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Abstract

Understanding and controlling metal nanoparticle (Ag, Au

and Pd) assemblies

Human being's tryst with materials was strictly utilitarian for a very long period.

However, in the last couple of centuries questions like why certain materials behave

the way they behave?, what are the underlying principles that govern material's

properties?, have led to the emergence many di�erent scienti�c �elds like Chemistry,

Physics, Biology, Materials Science etc. In many of these �elds one of the foremost

aim is to establish the so called �structure property relationship� for a given mate-

rial/system. This is not only expected to satiate the fundamental quest for knowledge

but also enable us to design and develop new materials that have superior properties

than those naturally existing o�ering better controllability on the way.

That the �structure� of a material/system intricately governs the �property� it displays

is best illustrated by diamond and graphite. In both the above cases the fundamental

building unit is the element carbon but both display amazingly di�erent properties

in the bulk. This di�erence, as is well known, is due to the type of bonding that

exists between the carbon atoms and also the way these carbon atoms are arranged

in the bulk material with respect to one another. In this context, while researchers

have made signi�cant progress in mapping the relationship between the structure and

property of a material where the fundamental building blocks of the material of in-

terest are molecules and atoms. Right now in a vast majority of cases the materials

that are being prepared are transformed from their fundamental building blocks into

the bulk through a process called self-assembly. Again researchers have made giant

strides as far as understanding the self-assemblies of atoms and molecules. However,
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Abstract

when it comes to nanocrystalline particles (NPs), knowledge of the so called struc-

ture property relationship especially of the self-assembled structures that are obtained

from them is still at a nascent stage. The necessity to understand such a relationship

in NPs is not only of fundamental in nature but is also driven by the desire to prepare

new generation miniaturized devices via the bottom up approaches.

The plethora of reports on NPs self-assembly clearly demonstrated the requirement

of size and monodispersity control in order to achieve the required arrangements.

Best arrangements are known to occur at 2-3% polydispersity, while polydispersity

in excess of 12% is known to suppress crystallization of NPs into superlattice (SL)

structures. In recent years, much progress has been made for synthesis of monodis-

perse NPs. Mechanistic studies have shown that formation of monodisperse NP needs

the separation of nucleation and growth process with great precision. Many chemical

methods such as hot-injection method, microemulsion method etc. were developed

satisfying the above mentioned requirement. Though these methods lead to monodis-

perse particles, they simultaneously need �ne control over many factors. This makes

the use of post preparative size modi�cation process more common for achieving

monodispersity.

Post preparative size modi�cation of NPs can be achieved by one of the following

means.

I) Ostwald ripening

II) Post treatment of polydisperse NPs such as size selective precipitation, digestive

ripening etc.

In case of Ostwald ripening, the smaller particles of the polydisperse system dissolve

and the monomer released thereby get attached to bigger particles. This leads to

growth of bigger particles and increase in monodispersity of the system. But only

bigger size particles can be obtained by this method and standard deviation cannot

be narrowed below 15-20%.

These above mentioned drawbacks lead to the evolution of post treatment methods.

Among the many post treatment procedures known till date, size selective precipita-

tion and digestive ripening are the most commonly used. Size selective precipitation
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uses the di�erence in dispersibility of smaller and larger particles. In this procedure,

an anti-solvent is added drop wise to the NPs dispersion under stirring. As bigger

particles possess higher van der Waals force of attraction, they aggregate �rst. These

aggregate is separated and next portion of non solvent is added to the supernatant

in order to isolate the second size fraction.

Though this protocol has wide applicability, it needs longer time and careful selection

of solvent and anti solvent pair. This problem can be avoided by use of another post

treatment method known as inverse Ostwald ripening or digestive ripening. This

involves heating of a polydiperse nanocrystalline particle dispersion in presence of

excess capping agents i.e. ligands/DRAs. The wide applicability of this protocol has

been demonstrated experimentally with many metals, semiconductor and magnetic

systems such as Ag, Pd, Pt, Rh, Ru, CdSe, CdS etc. In spite of such a wide appli-

cability, very little is known as far as the mechanism of the monodisperse particle

formation by this method.

The work done in this thesis is a trial to expand experimental information available

about the process so as to get better insights of the mechanism involved. In order to

do that, we checked the in�uence of various parameters such as temperature, time,

metal-ligand head group binding energy, ligand chain length etc.

Given below brief descriptions of the chapters into which this thesis work has been

divided.

Chapter 1: This chapter serves as a preamble to the thesis. It brings out the im-

portance of NP size and monodispersity for their arrangement into ordered structure.

It then describes brie�y the recent developments in synthetic procedures to obtain

monodisperse particles over a wide range of size. Finally this chapter emphasises the

need to understand the underlying mechanism involved in the size controlled synthe-

sis of NPs that is in turn important for achieving control over their self-assembled

structures.

Chapter 2: This chapter is divided into two parts.

Part I: This part of the thesis describes the e�ect of the nature of chemical functional

group on the NP size in the digestive ripening process. For this we had chosen three
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metal system namely Ag, Au and Pd which follow chemical softness order Ag> Au>

Pd. Also the DRAs chosen are dodecylamine and dodecanethiol, which di�er only in

the functional group they possess. We demonstrated that amongst the combination

of metal-ligands chosen the Ag-thiol pair leads to smallest particles and Pd-amine

the largest particles. This observation is explained using the ligand-metal interaction

strength which is mainly governed by Hard Soft Acid Base principles.

Part II: As the formation of nearly monodisperse NPs by digestive ripening process

requires heating of the polydisperse system in presence of a DRA, in the second part

of the chapter we present our result on the in�uence of temperature and time pe-

riod of heating on the NPs size. This was done by subjecting a polydispersed gold

nanoparticle dispersion to digestive ripening process with hexadecanethiol. It was

demonstrated that at lower temperatures, nearly monodisperse particles are obtained

within short time period. Size of these particles remains una�ected over a period of

time, substantiating the prevalence of classical digestive ripening process. However,

at elevated temperatures, the continual growth of bigger particles obtained during

the initial period of the reaction, revealed a deviation from the digestive ripening be-

haviour. These observations illustrate a plausible cross over from digestive ripening

to Ostwald ripening phenomenon based on the temperature and time used during

re�ux step

Chapter 3: In this chapter the combined in�uence of chain length of the ligand and

temperature on the NPs size and size distribution is investigated. To do this thiols

of di�erent chain length i.e. octanethiol (8 carbon atoms), dodecanethiol (12 carbon

atoms) and hexadecanethiol (16 carbon atoms) were used as digestive ripening agents.

It was observed that, particle size remain una�ected by increase in temperature for

octanethiol capped NPs while the particles capped by hexadecanethiol showed sub-

stantial increase in the mean size. For dodecanethiol capped NPs, the monomodal

particle size distribution transferred into a bimodal one with increase in temperature.

The particle sizes, size distributions and ligand chain length were seen to a�ect the

assembly pattern of NPs signi�cantly. The in�uences of the particle-particle attrac-

tion, steric factor and ligand-ligand interdigitation on the nature of self-assembled
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structures formed are delineated through systematic study.

Chapter 4: This chapter is again divided into two parts.

Part I: The �rst part of the chapter describes the in�uence of ligand chain length on

Au NP size by using amines of di�erent chain lengths DRAs. The amine di�ers from

thiol in terms of its weak binding strength to Au NPs surface compared to thiol. The

in�uence of conc. of DRAs over NPs size also been studied.

Part II: Unlike thiols, the weak binding of amines with NP surface allows continuous

ligand exchange between the NP surface and the solvent. This in turn prevents in-

terdigitation of long hydrocarbon chains of amines, which is considered as one of the

driving force for ordered assembly formation especially in the case of thiol capped Au

NPs. In this chapter we demonstrated the formation of ordered 3D assemblies from

amine capped Au NPs also. This was achieved by dispersing the amine capped Au

NPs in a mixture of good solvents, among which one evaporates at a faster rate. The

faster evaporation of one solvent can con�ne NPs into smaller volumes of the other

solvent leading to close packed assembly formation.

Chapter 5: This chapter summaries the work carried out in this thesis by high-

lighting the prominent feature of the work. Furthermore, we also provide possible

directions for future work that can be carried out using this work as the basis.

Principal conclusions and future prospects

(a) Control over NPs size can be achieved by controlling metal-ligand head group

interaction.

(b) Temperature and time also in�uence the NPs size in a signi�cant way. Particle

growth at higher temperature and at longer time scale involves both Ostwald ripening

and particle coalescence.

(c) The particle size and size distribution can be controlled by ligand chain length and

temperature. Such variations in size and size distributions hugely in�uence their self-

assembled structures due to the subtle interplay between ligand orientational entropy,

their interdigitation and the van-der Waals attraction between the metal cores.
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(d) The e�ect of ligand chain length on NPs size is more pronounced when weakly

bound amine was used as ligand. An easy and convenient way to obtain both 2D and

3D nanocrystal superlattices of amine capped NPs, utilizing the solvent evaporation

as an important parameter has also been demonstrated.
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Chapter 1

Introduction

This chapter gives an insight to this the-

sis. It brings out the importance of

size controlled synthesis of nanoparticles

and the e�ectiveness of digestive ripen-

ing procedure in doing so. This chapter

also emphasizes the need to understand

mechanistic aspect of digestive ripening

process. It also accentuates the role of

digestive ripening process in controlling

self-assembly of nanoparticles.
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Chapter 1

1.1 Introduction

The evolution of civilization is intricately associated with the development of mate-

rials. In the beginning use of various materials for di�erent applications was more

serendipitous in nature. Advent of modern science and di�erent analytical techniques

allowed deeper understanding of material properties and this lead to enormous devel-

opment in making novel, unnatural materials with desired properties. However both

the desire to convert known materials into working artefacts or the development of

new naturally non-existent materials with desired properties requires understanding

of few things:

1. Why do certain materials behave the way they behave?

2. Can we alter or modify material behaviour in order to improve their functionality?

Answer to these questions involves the understanding of di�erent aspects of materials

and gave birth to the new �eld of material science. The main focus of material sci-

ence is to relate property of the material with its structure and this understanding of

structure-property relationship provided a knowledge base to engineer new functional

materials.

There are many examples which establish the relation between the materials prop-

erty and the spatial arrangement of the constituent elements/molecules [1]. It is

well known that, same chemical substance possesses immensely di�erent properties

depending on their arrangement pattern. For e.g. carbon atoms make the hardest

material on the earth i.e. diamond when arranged in a tetrahedron lattice. But the

same atoms, when placed at the apices of interlinked equilateral triangles, the result

is graphite, which is very soft. Diamond and graphite not only di�er in their hardness

and appearance, but in other properties such as electron and thermal conductivity

as well. Similarly behaviour of molecules is also signi�cantly driven by their spatial

arrangement. If we look into the biological system, from a set of seemingly simple

molecules which includes 20 amino acids, a few nucleotides, few lipid molecules and

sugars, an enormously diverse range of re�ned structures and molecular machines are

made by bringing the constituents together in di�erent manner and nature seems

2
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to do it e�ortlessly. Many examples such as assembly of collagen and keratin into

ligaments and hair, assembly of many proteins to form protein sca�old, which recruit

calcium ions and form the mammalian teeth, formation of lipid bilayers etc. These

are the result of arranging molecules/proteins in di�erent manner and are great testi-

mony to the diversity associated with the arrangement pattern the properties linked

to that arrangement process. The wealth of examples surrounding us act as an in-

spiration for designing functional materials such as molecular crystals, liquid crystal

and semicrystalline and phase-separated polymers. In many of the above mentioned

examples, the constituent atoms/molecules come together spontaneously leading to

the formation of di�erent functional materials. This marvellous spontaneous coming

together phenomenon is called �self-assembly�.

