-iii) corresponding to
bare, DDT and TDA capped particles. Silver nanoclusters prepared using TEA alone (i)
display a broad and unsymmetrical surface plasmon band at 434 nm with a full width at
half minimum (FWHM) of ca. 96 nm. More significantly, this plasmon band shows a
slight red shift with time (ca. 4 nm shift after keeping for 1 week) concomitant with a
broadening, which indicates increase of the cluster size. In sharp contrast, the
simultaneous use of DDT and TEA (ii) exhibits an intense and symmetric plasmon band
at 348 nm with a FWHM of ca. 68 nm, whereas use of TDA (iii) shows plasmon peak at
440 nm with FWHM of ca. 67 nm.®'"" |n addition, these plasmon characteristics are
found to be invariant for two months. The unusual shift of surface plasmon peak for the
DDT capped nanoparticles might be attributed to their self-assembled nature, which can
be seen clearly from the TEM micrographs.
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Figure 5.11 Variation of the open circuit potential (OCP) as a function of time, between the
Ag/AgCI reference electrode and Ag-benzoate coated Pt working electrode, after the addition of
the TEA, confirming the reducing capability of TEA.
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Figure 5.12 (a) and (b)TEM images of the resultant polydispersed Ag nanoparticles as a
consequence of the mixing of Ag-benzoate with a broad size distrubtion (3 - 30 nm) having an
average particle size of 14 £ 1 nm, inset (b) showing the corresponding histograms.

The reducing capability of TEA has also been proved by the open circuit potential
(OCP) measurement experiments, where the change of OCP as a function of time is
monitored between the Ag/AgClI reference electrode and Ag-benzoate coated Pt working
electrode, after the addition of TEA at room temperature in 0.1 M LiCIO4/acetonitrile. The
change of OCP with time has been shown in Figure 5.11, where the negative potential
drop (60 mV) within 20 min upon the addition of 1 ml TEA to the system signifies
reducing capability of TEA.*® However, no such changes are observed in presence of
either Ag-benzoate coated Pt working electrode in presence of acetonitrile or blank Pt in

presence of TEA.

The formation of nanoparticles from the reaction of neat TEA and Ag-benzoate
has also been confirmed from the TEM analysis as shown in Figure 5.12, which
indicates polydispersed nature with a broad size distrubtion (3-30 nm) having an
average particle size of 14 £1 nm. Possibly, both TEA and benzoic acid act as weak
stabilizing agents during the reduction, which causes this polydispersity. However,
Figure 5.13 shows a typical TEM image of clusters prepared with TEA alone in toluene,

where a polydispersed size distribution (1.4 +0.2 to 28.6 +0.2 nm) with an average
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particle size of 4.5£t0.2 nm can be seen. Perhaps, the slow reduction due to less

dielectric nature of toluene could reduce the average particle size.

Figure 5.13 TEM images of Ag nanoclusters prepared only with TEA in tolune, showing
polydispersed nature (size distribution 1.4 + 0.2 to 28.6 + 0.2 nm) with an average particle size of
4.5 + 0.2nm; inset (b) showing the corresponding histograms.

Figure 5.14 (a) TEM images of Ag nanoparticles prepared by the simultaneous use of TEA along
with DDT (Inset shows the corresponding histograms), showing an average particle size of 2.5 +
0.3 nm. (b) TEM image of the self-assembled array of Ag nanoclusters prepared by TEA along

with DDT.
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Figure 5.15 TEM images of Ag nanoparticles prepared by the simultaneous use of TEA along
with TDA (Insets show the corresponding histograms), showing an average particle size of 3 +
0.7 nm.

In comparison to these bare particles, the TEM image of clusters prepared using
DDT and TEA (Figure 5.14a) simultaneously reveals the presence of a highly
monodispersed distribution with an average particle size of 2.5 +0.3 nm. Interestingly,
Figure 5.14 (b) illustrates array like features for these clusters with an intercluster
spacing of ca. 2.5 nm due to the hydrophobic interaction of long alkyl chains.** More
specifically, the facetting observed for such arrays is attributed to the formation of highly
ordered superstructures, which perhaps causes the drastic blue shift of surface plasmon
peak of these particles. However, such array like features have not been observed for
the case of TDA capped particles, which also reveals a nearly monodispersed nature

with an average patrticle size of 3 +0.7 nm (Figure 5.15).
5.4.3 Electrochemical Properties