1.2 Self-assembly

Self-assembly (SA) is not a formalized subject. In nature there are plethora of ex-

amples that could be attributed to self-assembled structures. For e.g. starting from

the great barred spiral galaxy, in which billions of stars are organised under the in�u-

ence of gravitational force, the tiny colourful crystals of bismuth or �uoride formed

due to the weak non covalent interactions, are considered as results of SA process

(Figure 1.1).

Figure 1.1: The great spiral galaxy NGC 1365 (A) and crystal of �uoride (B). Adopted from
wikipedia

3
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Coming to man made systems, though di�erent from natural systems in many

ways, the term SA is commonly used. Though de�nition of the term SA is elastic,

researchers of various disciplines tried to de�ne it and few are presented below.

In one of the early report, Hosokawa et al. [2] described SA as

�Viruses and bacterial �agella are constructed automatically out of protein subunits.

This phenomenon is called self-assembly, which is a powerful technique applicable to

microfabrication"

Later the group led by George M. Whitesides and by Bartosz A. Grzybowski provided

several de�nitions of SA. One of them is [3]

�spontaneous formation of organized structures from many discrete components that

interact with one another directly and/or indirectly through their environment.�

Considering many of the de�nitions Pelesko in his book Self-Assembly: The Science

of Things That Put Themselves Together [4] de�ned SA as

�Self-assembly refers to the spontaneous formation of organized structures through

a stochastic process that involves pre-existing components, is reversible, and can be

controlled by proper design of the components, the environment, and the driving force.�

Though the level of complexity that nature has accomplished in the realm of SA is

yet to be achieved, we have made key strides in learning its fundamental rules. [5,6].

Using the weak interactions, such as hydrogen bonds, van der Waals forces, Π-Π

interactions, hydrophobic and hydrophilic interactions etc. researchers have started

to design structures with moderate complexity. Development of molecular switches

and genetic engineering can be considered as some of the outcomes of such e�orts. [7,8]

Despite of the progress we have made, the problem associated with thermal and

conformational stability of molecules limit our designing skill. This forced researchers

to think of di�erent building units other than atoms and molecules and eventually

gave birth to nanoscience [9,10].

4
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1.3 Why think about nano?

Though nanomaterials existed from the time of origin of cellular life, it is Michael

Faraday who synthesized the nanomaterial for the �rst time in a laboratory, by prepar-

ing the �rst purple sample of colloidal gold. The term nano (originated from Greek

term dwarf) refers to something very small. This reduction in size often does much

more than making things smaller. It is well established that below a certain size scale,

properties of materials undergo qualitative changes and this changes are strongly size

dependent. This length scale where properties of materials changes is termed as

�nano". For e.g. gold in its bulk form is shiny, yellow in color, non reactive, non

magnetic and has high melting temperature. However gold NPs are quite di�erent.

Their colour can vary from blue to red and even colourless depending on their size.

The melting temperature decreases dramatically with reduction in size. Small gold

NPs are also proven to be excellent catalysts and even exhibit considerable mag-

netism [11�13]. Properties of NPs not only depend on their size, but also can be

tuned by their shape and composition [13�15]. These vast changes in properties is

attributed to the increase in number of surface atoms and changes in the energy-level

structures of materials as the size drops below a certain size. There have been many

excellent writings on this subject [13,16].

The �ne tunability of material properties at nanoscale lead to the emergence of the

�eld of nanotechnology. Nanotechnology can be considered as a process of ultra-

miniaturization. Such miniaturization o�ers signi�cant gains in volume, mass, power

for devices and can leads to material with unparalleled properties. The idea of minia-

turization was initially given by Richard Feynman. In his 1959 famous lecture �There

is plenty of room at the bottom� he presented the idea of building nanoscale machine

and that is considered as an inspiration for the development of the nascent discipline

of nanotechnology [17].

Since the time of Feynmans lecture, we have made rapid progress in terms of preparing

nanoscale materials and their utilization [18,19]. Today, we have nanoscale transis-

tors in our cell phones and we have new nanostructured materials such as the carbon

5
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nanotubes and graphenes, those are expected to revolutionize materials science. Si-

multaneous development of new tools such as the high resolution electron microscope,

scanning probe microscope and the atomic force microscope (AFM) allow manipula-

tion of materials at the nanoscale and have been accelerating NP research. [20�22].

Proper use of nanotechnology system requires proper fabrication. There are two ways

to do it, the top-down and the bottom-up approach. The top-down approach involves

breaking of the bulk materials to nanoscale. It uses the traditional microfabrication

methods, i.e. optical and electron beam lithography, to manufacture devices. In

contrast, the bottom-up approach involves preparation NPs/materials and uses the

concept of SA to fabricate devices out of them.

Not only the size and shape, the pattern of arrangement of NPs in a 2D and 3D pat-

tern also leads to considerable changes in their preparation. It is well demonstrated

that the collective properties of NP assemblies are also dependent on their interpar-

ticle distance and hence on their arrangement pattern. Highly ordered arrays of NPs

exhibit many properties that are not found in their disordered counterparts. So the

reason for choosing NPs as building blocks for building new self-assemble structures

can be summarized as

(1) To develop new collective properties:

Just as NPs display properties that di�er from their bulk counterpart, ensemble of

NPs displays properties, quite di�erent from those of discrete NPs and correspond-

ing bulk materials. Origin of the new properties can be attributed to coupling of

surface plasmons, excitons or magnetic moments of individual NPs [23,24]. For e.g.

the near-�eld interactions between spherical NPs assembled in 1D chains lead to the

development of a longitudinal band and a transverse band. In comparison with those

of discrete NPs and magnitude of the redshift decays approximately exponentially

with increasing edge to edge inter particle spacing [25]. Similarly coupling of exciton

in semiconductor NPs leads to shift in absorption and photoluminescence emission

bands [26]. Coupling between the excitonic and plasmonic properties in hybrid self-

assembled structures of semiconductor and metal NPs also display many interesting

e�ects, such as energy transfer, enhanced emission, wavelength shift of photo lumi-
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nescence emission and the nonlinear Fano resonance etc.

(2) Possibility of using these properties in functional devices:

The self-assembled structures of NPs satisfy upto some extent, the demand of smaller

sized optoelectronic devices and components such as plasmon waveguides, focusing

lenses, light generators and optical switches etc. those are needed to improve perfor-

mance and decrease the cost of a device. Such self-assembled structures are already

been used as molecule identi�ers by surface enhanced Raman scattering (SERS), bio

and chemical sensors with selectivity and sensitivity etc. Here we refer to few excellent

reviewes, discussing origin of many interesting properties of self-assemble structures

of NPs and their wide range of applications [25,26].

(3) To develop better understanding of self assembly process:

There exist a wide range of atomic crystals which allow us to develop hypothesis

about their formation mechanism. But these hypothesis can not be tested because

chemistry provides little control over the fundamental units i.e. atoms. For e.g..

size and interactions between two chlorine atoms cannot be varied in order to see

in�uence of that variation on NaCl crystal formation. In contrast, systems in the

nano dimensions are more �exible. Thus using them as fundamental unit of crystal

formation, allows us to understand the dependence of the nature of interactions (van

der Waals, electrostatic, entropic etc.) on crystallisation process. This provides us

better understanding of SA process, making designing of new functional materials an

easy task.

1.4 Nanoparticle assemblies: An Overview

The process of SA was initially identi�ed with molecules and evolved around them

taking the advantage of the enormous power of molecular synthesis. Unfortunately

molecular assembly was not able to build the structures required for electronics and

this aroused the need to extend SA process to NPs. Soon after the discovery of

methods for synthesis of NPs, ability of these particles to self-assemble into di�er-

ent ordered structures was realized. Because these structures show great potential
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in photonics, microelectronics, near �eld optics etc. SA of NPs gained technologi-

cal importance and emerged as a �eld with considerable phenomenological breadth.

But design of the required structure demands deep understanding of the nature of

interaction between these particles. It is a well demonstrated that SA occurs when

the components of SA interact with one another through a balance of attractive and

repulsive interactions. These interactions are relatively week compared to thermal

energy and are non-covalent in nature.

From a thermodynamics perspective, the crystallization process in colloidal system

is driven by minimization of the Helmholtz free energy (F). For a closed system, the

free energy of the system draws contribution from both the internal energy (U) and

entropy (S). In its simplest form, crystal formation is favoured by a minimization of

energy and by maximization of entropy as expressed by the second law of thermody-

namics. The internal energy is determined by speci�c interaction between NPs such

as Coulombic, dipole-dipole and van der Waals interaction etc. [27]. Coming to en-

tropy, it is a common misconception to think that a spontaneous change in an isolated

system will always lead to more disorder. The entropy in the crystal phase may be

higher than in the liquid phase or disordered amorphous phase, because crystalliza-

tion provides the NPs more space to perform translational and rotational movements

(termed as orientational entropy/free volume entropy). Theoretical studies demon-

strated that the increase in free volume entropy can drive the crystallization of hard

sphere (particles that do not attract each other). The free volume entropy is related

to the packing density of a crystal. It is well established that in absence of any other

signi�cant forces, the ensemble of particles prefer to arrange in a structure having

highest packing density. This is the reason for preferable arrangement of NPs in

fcc or hcp lattices, which possess maximum packing density (0.7405) like the atomic

crystals. But the formation of crystals is not always led by thermodynamic stability.

Crystallization of a single molecular species into an astonishing variety of distinct

crystal forms is a commonly observed phenomenon. It has also been demonstrated

that NPs are also able to rearrange in as many crystal lattices as have been observed

for atomic/molecular systems. For e.g. Whetten et al. separated very narrow size
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fractions of di�erent sized NPs and showed that when cast on a substrate, they ar-

ranged into nice structures covering large area [28]. Bigioni et al. also showed long

range 2D ordered arrangement of NPs by evaporating a drop of colloidal solution on

a substrate [29]. Later it was demonstrated that the arrangement pattern can be

varied between 2D hexagonal to 3D fcc by regulating the interaction between NPs

and other external factors such as evaporation rate etc. [27,30]. For e.g. Prasad et al

were able to manipulate the arrangement patten of NPs from fcc to 2D hcp by vary-

ing the chain length of capping agents [31]. It is experimentally demonstrated that a

wide variety of complex crystal forms can be obtained by using more than one type

and size of NPs. These are known as binary superlattices (BNSLs) or ternary SLs

depending on the no. of components. In these systems, containing NPs of more than

one size, packing density depends on the size ratio of the small and large particles

and the resulting structure is the one with the highest density for a given particle

size ratio. Calculation shows that entropy alone can drive formation of few BNSLs

structures, for e.g. those isostructural with AlB2 and AB13. Other forces such as

electrostatic, dipole-dipole, ligand-ligand interaction also demonstrated to stabilize

BNSLs structures against phase separation of bigger and smaller NPs. Shevchenko et

al. [32] were able to obtain a rich variety of BNSLs by evaporating colloidal solutions

of nearly spherical NPs of di�erent materials as shown in Figure 1.2.

In a series of papers Shevchenko et al. [32] using combinations of semiconducting,

metallic and magnetic NPs, were able to obtained more than 15 varieties of BNSLs.

For e.g. mixing of 13.4 nm γ - Fe2O3 and 5.0 nm Au NPs leads to formation of BNSLs

isostructural with NaCl while combination of 7.6 nm PbSe and 5.0 nm Au NPs result

BNSLs isostructural with CuAu lattice. They also obtained structures that could not

be identi�ed as isostructural with any known intermetallic or ionic crystal cell.

1.5 Factors a�ecting self-assembly of nanoparticles

Assembling NPs into larger structures demands deep understanding of the underlying

factors.
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Figure 1.2: The SLs are assembled from a, 13.4 nm γ-Fe2O3 and 5.0 nm Au; b, 7.6 nm
PbSe and 5.0 nm Au; c, 6.2 nm PbSe and 3.0 nm Pd; d, 6.7 nm PbS and 3.0 nm Pd; e, 6.2
nm PbSe and 3.0 nm Pd; f, 5.8 nm PbSe and 3.0 nm Pd; g, 7.2 nm PbSe and 4.2 nm Ag;
h, 6.2 nm PbSe and 3.0 nm Pd; i, 7.2 nm PbSe and 5.0 nm Au; j, 5.8 nm PbSe and 3.0
nm Pd; k, 7.2 nm PbSe and 4.2 nm Ag; and l, 6.2 nm PbSe and 3.0 nm Pd nanoparticles.
Scale bars: a−c, e−f, i−l, 20 nm; d, g, h, 10 nm. The lattice projection is labelled in each
panel above the scale bar. This �gure adopted from reference [32]
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1.5.0.1 Size

At the nanoscale, based on the particle size, not only the physical and chemical prop-

erties of particle changes, the interparticle forces between them also vary [33]. For

e.g. as particles increase in size, say radius R, their van der Waals attraction forces,

Ead, increase linearly with R, that is, Ead ∝R. For atomically sized particles, EadR

is of order of kT, but for particles at nanoscale EadR becomes much larger than kT.

Secondly surface di�usion of particles also vary with size. In comparison with large

particles, the di�usion of molecules or atoms over the surface of a NP is rapid. These

e�ect are expected to have profound implications in NP assembly.

The signi�cant in�uence of NPs size on the assembly formation was established by

many studies. For e.g. thiolized Pd nanocrystals are shown to self-assemble in dif-

ferent manner depending on the particle diameter (d), and the alkane chain length

(l) of the ligand. [34]. Even when capped by same type of ligand, NPs of di�erent

size were found to organise in di�erent manner. A study by Brown and Hutchison

shown that pentadecylamine capped Au NPs of di�erent sizes varying between 1.8-8

nm showed di�erent arrangement pattern. While small 1.8 nm particles self assemble

into structures that possess predominantly translational ordering while bigger NPs of

8 nm display both translational and rotational ordering. Another report by Abecas-

sis et al. [35] further support dependency of arrangement pattern on NPs size. They

demonstrated that assembly formation occurs spontaneously, provided the particles

are large enough (bigger than 4 nm) to generate a van der Waals attraction su�-

cient to counterbalance the thermal energy. The strong in�uence of particle size on

assembly pattern was demonstrated with multi component system. Rich variety of

assembly patterns were obtained by mixing NPs of di�erent sizes (Figure 1.2).

All the above mentioned ordered structures (single component or multi component)

require great control over particle size distribution in addition with particle size. It is

well demonstrated that best arrangements are known to occur at 2-3% polydispersity

while polydispersity in excess of 12% is known to suppress crystallization. In this

contest, in recent years great progress has been made for synthesis of monodisperse
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NPs. Mechanistic studies have shown that formation of monodisperse NPs need the

separation of nucleation and growth process and great control over them. As nucle-

ation happens within very short time period, it is di�cult to control it. So, size and

monodispersity of NPs often control by controlling growth process.

1. Ostwald ripening (OR)

OR is the growth process where bigger particles grow at the expense of smaller ones.

The driving force for this process is the decrease in particle solubility with increase

in particle size. Smaller particles, owing to their high solubility dissolve and the re-

leased monomers are consumed by the bigger particles. Though OR is a simple way

to achieve particle growth through control over the duration of growth and capping

ligand etc., it has the following disadvantages.

(1) It takes longer time

(2) Only bigger size particles can be obtained

(3) Particle size distribution can not be narrowed below 15-20%

These limitations gave birth to other post preparative narrowing methods known as

size focusing.

2. Size focusing

Smaller size and much narrow distribution of NPs can be obtained by post synthesis

treatment of polydisperse NPs, termed as size focusing. Among the many ways to

achieve it size selective precipitation and inverse Ostwald ripening (digestive ripen-

ing) are most commonly used.

Size selective precipitation uses the di�erence in solubility of bigger and smaller par-

ticles. In this method, an anti-solvent is added dropwise to a polydisperse system,

dispersed in a good solvent. This makes the bigger NPs to aggregate as they posses

strong van der Waals (vdW) force of attraction compared to smaller particles. These

aggregates are isolated and re-dispersed in appropriate solvent. This procedure can

be repeated many times in order to get monodispese NPs system. This method was

applied successfully to many system both in organic and aqueous media. But selection

of appropriate solvent/non-solvents pairs and loss of materials stand as a drawback

of this process.

12



Chapter 1

On the other hand digestive ripening (DR) leads to nearly monodisperse particles

without material loss and hence became a topic of signi�cant interest. Though the

e�ectiveness of this protocol was checked initially with gold, later it was extended to

many other metal, semiconductor and magnetic systems. Because of its wide appli-

cability, we used it extensively in this thesis. Presented below is a detail description

of this method.

1.6 Digestive ripening: An overview

1.6.0.2 concept and protocol

The e�ectiveness of DR process was �rst demonstrated by Klabunde et al. with Au

NPs [36]. Initially a polydisperse Au colloid system was obtained by borohydride

reduction of AuCl3 dispersed in toluene with the help of a long chain surfactant

i.e.didodecyl dimethyl ammonium bromide (DDAB). This polydisperse system was

then converted into a monodisperse one by DR process.

This process involves three main steps as depicted in Figure 1.3

Figure 1.3: Proposed processes involved in digestive ripening. Clusters/atoms from bigger
particles are etched out by digestive ripening agents and are redeposited on small particles
forming monodisperse nanoparticles. Adopted from reference [37]
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Step-1: In the �rst step, excess DRAs were added to the polydisperse colloid (1:30

metal: DRA) at room temperature. This lead to conversion of bigger and di�erent

shaped particles into assorted sized small particles. Though the extent of polydisper-

sity of the system was reduced after this step the system still remain polydisperse.

Step-2: The second step involves removal of excess DRAs and other reagents/side

products by precipitating with excess ethanol.

Step-3: The precipitate obtained by ethanol addition is then isolated and dried. It is

then re-dispersed in the solvent with addition of another dose of DRAs keeping the

same metal to DRA ratio and the most important step i.e. re�uxing is carried out.

Upon re�uxing, the assorted sized particles get converted to a uniform size. The �nal

size of the particles obtained is fall between size of bigger and smaller particles.

Apart from the borohydride reduction method mentioned above, polydisperse col-

loids of bare metal (without any capping agent) obtained from other means also get

converted into monodisperse system, when subjected to DR process. For e.g. size dis-

tributions of polydisperse colloids of many metallic systems, obtained from solvated

metal atom dispersion (SMAD) process, get extremely narrowed when subjected to

DR process.

Though the protocol is easy to perform, the mechanism involved is very intriguing. It

is di�cult to provide conclusive reason for the breaking of large polyhedra particles

into smaller ones and the formation of thermodynamically unstable smaller particles.

However by combining the observations of several researchers, a plausible explanation

can be provided. It is a well demonstrated that, bigger NPs ( >10 nm) possess many

defects such as twinning boundaries and staking faults. These defects induce strong

microstress, which leads to decrease in lattice stabilization energy and make particles

more reactive. It is predicted that, DRAs attack at the defect sites of the polyhedral

particles and break them into smaller pieces but the system remains still polydisperse.

Further when the polydisperse system was heated in presence of excess DRAs, the

atoms/clusters from the surface of bigger particles are etched out by the DRAs,

which caused the size-reduction of the particles. These etched out atoms redeposited

on the surface of smaller particles leading to their growth. The etching process of
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surface atoms by the ligands (DRAs) is a well observed phenomenon with Au-thiol

system [38,39]. So the �nal size of the NPs obtained by DR process is considered as

result of the following two competing forces

1. Decrease in surface energy which caused formation of bigger particles

2. Gain in chemical binding energy upon attachment of DRAs on NPs surface. This

gain in binding energy demands more no. of ligands molecules to attach on NPs

surfaces which in turn need more surface area and hence caused formation of smaller

particles.

While the above description explains DR qualitatively, a few theoretical models ap-

peared recently. They contend that during DR process, surface charge act against

curvature dependent surface energy. Incorporating contributions from both the ef-

fects Lee et al. [24] developed a modi�ed Gibbs-Thompson equation that explains the

conversion of the polydisperse system into a monodisperse one. However this model

ignores many factors such as in�uence of DRAs on size of NPs.

It is well established that DRAs in�uence the NPs size signi�cantly. Few examples

are given below.

1. When DR process was carried out with Au colloid in presence of di�erent DRAs,

the size of NPs obtained was vastly di�erent. NPs of sizes 4.7, 7.2, 7.2, and 8.6

nm were obtained with dodecanethiol, trioctylphosphine, octadecylsilane and dode-

cylamine respectively. Binding strength of the functional group with the metal surface

is considered as the plausible cause for this size variation.

2. The bulkiness of the ligand tail was demonstrated to in�uence particle size signif-

icantly. Prasad et al. demonstrated that when thiols of di�erent chain length were

used as DRAs, the average particle size of Au NPs obtained varies linearly with the

chain length of the thiols. The average particle size increases from 4.5 to 5.5 nm

when the DRA was changed from octanethiol (C8SH) to hexadecanethiol (C16SH).

The reason for this size variation is not yet clear.

3. DR works best with excess DRAs especially 1:30 metal:ligand ratio. The necessity

of such excess amount of ligand is still unclear and need further investigation.

The variation in particle size observed with change in DRAs clearly state that, the

15



Chapter 1

size and monodispersity of the particle obtained by DR process are not only controlled

by electrostatic energy and surface energy as predicted from theoretical calculations,

but a lot of other factors also. Also thermal annealing of digestive ripened particles

was shown to provide �ne control over NPs size [40]. So, in this thesis we tried to

extract and provide as much as experimental information as possible, in order to get

insight into the mechanism of DR process. To do this we carried out DR process

with di�erent metals systems, with di�erent DRAs (of varying head group and ligand

chain length). The e�ect of temperature at di�erent time scale also been studied.

1.7 Nanoparticle self assembly: as consequence of

digestive ripening

It is well demonstrated that DR provides control over NP size, which has strong in-

�uence on assembly pattern. Beside size, DR also shown to control NP assembly in

di�erent manner.

(1) Functional group of the ligand:

Ligand are known to stabilize NPs by the steric repulsive interaction between the

chains, that acts against attractive van der Waals (vdW) force between metal NPs,

provided the condition it should have a functional group which binds strongly to NPs.