The cyclic voltammograms (Figure 5.16) of various Ag nanoparticles in aqueous
acetonitrile (10 : 100; v : v) solution of LiCIO, reveals the presence of a distinct redox
couple possessing unique electron transfer properties as a function of scan rate. The
cyclic voltammograms are recorded by dropcasting the Ag MPCs (= 1mg/ml) on the Pt

disc electrode (4 mm) from toluene dispersion and dried at room temperature in air prior
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to experiments. For example, voltammograms shown in Figure 5.16 (a) of Ag
nanoclusters prepared with TEA alone under identical conditions exhibit nearly an
irreversible oxidation peak, signifying that these clusters prefer to exist in the oxidized

form in solution.
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Figure 5.16 Superimposed cyclic voltammograms of silver nanoclusters of (a) bare Ag particles
prepared in toluene at 10, 25, 50, 100 mv/s scan rate, (b) DDT capped Ag nanoparticles at 4, 10,
50 and 100 mV/s, (c) AgTDA particles at 10, 20, 50, 100, 200 mV/s and (d) all these three
particles at 50 mV/s for comparison, showing capping dependent redox accessibility of these
particles.
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Table 5.2 Variations of electrochemical parameters, such as Ep,, Epc, AEp and E;, for Ag bare,
DDT and TDA capped Ag nanoclusters prepared using TEA

Ag Nanoparticles

Figure5.46 (@) o) Ere(V) AR EwlY)

Bare particles (x) 0.23 0.07 0.16 0.15
TDA capped
0.16 -0.09 0.25 0.035
particles (y)
DDT capped
0.26 -0.13 0.39 0.065

particles (z)

Nevertheless, the presence of the alkyl chains does not obstruct the electron
transfer behaviour from the core as indicated by the superimposed cyclic
voltammograms in Figure 5.16 (b and c) for DDT and TDA capped clusters respectively.
For example, cyclic voltammograms (b) of Ag clusters protected with DDT show a quasi-
reversible couple, whereas the oxidation peak is prominent for (c) TDA capped particles.
The anodic (Epa) and cathodic (Ep.) peak potentials, peak separations (AEp) and E.p
have been summarized in Table 5.2 for the CV at 50 mV/s scan rate [Figure 5.16 (d)].
Since AEg is directly related to the feasibility of donation and acceptance of electrons to
the Fermi level, the nature of the capping agent is perhaps responsible for such a
behaviour. More specifically, the AEp increases in the order of bare particles (x) < TDA
capped particles (y) < DDT capped particles (z), which might be attributted to the
stronger Ag-S bond as compared to the Ag-N bonds. The highly packed nature of DDT
capped Ag particles as observed in UV-visible and TEM might also be responsible for
such higher AEp values due to the interlinking of clusters. These unique differences in
the redox features of silver nanoclusters by simple tuning of capping agent can be

effectively utilised in suitable electrocatalytic reactions with Ag, /Ag,” mediators.
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5.5 Conclusions

We have demonstrated the size dependent electrochemical behaviour of DDT
protected silver nanoclusters. Our study reveals that the redox behaviour is affected by
size as in agreement with the theoretical calculations based on the Kubo gap. More
specifically, the separation between oxidation and reduction peaks (AEp) increases with
the increase in size and after reaching a maxima (3.5-6+0.5 nm) followed by a further
decline. As the kinetic parameters are directly related with AEp values, the electron
transfer facility decreases with the increase in size in a similar manner. Further, we have
also demonstrated the reducing capability of TEA to form highly monodispersed silver
nanoclusters in an anhydrous organic medium, which shows that the selection of the
capping agent plays a critical role in controlling the redox accessibility. These unique
redox features of capped silver nanoclusters can be effectively utilized in suitable

electrocatalytic synthesis with Ag, /Ag," mediators.
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Chapter 6

Conclusions and Future Prospects

This last chapter deals with the significant conclusions of the present study. It also outlines

several general limitations of such monolayer
protected hybrid materials along with the
suggestions for their improvements. Several
other promising areas and challenges are also

discussed to stretch the applications of

nanoscale materials in view of the fundamental

and technological interests of physicists,
chemists, biologists and engineers. Finally, some of the future prospects and precautions of the
nanotechnology are presented within the broad perspective of fabricating the next generation
devices.
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The recent progress in the understanding of size-dependent properties of
functionalized metallic nanoparticles has been phenomenal in achieving the novel
functions as revealed in this study and also by several other reports.” Monolayer
protected nanoclusters (MPCs), especially of Au and Ag, are ideal in this respect, since
they offer tremendous flexibility to modulate their structures and properties.' Apart from
the core size manipulation, the ability to tune the organic capping molecule’s properties
renders these hybrid materials as indispensable functional units for nanotechnology.'™
Accordingly, an array of such clusters is considered as the closest experimental systems
to justify quantum theories in low-dimensions, fascinating many material scientists to
“‘create” designer materials for the rapidly emerging applications in molecular

electronics.™®

Although plenty of methods are available for the synthesis of Au MPCs, several
limitations still persist. For example, the most widely used Brust's method* is only
effective for synthesizing 1 - 5 nm sized particles, while several other limitations, like the
presence of large polydispersity, the use of quaternary-ammonium salts as phase
transfer catalysts (troublesome to remove, which may contaminate the particle surface),
higher costs for the phase transfer agents and necessary tedious methods for
purification and size sieving, need to be improved. In this regard, we have developed a
low cost process excluding the use of any quaternary-ammonium salts as phase transfer
catalysts for the size selective preparation of moderately monodispersed, larger Au
MPCs. These particles are capable of forming large area superstructures as evident
from TEM and the effect of temperature on such ordered assemblies (3.72 nm sized Au
MPCs) have revealed temperature induced diffusion limited phase transition, involving

nonequilibrium fractal structure.