NPs of same size capped by ligand of di�erent functional group is not expected to in-

�uence NPs assembly. Contradicting the expectation, alkanethiol and amine capped

Au NPs show di�erent assembly pattern, when synthesized by DR process [41]. When

polydisperse Au colloid were re�uxed in presence of dodecylamine v9 nm particles

were obtained while dodecanethiol resulted particles of v4.5 nm size. If we consider

the total interaction energy between NPs (attractive vdW forces and repulsive steric

forces), the bigger NPs (capped by dodecyamine) posses more attractive energy and

hence is expected more prone to form assemblies. In contrary, no ordered assembly

formation was observed with amine capped particles. However, the smaller sized par-

ticles capped by dodecanethiol are shown to arrange in 3D fcc lattice as indicated by
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TEM. As the chain length of both the ligand is same i.e. 12 in both the cases, the

in�uence of ligand chain on assembly formation can be eliminated. It was evident

from high resolution TEM that the ligand shells from neighbouring Au NPs in the

thiol case interdigitate fully, ligands with amine head group do not do so (Figure 1.4).

Figure 1.4: High-magni�cation TEM images of (A) C12H25SH and (B) C12H25NH2 diges-
tively ripened colloids highlighting the interparticle distances. Adapted from reference [41]

This has been partially attributed to the weaker binding of amine to Au NP

surface compared to thiol. This weaker binding is expected to allows interchange

of amine ligands between NP surface and solvent, preventing the interdigitation of

alkane chain and hence assembly formation.

(2) Chain length variation of the ligand.

The in�uence of ligand chain length on NP SA was demonstrated by many groups.

Martin et al. [42] were the �rst to study the in�uence of systematic variation of the

thiol chain length on the arrangement pattern of NPs. They investigated the forma-

tion of 2-D and 3-D superlattices of Au nanoclusters synthesized in nonionic inverse

micelles, and capped with alkanethiol ligands, with alkane chains ranging from C6

to C18. Small alkanethiols were observed to cause precipitation, and high alkanethi-

ols restructure the nanoclusters, but intermediate alkanethiols, from C6SH to C14SH,

result in the formation of uniform ordered structures with controlled interparticle

spacings. Later on many other reports have unequivocally proven the in�uence of
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ligand chain length on interparticle distance which in turn a�ect assembly formation.

The in�uence of chain length on ordered structure formation when NPs are synthe-

sized by DR process was shown by Prasad et al. [31] In order to investigate this, gold

colloids prepared by the inverse micelle method were subjected to DR using alkanethi-

ols of di�erent chain length namely octanethiol (C8H17SH), decanethiol(C10H21SH),

dodecanethiol (C12H25SH) and hexadecanethiol(C16H25SH). While the NPs obtained

are nearly monodisperse in all the above cases, the pattern of arrangement di�er as

indicted by optical spectra and TEM. Au NPs capped by short chain length thiols

i.e. C8 and C12 shows broadening and red shift in the optical spectra which indicate

strong attraction between particles in dispersion. No strong attraction was found

for hexadecanethiol i.e. C16 capped NPs. When seen under a TEM, C8 and C12

capped Au NPs were observed to form 3D fcc SL. On the other hand, in the case of

hexadecanethiol capping, the particles form two dimensional hexagonal close packed

arrangements when drop-casted on a surface of a TEM grid (Figure 1.5).

The reason behind this trend was hypothesized to be the vdW attractive forces

Figure 1.5: TEM image of the gold colloid after digestive ripening with (A) octanethiol, (B)
dodecanethiol, (C) hexadecanethiol. Adapted from reference [31]

between the particles. The vdW attractive forces determined using the equation pro-

vided by Ohara et al. [43] is found to be 5kBT, 2.2BT, 2kBT and 0.6kBT for the
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Au-C8SH, Au-C10SH, Au-C12SH and Au-C16SH NPs systems respectively (kB is the

Boltzmann constant and T=300 K). The attractive potential is seen to decrease as

the alkyl chain-length increases. So it can be argued that for Au NPs capped with

C8, C12, the attractive forces between the particles are very large leading to 3-D SL

formation. For C16 capped NPs, thermal energy prevents interaction of NPs. How-

ever when drop casted on a TEM grid, evaporation of solvent leads to 2D monolayer

formation.

So with the help of DR process, we are not only able to control NPs size, but also

can control their SA pattern. Control over NPs assembly pattern and understanding

gained so far will help us to achieve �ne tunability over NPs assembly formation.

1.8 Objective of the thesis

The need to use NPs as building unit of SA process has been established in the

previous section and to do this �ne control over NPs size and size distribution need

to be achieved. A glimpse of literature on synthesis of NPs proved DR as one of the

most convenient protocol for synthesizing NPs of variable size. Wide applicability

and easy synthesis procedure make DR a preferable choice for NP synthesis. Also

the particles obtained by this method are nearly monodisperse. But the mechanism

involved is still unclear and this thesis is an attempt to do that. In order to unravel

the underlying mechanism, we realized that, the in�uence of various factor on this

process needs to be studied. Through systematic study this thesis present the e�ect

of temperature, time, concentration of DRAs, functional group of DRAs on the size

and size distribution of resulted particles. These studies carried out in the thesis are

expected to help for understanding the mechanism of DR process. Simultaneously it

o�ers great control of NPs size and size distribution for various metallic systems.

In addition with size (which is an important factor in determining SA pattern), DR

also provides control over NPs assembly. Slight change in DRAs nature were seen

to have signi�cant impact on NPs assembly pattern. We tried to understand these

variation in SA pattern by varying the functional group, chain length of of ligands.
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During the course of study we also invented new ways to design NPs assembly.

1.9 Outline of the thesis

This thesis is divided into �ve chapters. The motivation behind this thesis work with

brief discussion of the progress researchers have made so far is explained in introduc-

tion chapter.

Chapter 2 is divided into two parts. The �rst part describes the e�ect of the nature

of functional group of the DRAs on the NP size. This was done taking account three

metal (namely Ag, Au and Pd) and two DRAs (dodecanethiol and dodecylamine).

The second part explores e�ect of temperature on NPs size at di�erent time scale.

For this a polydisperse system of hexadecanethiol capped Au NPs were heated at

di�erent temperature (60, 90, 120, 150 and 180 0C) for prolonged time. Particles

size was measured with the help of UV-Vis spectroscopy and TEM microscopy. This

study not only provide control over NPs size, but also shed light on their growth

mechanism.

Chapter 3 investigates combined in�uence of chain length of the DRAs and temper-

ature on the size and size distribution of Au NPs. In order do this, thiols of di�erent

chain lengths i.e. octanethiol (8 carbon atoms), dodecanethiol (12 carbon atoms) and

hexadecanethiol (16 carbon atoms) were used as DRAs and DR was carried out at

two di�erent temperatures i.e. 110 and 180 0C. While increase in temperature does

not a�ect size of octanethiol capped NPs, an signi�cant increase in particle size was

observed with hexadecanethiol capped particles. Particle size in combination with

chain length of DRAs also demonstrated to a�ect assembly pattern signi�cantly.

Chapter 4 is also divided into two parts. The �rst part demonstrated e�ect of chain

length of DRAs by using amines of di�erent chain length. Amines are known to bind

to Au NPs surface much weakly compared to thiol. So this study provides a clear

demonstration of in�uence of chain length.

Because of this weak binding, there exist a continuous exchange of DRAs between

the NP surface and the solvent. This prevents interdigitation of chains attached on
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neighbouring NPs, which is considered as one of the primary reason for close packed

ordering observed with thiol capped NPs. In the second part of this chapter, we

present an alternative method to prepare 3D SLs of amine capped Au NPs, by using

a mixture of fast and slow evaporating solvents, having di�erent vapour pressure.

The di�erence in evaporation time of these two solvents is shown to a�ect assembly

pattern of amine capped Au NPs signi�cantly. Both 3D closed packed fcc and 2D

hcp pattern can by obtained by controlling evaporation time.

Chapter 5 presents an overall summary of the work described in this thesis. Further

it provides possible direction for future work and also tells about the challenges in

this area of synthesis of NPs with control over their size and assembly pattern.
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Understanding the digestive ripening

process; the in�uence of metal-DRA

interaction, time and temperature on

size of nanoparticles
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2.1 Part A: The in�uence of DRA-metal surface bind-

ing interaction on nanoparticle size by the diges-

tive ripening process

Digestive ripening is an e�cient method

that leads to monodispersed nanoparti-

cles from polydispersed ones.A system-

atic investigation of the digestive ripen-

ing process with di�erent agents viz. do-

decanethiol and dodecylamine on di�er-

ent metallic systems is presented. It is shown that both the metallic systems are

involved and the digestive ripening agents have in�uences on the �nal particle size.

Further, it is demonstrated that the interaction strength between di�erent metals and

digestive ripening agents are based on hard soft acid base principles, could be invoked

to explain the variation in nanoparticle size.
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2.1.1 Introduction

The �rst chapter of the thesis clearly described the need to synthesize monodispersed

nanoparticles (NPs) of di�erent size and also listed the majority of ways to achieve

this. One way to control nanoparticles (NPs) size is by restricting their growth by the

addition of organic molecules such as thiols, amines, acids, phosphine, silane etc. [1�6].

The ability of these molecules to bind NPs surface, not only provide stability to NPs

but also has demonstrated to have strong in�uence on particle size. The way these

molecules a�ect NPs size and size distribution is focus of many studies [7�10]. But

in most of the cases, these molecules were added prior to NPs formation and their

binding mode to NPs precursor is shown to have signi�cant in�uence on �nal size of

particles [1,11]. On the other hand, the in�uence of these molecules on pre-formed

NPs is not extensively studied. In this context, digestive ripening (DR) has proved

to be a convenient method for the synthesis of NPs with narrow size distribution [12].

In DR, the organic molecules (will be refereed as digestive ripening agents i.e. DRAs

further in the text) is added post synthesis to NPs. In this synthesis protocol, a

polydisperse NPs system, dispersed in an appropriate solvent is heated in presence

of excess DRAs leading to a nearly monodisperse system. The detailed protocol and

advances made till date is summarized in the introduction chapter.

This protocol has been utilized to prepare a wide range of metal and semiconductor

NP systems. However to truly enforce a size control, a thorough understanding of

the underlying mechanism is necessary. A theoretical model by Hwang et al. [13]

described DR process as a balance between electrostatic energy of charged particles

and curvature e�ect. They derived a characteristic Gibbs�Thomson equation which

accounts both the charge and curvature e�ect. They showed, the monodispersity of

the resulted system depends on the starting polydispersed systems and follows some

of the thermodynamic principles observed in binary phase diagrams of alloy systems.

A drawback in this study is to ignore in�uence of DRAs on particle size. Another

recent report by Clark [14] established that, the capping agents/DRAs strongly in-

�uence the mobility of monomers to and from the NPs and hence a�ect the NPs size.
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Many experimental studies established the signi�cant in�uence of DRAs on NPs

size in addition to the metal system used. It was shown that bigger Au NPs were

formed when dodecylamine (DDA) was employed as DRAs as compared to those with

DDT [15]. Another study by Shevchenko et al. [16] have shown that NPs size also

depends on the metal system used. They synthesized Ag, Au and Pd NPs by DR

method, using DDT as DRA. The resulted particle size follows a trend Au > Ag >

Pd. However di�erent concentration of metal precursor is used in this synthesis which

makes it di�cult for a systematic comparison. Also in this case the �nal particle size

distribution was measured after addition of oleic acid or trioctylphosphine oxide to

the DDT capped system. As the former study employed only one metal system and

the later does not follow same reaction condition, any conclusive result can not be

obtained from these studies.

So we thought of systematically investigating the e�ect of chemical nature of the

functional group on the NP size. To do this, we performed DR experiment on three

di�erent metal systems namely Ag, Au and Pd with two di�erent DRAs i.e. DDT

and DDA. We hope this study will be a help to synthesize NPs with controllable size

and will also help to develop mechanistic understanding of DR process.

2.1.2 Experimental Procedure

All the metal precursors and sodium borohydride were purchased from Sigma Aldrich

and used as received. Toluene was purchased from Merck India and degassed prior

to use. All the reactions were carried out in inert atmosphere.

To synthesize Au NPs, 0.1g of didodecyldimethylammonium bromide (DDAB) was

added to 10 mL of toluene. 30 mg of AuCl3 was dissolved in this solution with the

help of sonication. The resulting dark orange solution was then reduced by drop wise

addition of aqueous NaBH4 (80 uL, 9.4 M) under vigorous stirring. The colour of

the solution became wine red within few minutes. The stirring was continued for 1h

to ensure complete reduction. NPs dispersion at this stage is termed as as-prepared

dispersion in the rest of the chapter.

The as-prepared colloid was then divided into two 5 mL portions. To each of these
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portions dodecanethiol (DDT) and dodecylamine (DDA) were added separately main-

taining the metal to ligand molar ratio 1:30. These ligand coated NPs were separated

from excess ligand, DDAB and other reaction side products by precipitating with ex-

cess ethanol. The precipitate was dried and re-dispersed in the same solvent (in 5 mL

toluene). Another dose of respective ligands were added keeping the metal to ligand

molar ratio 1:30. The colloids were then re�uxed for 90 min. The same procedure was

followed for synthesis of Ag and Pd NPs. AgNO3 and PdCl2 were used as precursor.

All other parameters were kept constant.

2.1.3 Result and Discussion

The as-prepared colloids were characterized initially with UV-Visible (UV-Vis) spec-

troscopy and X-ray di�raction. Formation of Ag and Au NPs was con�rmed by the

surface plasmon resonance (SPR) band appeared at v 420 nm and v 520 nm, char-

acteristic of Ag and Au NPs [17,18]. Pd NPs do not show any absorbance in UV-Vis

region. So presence of pure metallic phase of Pd was con�rmed with the help of XRD

(Figure 2.1).

Figure 2.1: UV-Visible absorption spectra of (A) Ag and (B) Au NPs showing characteristic
SPR peaks at 450 nm and 520 nm respectively. (C) X-ray di�raction of as-prepared Pd
NPs showing four prominent peaks at d-value 0.224 nm, 0.194 nm, 0.137 nm and 0.117 nm
corresponding to (111), (200), (220) and (311) plane. (PDF card no-00-005-0681)

Particle size was determined from transmission electron microscopy (TEM). For

TEM analysis, NP dispersions were drop casted over a carbon coated TEM grid (200
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mesh). 300 particles were taken into consideration for analysis of particle size. The

TEM images and corresponding particle size distribution histograms of as-prepared

samples are given in Figure 2.2. For all the three metals (Ag, Au and Pd), the as-

prepared systems showed high degree of polydispersity. Presence of some irregular

shaped particles has also been noted.

Figure 2.2: TEM images of as-prepared NPs dispersions of (A) Ag (B) Au (C) Pd. The
particle size distributions are for the these as-prepared NP dispersions are plotted in (D) and
(E) and (F) respectively.

As mentioned in the experimental section, the as-prepared polydispersed colloid

was divided into two equal parts and each portion was digestive ripened with DDT

and DDA separately. TEM images of NPs obtained after DR with DDT as DRAs is

shown in Figure 2.3 and with DDA as DRAs shown in Figure 2.4.
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Figure 2.3: TEM micrographs of Ag (A-C) Au (D-F) and Pd (G-I) NPs obtained using DDT
as DRA.
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Figure 2.4: TEM micrographs of Ag (A-C) Au (D-F) and Pd (G-I) NPs obtained using DDA
as DRA.

These �gures clearly indicate signi�cant narrowing of particle size distributions

with both DDT and DDA. Also almost all particles attain spherical shape. But what

is interesting and main focus of this work is variation in particle size when ligand

was changed from DDT to DDA. The particle size distribution of all the three metal

systems with both ligands is provided in Figure 2.5.
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Figure 2.5: Size distribution plots of Ag, Au and Pd NPs after digestive ripening with DDT
(A, B and C for Ag, Au and Pd respectively) and with DDA (D, E and F for Ag, Au and
Pd respectively).

If we look into the particle size, with each metal system smaller particles were

obtained with DDT compared to DDA. This result was also supported by other

reports. For e.g. it was already shown that with Au smaller particles were obtained

with DDT compared to DDA [15]. If we look carefully into these systems, the reaction

conditions are kept identical. Also both the ligands possess similar chain length (12 C

atoms). So in�uence of reaction conditions and steric crowding of ligands on particle

size can be ruled out. As the two DRAs di�er only by the functional group, the particle

size variation can be attributed to interaction of metal surface with the functional

group of DRAs. We invoked Hard-Soft Acid Base (HSAB) principles to understand

the strength of interaction and to describe the trend in particle size observed. It is

well known that every metal (zero oxidation state) is considered as soft acid. Among

the two DRAs used here, DDT, which possesses sulfur atom as functional group

act as a soft base and DDA, which has nitrogen atom as functional group act as

a hard base [19]. According to HSAB principle, soft-soft and hard-hard interaction
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is stronger than hard-soft interaction. Similarly metals in zero oxidation state are

considered as soft acids, which will have stronger interaction with soft base. More

speci�cally in case of metal NPs and DDT, the DDT molecules would like to access as

much metal surface as possible. This demands more surface area. As with the same

mass of substance, smaller particles posses more surface area, we expect smaller size

particles with DDT. The result obtained is in complete agreement.

But if we look carefully into the system, there also exists a trend in particle size. With

DDT as DRA, smallest particles are obtained with Ag (4.4 nm ± 0.6) followed by Au

(5.2 nm ± 0.5) and Pd (6.2 nm ± 0.5). An reverse trend in particle size is observed

when amine was used as DRAs. Bigger particles are obtained in case of Ag (10.2 nm

± 1.2), followed by Au (8.0 nm ± 0.6) and Pd (7.1 nm ± 0.6). Also the degree of

polydispersity is higher for the case of Ag compared to Au or Pd. NPs of these three

metals were earlier prepared with DDT as capping agents and the trend observed was

Au > Ag > Pd [16]. But the reaction condition and concentration of metal precursor

was di�erent. We want to re-emphasize that, as the reaction conditions are kept

identical, studying the competition between these two DRAs and the di�erent metal

system is possible.

In the present case, among the three metals Ag is considered as the softest metal

and Pd is considered as the hardest one. The chemical hardness value (η) for Ag,

Au and Pd are 3.1, 3.5 and 3.8 respectively. This quantitative estimation of η is

done by Pearson et al. [20] by using ionization potential and electron a�nity of the

metals. So as explained earlier, according to HSAB principle, which suggests hard-

hard and/or soft-soft interaction as the strongest one, DDT should possess stronger

a�nity towards the softer metal i.e. Ag and amine should posses stronger a�nity

for the harder metal i.e. Pd. When DDT is used as DRA, owing to its stronger

binding a�nity towards Ag, more and more number of DDT molecules will prefer to

get attached to Ag surface. This demands more surface area and hence we expect

smallest size particles for Ag, when DDT is used as DRA. In a similar manner Pd

should give smallest size particles when amine is used as DRA. As per the expectation,

with thiol the particle size varies in a manner Ag < Au < Pd and with amine, the
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particle size follows the trend Pd < Au < Ag. The stronger a�nity of thiol over

amine for soft metals also proved by other studies. Hoft et al. [21] based on DFT

study, have shown that the interaction energy of thiols with Au(111) surface is an

order of magnitude higher than amine.

2.1.4 Conclusion

This study extended DR process to metal systems other than Au i.e. Ag and Pd. It

also demonstrated that the �nal size of the NPs, obtained by DR process depends

both on the metallic system and DRAs used. This size variation is caused by the

di�erence in the ligand�metal interaction strength, which is primarily governed by

Hard Soft Acid Base principles.

We hope these experimental �ndings will be helpful in uncovering the mechanism of

DR process. It also provide as easy and convenient way to synthesize di�erent sized

monodispersed NPs of Ag, Au and Pd, which are needed for various applications.
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2.2 Part B: Size control of nanoparticles by the di-

gestive ripening Process: the e�ect of time and

temperature

This part of the chapter demonstrates

the in�uence of time and temperature on

the size of gold nanoparticles obtained by

the digestive ripening process. In this

study, a polydisperse gold nanoparticle

system was heated in 4-tert-butyltoluene

with hexadecanethiol at di�erent temper-

atures, viz., 60, 90, 120, 150 and 180 ◦C

for di�erent time periods, and the trends

in particle size variations were recorded.

At lower temperatures such as 60 and 90 ◦C, after the initial narrowing of the size

distribution, the particle sizes remained constant even though the re�uxing step was

continued for 24h, substantiating the prevalence of the digestive ripening process.

However, at elevated temperatures (120, 150, and 180 ◦C) particle sizes grew con-

tinuously, indicating a deviation from the digestive ripening behaviour to an Ostwald

ripening type phenomenon.
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2.2.1 Introduction

The �rst chapter of the thesis emphasizes the role of ligand in size control of NPs.

However NPs size also can be controlled by controlling their formation processes

i.e. nucleation and growth. There are several studies, which establish that, various

parameter such as concentration of metal precursors, reducing agents, temperature

etc. which a�ect nucleation and growth process, can be used to manipulate the NPs

size [22,23]. Most of the experimental �ndings in NPs synthesis were explained by

LaMer mechanism [24,25] and Lifshitz−Slyozov−Wagner model (LSW model) pro-

posed in the mid-1900s. The LaMer mechanism was originally developed to account

the growth of nearly monodispersed silica particles of micrometer sized in water and

proposes an narrow, early stage nucleation [26�29]. The subsequent growth was ex-

plained by LSW model. These studies demonstrated growth of larger NPs at the

expense of smaller ones, known as Ostwald ripening (OR) [7,10,30�32].

However many recent studies have established that, formation of NPs in most of the

solution based synthetic methods, can not be simply explained by LaMer mechanism

or OR [33�37]. This is because the above mechanisms do not consider the aggregation

and coalescence of smaller NPs, a process evident by many studies. Participation of

aggregation/coalescence process in NP growth was realized long back. Uyeda et al. in

1973 [38] proposed the multiply twinned nature of Au NPs as the result of particle co-

alescence. Theoretical result also prove that, thermodynamical instability associated

with smaller NPs caused their aggregation and this happens in much faster rate than

classical growth [39]. Aggregative growth process was also evidenced by decreasing

number density of particles with time, kinetic studies etc. [23]. More recently, NPs

growth by aggregation and coalescence was directly observed by in situ TEM [40�43].

Although the means of particle growth is di�erent, it is well established that bigger

NPs are always energetically favored and hence preferably obtained.

Though bigger particles are energetically stable, many synthesis protocol have been

developed, which result formation of stable, smaller sized particles with narrow size

distribution. One of the convenient route to obtained small NPs is digestive ripen-
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ing (DR), as explained previously. The detail synthesis procedure and the proposed

mechanism of this process are explained in the introduction chapter. In this pro-

cess, the �nal size of the particles obtained has been described as an equilibrium size

speci�c to metal system and DRAs used. The DRAs were shown to have signi�cant

in�uence on the �nal size of NPs. In�uence of binding group, chain length and con-

centration of the DRAs etc. on NPs size are well studied [44�47]. However in�uence

of temperature and time on the �nal particle size has not been investigated yet. We

envisaged that, variation in temperature and time will not only provide better control

over particle size, but also will help in uncovering mechanism of the DR process and

the results of such studies are incorporated in this chapter.