Single electron transfer behaviour or quantized double layer charging (QDL) of
MPCs has been identified as one of the key features for their use as building blocks for

nanoelectronic circuit components.®**®

Although, QDL feature has been vastly
investigated for smaller MPCs (2r < 3 nm, where ‘r' is radius) using STM/STS and
voltammetric techniques, no such reports are available to understand such behaviour for

larger sized MPCs. Subsequently, we are the first to demonstrate the single electron
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charging behaviour of larger sized Au MPCs (3.72 nm and 4.63 nm) using several

electroanalytical and other techniques.

Although several experimental and theoretical reports of MPC-MPC and MPC-
solvent interactions are known,?* no adequate studies have been performed to illustrate
the interaction of charged MPCs. Accordingly, the diffusion coefficients are calculated for
4.63 nm sized Au MPCs at its various charge state using chronoamperometry and
impedance techniques. Interestingly, these results demonstrate that the presence of
higher charge enables these particles to diffuse faster along with concomitant
enhancement in their electron transfer rates, indicating the importance of repulsive
interaction as compared to that of the neutral MPCs. These initial results could add new
useful information for understanding the interactions of charged MPCs in solution under

electric field, where the steric interaction is also active due to long aliphatic chains.

The electrochemical features of five differently sized Ag MPCs (2-7 nm) have
been investigated to correlate size effect on the redox activity of nanometer scale
particles. This study reveals that the redox behaviour of Ag core is affected by size,
showing an initial increase of the separation between oxidation and reduction peaks
(AE,) in cyclic voltammograms with increasing size till a maxima (3.5-6 nm) followed by
further decrease. Further, a single-step method of the preparation of Ag MPCs in

nonaqueous medium has been demonstrated along with their electrochemical features.

How can soft and subtle organic molecules help to form order in inorganic
nanomaterials, like metallic and semiconducting clusters? The answer to this question
mainly lies in their ability to form self-assembled monolayers (SAM) on selected
structures by their adsorption characteristics.® This gives remarkable stability to MPCs of
many noble metals and semiconductors, facilitating their use in real device applications.
A unified understanding of the electromagnetic interaction of nanoclusters with tunable
size-scales would unravel several fundamental questions of photon-solid interactions
within a fully quantum electrodynamics framework.! In addition, investigations of
resonant absorption phenomena as a function of material dimensionality, symmetry and
excitonic structure would give several surprising photonic and electronic applications in
the coming years. With such new nanostructures containing artificially designed ligands

acting as molecular interconnectors, even supplementing some of the cluster properties,
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the prospect for the field should continue to be bright in the next decade, leading

eventually more and more applications of monolayer protected clusters.

Despite steady progress during the couple of years, several key questions and

challenges remain to be addressed, as illustrated bellow:

1) Adequate strategies have to be developed to create or modulate nanostructures in

a predefined fashion.

2) A proper understanding of the role of commonly used materials for the preparation
of nanostructures as well as the interface of nanoparticle/organic or biomolecules
need to be evaluated. Since the toxicity is also expected to increase for
nanomaterials compared to its bulk, these assessments may help to extend their

applications in several social sectors.

3) Suitable methods to prepare shape selective nanostructures, composites of
organic-inorganic or inorganic-bio materials are to be developed, since they often

have novel functions.

4) Assembling various shaped and high aspect ratio nanostructures in well defined
domain to understand their coupled optical, electrical or magnetic response is still a

daunting challenge.

5) The understanding of the nucleation, growth, kinetics and thermodynamics of these
structures are necessary to resolve several fundamental issues related to the

structural manipulation of these materials.

In addition to these challenges, several issues related to the limitations of these
hybrid materials, like stability, dynamics of organic monolayer in presence of external
stimulations and structural modulation due to change of field gradient, have to be further
understood thoroughly before their utilization. Accordingly, the understanding of the
properties of high aspect ratio or various shaped nanostructures is also necessary to
unravel the electron transfer features at reduced dimensions, especially, for electronic
applications. Additionally, special initiation is also required to create bio-hybrid materials,

which is expected to find immense utility in bio-nanotechnology, especially, if they are
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coupled with suitable biomolecules.

A detailed understanding of the fundamental aspects of these materials would
enable several fascinating nanoelectronic circuitry, while composites would be used as
materials for making smart devices. Several technologies would be expected to
revolutionize including, information technology, computer technology, biotechnology and
energy technology along with their impact on social sectors, like health, food, water and
medicine concerning our daily life.” However, the social and environmental issues of
nanotechnology have to be critically examined before delivering technology as several
frightening consequences are proposed recently.® Accordingly, the cost and energy
conservation for creating nanoarchitectures have also to be reduced along with ensuring
their reproducibility. Finally, as a consequence of nanotechnology, we would hope an

unprecedented change in our socio-economic scenario in the coming decades.
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