For this study, hexadecanethiol (HDT) capped Au NPs is chosen as the reference

system. This choice was based on the fact that, HDT owing to its longer chain length

is able to provide better stability to NP systems for longer time period without any

aggregation [45].

2.2.2 Experimental procedure

Au NPs were synthesized employing digestive ripening protocol. The detail descrip-

tion of this procedure is given in introduction chapter. To begin with 75 mg of AuCl3

was dissolved in a 25 mL high boiling organic solvent like 4-tert butyltoluene (referred

as tbt later in the text) with the help of a long chain surfactant such as didodecyl

dimethyl ammonium bromide (DDAB). It was followed by reduction with drop wise

addition of aqueous NaBH4 (120 uL, 9.4M) under vigorous stirring. HDT was added

to this colloidal dispersion after 1h of NaBH4 addition, maintaining a metal to ligand

molar ratio 1:30. These ligand coated NPs were separated from excess ligand, DDAB

and other reaction side products by addition of excess amount of ethanol. This pre-

cipitate was then dried and re-dispersed in tbt. Another dose of HDT was added,

keeping the same metal to ligand ratio (1:30). The NPs dispersion at this stage will

be refereed as as-prepared sample in rest of the chapter.

The system obtained was divided into 5 mL parts and each part was heated at di�er-

ent temperatures ranging from 60 ◦C to 180 ◦C at 30 ◦C steps. At lower temperatures
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i.e. 60 ◦C to 90 ◦C reaction were carried out over an extended period of 24h. At higher

temperatures NPs started aggregating much before 24h (about 5h for 150 ◦C and at

3h for 180 ◦C). So these reactions could not be proceed for longer time period. The

e�ect of temperature on particle growth at di�erent time intervals was monitored with

the help of UV−Visible (UV-Vis) spectroscopy and transmission electron microscopy

(TEM). For TEM analysis, NPs dispersion was drop casted on a carbon coated TEM

grid (200 mesh size). Particle size distributions were obtained taking 300 particles

into account. For UV−Vis analysis, NPs dispersion was diluted 50 times with tbt and

spectra were taken using a Jasco V-570 spectrophotometer. The mean particle size

was calculated from the ratio of the intensity of absorbance at the surface plasmon

resonance peak (A(SPR) to the absorbance at 450 nm (A450) as described by Haiss et

al. [48].

2.2.3 Result and discussion

The as-prepared system was characterized initially with TEM. The representative

TEM image and the particle size distribution (Figure 2.6) clearly indicate formation

of a polydisperse system of mean size 6.3 nm ± 2.

Figure 2.6: TEM image (a) and particle size histogram (b) of starting polydispersed system
having a size distribution of 6.3 nm ± 2.2.

Quite gratifyingly, when the polydisperse as-prepared system was heated at 60◦C
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(in tbt), signi�cant narrowing of the size distribution to 5.3 nm ± 0.6 was observed

within 1h of heating. The representative TEM images and the particle size distri-

bution is provided in Figure 2.7a and Figure 2.7e. Prolonged heating at the same

temperature even for 24h did not lead to any signi�cant change in the particle size ex-

cept a slight narrowing of the size distribution was observed as shown in Figure 2.7d,

h (5.8 nm± 0.4). The same trend was observed when the as-prepared system was

heated at 90 ◦C. The polydisperse system became nearly monodisperse within 1h of

heating and no signi�cant change in particle size and size distribution was observed

even after the heating was continued for 24h. The representative TEM images at 1,

3, 9, and 24h and corresponding size distribution histograms at both 60 and at 90 ◦C

are provided in Figure 2.7.

An increase in temperature to 120 ◦C changed the scenario completely. Compara-

tively bigger particles (7.0 nm ± 0.7) were obtained at 120 ◦C than those obtained

at 60 or 90 ◦C (v5 nm), after 1h of heating and continued to grow with time. The

growth process slowed down after 5h of heating and particles attained a mean size

of ∼10.6 nm ±1.5 after 9h. The heating process was stopped at 9h. The represen-

tative TEM images at 1h, 3h, 5h, 7h and 9h and the corresponding size distribution

histograms are provided in Figure 2.8).

The same trend was observed on further increase in temperature. At 150 ◦C, monodis-

persed particles of ∼9.5±0.5 nm were obtained after 1h of heating. Continuous heat-

ing caused growth of these particles and they attained a mean size of ∼10.3 nm within

3h. A simultaneous increase in polydispersity was also observed. As the heating was

continued upto 5h, the mean particle size remained almost the same but an increase

in polydispersity was observed. Here, apart from the large particles, another popu-

lation of small particles of size ∼ 7−8 nm was also seen. This explains the increase

in polydispersity. The representative TEM images and corresponding particle size

distribution histograms are shown in Figure 2.9.
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Figure 2.7: (a−d) TEM micrographs of nanoparticle systems obtained at 60 ◦C at 1, 3, 9,
and 24h and (e−h) their respective particle size histograms. The particle size distributions
obtained are 5.3 ± 0.6 nm at 1h, 5.5 ± 0.4 nm at 3h, 5.5 ± 0.3 nm at 9h, and 5.7 ± 0.3
nm at 24h. TEM micrographs of the NP systems obtained at 90 ◦C at 1, 3, 6, and 9h are
represented by i−l, respectively. m−p are the respective particle size histograms. The particle
size distributions obtained are 5.4 ± 0.6 nm at 1h, 6.1 ± 0.4 nm at 3h, 6 ± 0.3 nm at 9h,
and 5.8 ± 0.4 nm at 24h.

42



Chapter 2

Figure 2.8: TEM micrographs and respective particle size histograms of NP systems obtained
at 120 ◦C for (a−c) 1h, (d−f) 3h, (g−i) 5h, (j−l) 7h, and (m−o) 9h. The particle size
distributions obtained are 7 ± 0.7 nm at 1 h, 8.8 nm ± 1.4 at 3h, 9.4 nm ± 1.5 at 5h, 9.9
nm ± 1.3 at 7h, and 10.8 nm ± 1.5 at 9h.
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Figure 2.9: TEM micrographs and respective particle size histograms of nanoparticle system
obtained at 150 ◦C for (a−c) 1, (d−f) 3, and (g−i) 5 h. The particle size distributions
obtained are 9.5 nm ± 0.5 at 1h, 10.3 nm ± 1.6 at 3h, and 9.6 nm ± 2.1 at 5h.

Further increase in temperature to 180 ◦C, resulted in similar trend in particle

size and size distribution. Particles of size v9 nm were obtained during the initial

period of heating i.e. at 1h. These particles grew in size at a much faster rate upon

continuation of heating. But as a population of particles with smaller size was also

obtained, the mean particle size remained the same, with an concurrent increase in

polydispersity. The particles attained the size of ∼9.6 nm ± 2.1 after 2h of heating.

Continuation of heating caused aggregation of the particles. The TEM images and

the corresponding particle size distribution histograms are shown in Figure 2.10.
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Figure 2.10: (TEM micrographs and respective particle size histograms of nanoparticle sys-
tem obtained at 150 ◦C for (a-c) 1, (d-f) 3, and (g-i) 5h. The particle size distributions
obtained are 9.5 nm ± 0.5 at 1h, 10.3 nm ± 1.6 at 3h, and 9.6 nm ± 2.1 at 5h.

The result obtained from TEM were also supported by UV-Vis analysis. The

interesting changes observed in UV−Vis spectra as a function of temperature and

time is presented in Figure 2.11.
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Figure 2.11: UV−Vis spectra obtained for as-prepared Au NP dispersions (a) and after
heating at 60 ◦C and 90 ◦C (b), 120 ◦C (c), 150 ◦C (d) at 180 ◦C (e) for di�erent time
intervals.
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As indicated by the wine red colour, the as-prepared dispersion of particles displays

a surface plasmon band (SPR) at 520 nm. This con�rms formation of Au NPs. It

is well established that NP size and morphology signi�cantly a�ect the position and

width of the SPR peak [49]. In the present environment, when the NPs dispersion was

heated at 60 ◦C for 1h, narrowing of SPR peak width was observed. This indicates

narrowing of particle size distribution. No change in the absorbance spectrum was

observed even when the heating was continued upto 24h. Increase in temperature

to 90 ◦C does not bring any signi�cant di�erence. The spectra obtained after 1h

and 24h of heating almost overlap with each other and also with those obtained at

60 ◦C (Figure 2.11a). This shows a negligible e�ect of time on particle size, when

the polydispese Au NPs dispersion was heated at lower temperature i.e. 60 and 90
◦C. This supports the TEM results. But when the temperature was increased to

120 ◦C, a continuous and signi�cant increase in the intensity of absorbance peak

was observed upto 7h. Further heating did not cause any signi�cant change in the

intensity of the absorbance peak. This suggests a faster growth process during initial

period of heating, which slowed down with time. At higher temperature i.e. 150 and

180 ◦C, the intensity of the absorbance peak increases signi�cantly when heating was

continued. However, prolonged heating (5h at 150 ◦C and 2h at 180 ◦C) caused a

decrease in peak intensity and also broadening of the peak. This indicates aggregation

of NPs (Figure 2.11c,d). Particle sizes were determined from UV-Vis spectra using

the method developed by Haiss et al. [48]. They showed a linear dependance of NPs

size with the ratio of intensity of the absorbance of surface plasmon resonance peak

(ASPR) to the absorbance at 450 nm (A450) and is valid for the size range of 5-80 nm.

The particle diameter can be calculated using the formula

d = exp(B1
ASPR

A450

−B2) (2.1)

Where d = particle diameter. B1 and B2 are calculated from the plot of molar

extinction coe�cient at the surface plasmon resonance per unit volume of gold vs.

ln(d) and the calculated values are 3 and 2.20 respectively.
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However, it should be noted that, the above expression was derived considering the

data obtained in water medium and the present study is carried out in organic solvent

i.e. tbt. So the data obtained is considered as semiquantitative. A comparison of

particle size obtained at di�erent temperature and time intervals both from TEM and

UV-Vis spectral analysis are presented in Figure 2.12.

Figure 2.12: Particle size vs time graph at di�erent temperatures from (a) TEM and (b)
UV-Vis spectroscopy.

It is evident from the Figure 2.12 that at lower temperatures (i.e., 60 and 90 ◦C),

time has no signi�cant e�ect on particle size and size distribution. No signi�cant

size variation was registered when the monodisperse system obtained at 1h (5.3 nm

± 0.6) was heated for 24h (5.7 nm ± 0.3 ). So it can be concluded that, at lower

temperatures a classical DR process is operative. The etching of the reactive surface

atoms of NPs by the DRAs and their re-deposition on other NP surfaces have been

credited for the uniformity of the particle size. We proposed that, at such lower tem-

perature, NPs do not possess su�cient energy, to produce e�ective collision, needed

for coalescence or surface atom di�usion, the two means of particle growth.

The time dependant particle growth process at 120 ◦C can be explained by invok-

ing arguments similar to those used in classical nucleation theory (CNT). Stemming

from the pioneering work of Gibbs, CNT, provides an approximate but physically
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reasonable prediction for the crystallization process i.e. evolution of a solid phase

(nucleation) from a supersaturated solution [22,50�52]. It is well known that, at su-

persaturated stage, the continual density �uctuations of liguid/solution gave birth

to transient solute clusters termed as nuclei. These nuclei may either re-dissolve or

may become stable and grow. This depends whether these nuclei are smaller or bigger

than a particular size termed as critical size. Within CNT, crystallisation (nucleation)

process is considered as result of two competing forces. Nucleation process makes the

atoms organised, which caused a reduction in free energy (termed as volume excess

free energy). But simultaneously energy is needed to create a solid/liguid interface.

Hence the overall energy termed is associated with an favorable volume excess free

energy term and unfavorable surface energy term and is expressed as

∆G = − 4

V
πr3kBT lnS + 4πr2γ (2.2)

where V is the molecular volume, r is the radius of the nuclei formed, kB is the

Boltzmann constant, T is the temperature, and γ is the surface free energy per unit

area. In the above equation, the volume free energy term is always −ve and and the

surface energy term is always +ve and also have di�erent dependences on r. So G

passes though a maximum as shown in Figure 2.13.

The size corresponding to maximum free energy is known as critical nucleus r* and

expressed as

r∗ = 2V γ/kBT lnS (2.3)

And the free energy corresponding to critical radius r* is

∆G∗ = 16πγ3V 2/3(kBT lnS)2 (2.4)

These equations depict an inverse relationship of supersaturation with both r* and

G*. It is known that increase in temperature increases the solubility and hence,

supersaturation decreases. This leads to increases in both r* and G*. Thus, the size

of the critical nucleus varies linearly with temperature as shown in �g Figure 2.13.
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.

Figure 2.13: Free energy vs particle size plot explaining the formation of critical nucleation.
The critical nucleus size increases with increase in temperature

Based on this theory, we propose that the smaller particles (∼5 nm) obtained at

60 ◦C are probably smaller than a critical size speci�c to 120 ◦C. Hence, when the

system was heated to 120 ◦C, these small particles get dissociated. These dissociated

atoms and clusters either re-nucleate or get attached to other stable nuclei, leading to

an increase in particle size. Thus, at 120 ◦C bigger particles of ∼7 nm were obtained

during the initial period (1h) of reaction. Continuation of heating to 3h and beyond

increases the mean size and polydispersity of the system. Particle coalescence was

also observed on the TEM grid. A bimodal size distribution of the particles also been

noted. (Figure 2.8e).

The coalescence and bimodal size distribution could be attributed to either OR or

aggregative growth process. As described earlier OR involves the growth of larger

particles at the expense of smaller ones. It is predicted that OR is driven by the size

dependent solubility di�erence between small and large particles. It is also established

that interparticle aggregation/coalescence can contribute towards particle growth.

The aggregative growth process is normally identi�ed by the presence of bimodal size

distribution, the presence of polycrystalline particles and sigmoidal growth kinetics.

The direct observation of particle aggregation at 3, 5, 7, and 9h over the TEM grid
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(Figure 2.14) indicates aggregative growth process as one of the reasons for particle

size growth with time.

Though aggregative growth is evident from TEM, the particle growth kinetics did

not follow a sigmoidal pro�le. The particle volume vs time graph showed a linear

relationship (Figure 2.15).

Figure 2.14: TEM micrographs of NP system obtained at 120 ◦C for 3h. (a), 5h (b), 7h (c)
and for 9h (d) providing evidence for aggregative growth process. Few places where particle
coalesce were marked in red.
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Figure 2.15: The particle volume vs. time graph at 120 ◦C. The line is linear �t to the data
points.

This denies aggregative growth as the sole cause for particle growth. The linear

relationship between particle volume vs time anticipates involvement of OR as pre-

dicted by Lifshitz, Slyozov, and Wagner (LSW) model. But OR process requires high

degree of polydispersity to be operative. Hence we propose that when the monodis-

perse NPs system was heated for longer time at 120 ◦C, the particles grew initially via

interparticle coalescence. This induced polydispersity in the system. After that the

growth process was driven by synergistic e�ect of both OR and particle coalescence.

Beside the above mentioned process, defects in NPs also have been established as an

major contributor of the growth process. Defects being the high energy sites, prefer

attachment of atoms and hence facilitate particle growth. But in the present systems,
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the HRTEM images proves the single-crystalline nature of NPs (Figure 2.16) ruling

out the possibility of defect induced particle growth. In a later stage (i.e., after 3h),

a few particles with defects are also observed, but these are fewer in number. These

defects may be the result of aggregative growth as explained in the literature.

Figure 2.16: HRTEM micrographs of nanoparticle systems obtained at 120 ◦C at 1h (a), 5h
(b) and 9h (c) indicating most of the particles are single crystalline. Few twinned particles
found at the latter stage of growth are shown as inset.

NP growth followed the same trend on further increase in the temperature i.e. at

150 ◦C. Monodisperse particles of v9.5 ± 0.5 nm, obtained at 1h, attained a mean

size of v10.3 nm after 3h. Direct observation of particle coalescence on TEM grid

con�rms aggregative growth as an operative process (Figure 2.17). At longer time

scale, the mean particle size exhibited a reduction but simultaneous enhancement

in polydispersity was also noted (Figure 2.9. A considerable population of particles

having size smaller than the initial size (v 9.5 nm) was also observed. This suggests

disintegration of some particles, while other continues to grow, which con�rms pres-

ence of OR process. But unlike 120 ◦C, these phenomenon occurred at a much faster

rate at 150 ◦C.
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Figure 2.17: TEM micrographs of nanoparticle systems obtained at 150 ◦C for 3h (a), 5h (b)
providing evidence for aggregative growth process. Few places where particle coalesce were
marked in red.

At 180 ◦C, particle coalescence and di�usion seems to happen at a much faster

rate than that observed at 120 or 150 ◦C. The monodisperse system of particle size

of ∼9 nm, obtained at 1h of heating, was converted to a bimodal system within a

very short time period (2h). The bimodal system possess one set of particles within

size range of a 6−8 nm, smaller than the starting size i.e. 9 nm. This proved OR

as one of the cause of particle growth (Figure 2.10d). Direct observation of particle

coalescence on TEM grid (Figure 2.18) con�rms the aggregative process is as well.
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Figure 2.18: TEM micrographs of NP systems obtained at 180 ◦C for 2h providing evidence
for aggregative growth process. Few places where particle coalesce were marked in red.

If we look into the particle size variation graph with time at di�erent temperatures

(Figure 2.12), in all cases the growth process became sluggish after some time or

almost stopped when particles attained a size of v9−10 nm. So, this size can be

considered to be the most stable size particulate to the Au-HDT system.

2.2.4 Conclusion

This present study provide an easy mean to tune size of Au NPs, by varying the sim-

ple parameters like temperature and time. Simultaneously it provides new insights

into the Au NP growth mechanism. Through systematic studies, it was shown that

during the initial time period, digestive ripening leads to smaller particles at lower

temperatures(60 and 90 ◦C) and comparatively bigger particles at higher tempera-

ture (120, 150 and 180 ◦C). It is proposed that the initial particle size is controlled

by a free-energy barrier resulting from the competing surface and volume free ener-

gies. The free energy barrier increases with temperature in a manner similar to the

arguments invoked in classical nucleation theory. At low temperatures, the particle

size remains una�ected by time, whereas at higher temperature, prolonged heating
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caused particle growth. The growth process is initiated by particle aggregation which

induces polydispersity in the system. After that both interparticle aggregation and

Ostwald ripening, operate in a combined manner, leading to the growth of NPs. With

increase in temperature, particle growth became more faster and Ostwald ripening

becomes more e�ective within a short time.
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Fine control over gold nanoparticle

sizes and their assembly pattern:

combined e�ect of temperature and

chain length of thiols

This chapter demonstrates that, a �ne

control over the size and size distribu-

tion of nanoparticles can be achieved

by performing digestive ripening process

at di�erent temperatures. Such varia-

tions in size and size distributions hugely

in�uence the self-assembly processes of

nanoparticles and result in superlattice

structures that are controlled by sub-

tle interplay between ligand orientational

entropy and their interdigitation and the

van der Waals attraction between the metal cores.
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3.1 Introduction

So far in this thesis we have shown the ability of the digestive ripening (DR) process

to control nanoparticles (NPs) size and monodispersity by varying

(1) Binding strength of metal with the functional group of DRAs.

(2) Time and temperature.

Apart from these factors, the steric crowding of DRAs also known to have signi�cant

e�ect on NPs size and size distribution. There are several reports which prove the

dependence of particle size on steric crowding of organic molecules, used as capping

agents for NPs. For e.g. Schadt et al. have shown the reciprocal relationship between

NPs size and chain length of alkanethiols in the thermal processing of pre-synthesized

Au NPs [1]. NPs obtained using shorter chain pentanethiol (5 carbons) shows an av-

erage size of 7.6 nm ± 0.43, while with longer chain length (15 carbons) alkanethiols

bigger particles of an average diameter 5.8 ± 0.31 were obtained. Using alkanethiols

of di�erent chain length, they showed that, an increase in methylene unit of the alka-

nethiol decrease the NPs size by 0.2 nm. This �nding suggest involvement of cohesive

energy of the capping alkanethiol molecules. It is well known that cohesive energy re-

sulted from from the chain-chain van der Waals (vdW) interaction of the alkanethiols

provide stability to NPs. Lengthier ligands because of the high amount of cohesive

energy can stabilise smaller particles. On the other hand, when NPs are capped by

smaller alkanethiols, more number of thiols (more surface area) are needed in order to

possess su�cient cohesive energy to stabilize NPs and hence resulted bigger particles.

Contrary to this, few other reports have shown an complementary relationship be-

tween particle size and chain length of capping agents. For e.g. Prasad et al. [2] has

shown the e�ect of alkyl chin length on Au NPs size in DR process. For this, thiols

of di�erent chain length such as 1-octanethiol (C8H17SH), 1-decanethiol (C10H21SH),

and 1-hexadecanethiol (C16H33SH) were used as DRAs. Nearly monodisperse parti-

cles were obtained in all the cases and a small increase in mean size of NPs was also

registered. Though the exact reason for this increase in particle size is not proven, it is

predicted that, there is an optimum size for the NPs that allows the most stable pack-
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ing of the DRAs of a particular chain length. On this basis, the longer chain length

DRAs should prefer less curved surface and hence bigger particles are expected.

In order to have deeper understanding of how the chain length of the ligand a�ect

NPs size, we have attempted to prepare Au NPs by DR process with thiols of di�er-

ent chain lengths i.e. octanethiol (OT), dodecanethiol (DDT) and hexadecanethiol

(HDT). We have already shown in chapter 2 (part B) that the heating temperature

in DR process can also be used as a tool to control particle size. It was observed that

using hexadecanethiol (HDT) as capping agent, nearly monodisperse Au NPs of size 7

nm ± 0.7 were obtained, when DR process was carried out at 120 ◦C. Upon increasing

the temperature to 180 ◦C, signi�cant growth in particle size was observed and parti-

cles attain the average size 9.5 nm ± 0.5. It is predicted that increase in temperature

causes the desorption of DRAs from surface of NPs, allow NPs coalescence and hence

result bigger NPs [3,4]. But the e�ect of temperature on NPs size with ligands of

di�erent chain length was not known well. Also as DR process involves re�uxing, we

envisaged that variation of temperature would provide a better understanding of the

DR process, prompting us to take up such investigation. Thus in the present study,

the DR process was carried out at two di�erent temperatures i.e. at 110 and 180 ◦C.

3.2 Experimental procedure

All the reaction are carried out under inert atmosphere and the solvent was degassed

prior to use. To synthesize Au NPs, 0.1g of didodecyldimethylammonium bromide

(DDAB) was added to 10 mL of t-butyl toluene (tbt). 30 mg of AuCl3 was dissolved

in this solution with the help of sonication. The resulted dark orange solution was

then reduced by drop wise addition of aqueous NaBH4 (80 uL, 9.4 M) under vigorous

stirring. The colour of the solution became wine red within few minutes. The stirring

was continued for 1h to ensure complete reduction. NPs dispersion at this stage is

termed as as-prepared dispersion in rest of the chapter.

To this as-prepared colloid, octanethiol (OT) was added keeping the metal to ligand

molar ratio 1:30. These ligand coated NPs are separated from excess ligand, DDAB
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and other reaction side products by precipitating with excess ethanol (30 mL). The

precipitate was then dried and re-dispersed in 10 ml of tbt. Another dose of DDT was

added keeping the metal to DRAs molar ratio 1:30. The colloids are then re�uxed

for 90 min. The same protocol was followed with DDT and HDT.

3.3 Result

3.3.1 Variation in particle size

The NPs size was determined with the help of transmission electron microscopy

(TEM). To do this, NPs dispersion was drop casted over a TEM grid (200 mesh).

300 particles were taken into account for determination of particle size. The size

distribution histograms of all the systems is provided in Figure 3.1.

Figure 3.1: Particle size distribution histograms for Au nanoparticles digestively ripened at
110 ◦C and 180 ◦C, by OT (a and b) DDT (c and d) and HDT (e and f).
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It was observed that, when OT was used as a ligand, no signi�cant e�ect on the

particle size was observed when the DR temperature was raised from 110 ◦C to 180 ◦C.

With DDT, monodisperse spheres of v5.6 ±0.5 nm were obtained when the system

was heated at 110 ◦C (Figure 3.1c). An increase in temperature to 180 ◦C in this case

leads to signi�cant change in particle size and size distribution. The monodisperse

system gets converted into a bimodal one. The bigger particles obtained are of v8.1

nm size and smaller particles obtained are of v5.8 nm (Figure 3.1d). In the case

of HDT capped Au NPs, an increase in temperature caused an overall increase in

the particle size from v6.4 ± 0.6 nm (at 110 ◦C) to v9.7 ± 1.0 nm (at 180 ◦C)

(Figure 3.1e and f).

3.3.2 Variation in assembly pattern

The variation in NPs size and size distribution was shown to have signi�cant e�ect on

their arrangement pattern (conventionally referred as superlattice (SL)) as well [5].

The OT capped Au NPs show high propensity to form 3D SLs, corresponding to fcc

packing, irrespective of the reaction temperature. The corresponding TEM images

are shown in Figure 3.2.

Like OT, the nearly monodisperse DDT capped NPs (5.6 ± 0.5 nm), obtained at 110
◦C, also arrange in a close packed manner, corresponding to fcc packing arrangements.

The TEM images are shown in Figure 3.3.

Increase in temperature to 180 ◦C, not only changes the size distribution to bimodal,

but also a�ects the arrangement pattern dramatically. The bimodal system obtained

at this temperature, was found to be arranged in a pattern isostructural with CaCu5

crystal structure. The CaCu5 (AB5) arrangement is basically a kagome-type arrange-

ment and a schematic drawing is given in Figure 3.4. In the �rst plane each bigger

particle (A) is surrounded by a hexagon formed by smaller particles (B). The second

plane formed by hexagons of small particles, rotationally shifted by 30° relative to

the �rst plane. The third plane is a repeataion of �rst one. This type of arrangement

was also observed with latex globules. [6]. Recently Shevchenko et al. showed that

AB5 type arrangement can also be obtained with NPs. They successfully obtained
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AB5 type arrangement by mixing NPs 7.2 nm PbSe and 5.0 nm Au NPs. But in

the present system, AB5 type structures were obtained without the necessity of mix-

ing two di�erent particles of two di�erent system as the bimodal distribution results

during the DR process itself. The TEM images are shown in Figure 3.5 and they

indicated that the [001] plane is mostly exposed.

Figure 3.2: TEM images of OT capped nanoparticles synthesized at 110 ◦C (a,b) and 180 ◦C
(d,e) at di�erent magni�cations. The insets in (a) and (c) are the fast Fourier transforms
of the images conforming to the fcc arrangement of the NPs.
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Figure 3.3: TEM images of DDT capped NPs synthesized at 110 ◦C at di�erent magni�ca-
tions. The insets in (c) is the fast Fourier transforms of the images conforming to the fcc
arrangement of the NPs.
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Figure 3.4: A schematic drawing of the AB5 structure. Adapted from wikipedia.
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Figure 3.5: TEM images of DDT capped Au NPs synthesized at 180 ◦C (a-c) at di�erent
magni�cations. d shows structural model for AB5 unit cell and its [001] zone axis.

To prove formation of AB5 type structure unambiguously, the TEM grid was tilted

in X-direction at 10, 20 and 30◦. The images obtained matched with modelled AB5

crystal structures (Figure 3.6).
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Figure 3.6: TEM images obtained by tilting the TEM grid (on which AB5 structure was
seen) in X-direction ( αangle) at 10, 20 and 30° respectively. Inset represent corresponding
structural model obtained by Dimond software (version 2.1.0.0).

On the other hand, HDT capped Au NPs do not form any closed packed structures

on TEM grid. Only 2-dimensional arrangement of NPs were observed, irrespective of

the particle size and heating temperature (Figure 3.7).

3.4 Discussion

The variation noted in NPs size and size distribution with change in temperature

and chain length of DRAs is little perplexing. In the present case we can rule out

in�uence of reaction environment and metal-ligand binding strength because same

reaction protocol was followed in all the cases and all the DRAs posses same func-

tional group. Therefore we bring up the in�uence of the organic shell that stabilize

the NPs core to explain the observed size variation.
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Figure 3.7: TEM images of hexadecanethiol capped NPs synthesized at 110 ◦ (a,b) and 180
◦ (d,e).

The impact of DRAs on the particle size is well established [7]. It is predicted

that during DR process, size modi�cation of NPs occur by deposition of gold clusters

etched by DRAs from the surface of one particle on another [8�10]. This etching

and re-deposition process is greatly a�ected by the e�ciency of the DRAs to provide

stability to NPs. Among the DRAs used, in this study, OT with the smallest chain

length, has less orientational entropy and hence could pack well on the surface of

NPs. [11,12] This close packing does not allow transfer of atoms/clusters in between
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particles which prevents particle growth. This is the reason, we believe OT capped

NPs do not grow in size, even when the DR temperature was raised from 110 ◦C to

180 ◦C. In contrary, longer molecules such as DDT and HDT, because of the gauche

defects associated with their longer tails, could not pack tightly on the NPs surfaces.

So for these systems, when the temperature was raised from 110 ◦C to 180 ◦C, there

is a higher possibility for atom/cluster exchange between NPs. This, we purpose

leads to the particle size variation observed at higher temperature for DDT and HDT

capped particles.

The di�erences in the assembly patterns observed is also predicted to have their gen-

esis in the orientational entropy of the ligand shell. It is well known that arrangement

of NPs into di�erent crystal lattice is mainly driven by electrostatic interaction or en-

tropic maximization. Electrostatic interaction is generally incorporated in NP system

by using capping agents that bears di�erent charge. As the present system comprises

of only one type of NP stabilised by same capping agent, the in�uence of electrostatic

interaction on assembly formation can be overruled.

In absence of electrostatic interaction, an ensemble of particles is known to adopt a

structure, which have the highest packing density (ρ) i.e. the most e�cient space

�lling. [13,14]. Hence in a monodispersed system, fcc or hcp is most preferable ar-

rangement because of its high packing fraction (ρ = 0.7405). This is the reason, the

monodisperse Au NPs capped by either OT or DDT, preferably form closed packed

fcc structures. But when the particle size distribution became bimodal, preferred

structure should be one which have the highest ρ for a particular size ratio (γ =

dsmall/dlarge). Plotting space �lling factor (ρ) versus γ (space �lling curve) helps in

estimating entropic contribution for stabilisation of di�erent structures and hence we

can predict preferable formation of a structure for a particular radius ratio. Calcu-

lated space �lling curve for di�erent type of structures is shown in Figure 3.8.
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Figure 3.8: Calculated space �lling curve for di�erent type of structures. Adapted from
reference [14].

The size ratio of the bimodal system in the present case (0.72) falls within the

stability range of AB5 structure (0.64�0.76). If the ligand thickness (v0.9 nm; cal-

culated as half of the average interparticle distance along a close-packed direction) is

also included, γ = 0.76, which falls within the stability range of AB5 structure. This

explain the formation of AB5 structure in the present case. However previous reports

have clearly stated that the formation and stability of AB5 and AB13 cannot simply

be accounted by space �lling models alone. For e.g. it cannot tell us why particles of

di�erent size prefer to arrange in a low density structure rather than phase separate

to form fcc structure. To get an answer for this, the role of capping agents which is

generally ignored in space �lling models have been drawn in.

But in case of SL formation, overlap between ligand chain increases causing reduction
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in their orientational entropy. This overlap simultaneously induces vdW attraction

between ligand chains. Calculations show that, this interligand vdW force is of much

higher magnitude (v2.09 kcal/molecule per CH2 group) compared to H-H (H stands

for hydrogen) repulsive interaction (v0.38 kcal/molecule) between �CH2 groups of

two neighbouring chains. Further Landman and Luedtke [15,16] also found this in-

terligand vdW attraction as a dominant contributor of cohesive energy of alkylthiol

passivated Au SL. Importance of ligand role in SL formation is further forti�ed by

our results. Among the ligands used, OT being the smallest chain length ligand,

has less orientational entropy and prefer to interdigit when NPs come closer. This

interdigitation provides extra energy to the system in terms of ligand-ligand vdW

interaction and so prefers to arrange in closed packed fcc lattice. The case is the

same for DDT stabilized smaller NPs (v5 nm), synthesized at 110 ◦C. Increase of

temperature not only leads to bimodal distribution of particles but also change the

arrangement scenario. These two di�erent sized particles put themselves in a hexago-

nal AB5 type lattice. It is already been proved that, linear dependence of dispersional

attraction between nanocrystal on particle size, is no longer valid for hard spheres.

In contrast larger NPs experience signi�cant steric repulsion and cores are not able

to approach as close as the case for smaller NPs. This countenances ligands to be in

a preferential orientation, achieving higher entropy. Such entropic relaxation abides

by minimal area principle, incompatible with close packing and hence favour loosely

packed structures eg. AB5. With increase in chain length, ligand orientational en-

tropy increases and this is re�ected in arrangement pattern of the hexadecanethiol

capped Au NPs. HDT capped Au NPs remain as stable dispersion for many days and

unable to arrange in closed packed manner owing to its high orientational entropy.

3.5 Conclusion

Great control over NPs size and their size distributions can be achieved by varying the

chain length of the capping agents and temperature in the digestive ripening process.

This in turn resulted di�erent types of arrangement pattern. We have demonstrated
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that both the size and size distribution and the assembly formation are dependent on

the chain length of the DRAs.

References

[1] M. J. Schadt, W. Cheung, J. Luo, and C.-J. Zhong, �Molecularly tuned size

selectivity in thermal processing of gold nanoparticles,� Chemistry of Materials,

vol. 18, no. 22, pp. 5147�5149, 2006.

[2] B. L. V. Prasad, S. I. Stoeva, C. M. Sorensen, and K. J. Klabunde, �Diges-

tive ripening of thiolated gold nanoparticles: the e�ect of alkyl chain length,�

Langmuir, vol. 18, no. 20, pp. 7515�7520, 2002.

[3] T. Shimizu, T. Teranishi, S. Hasegawa, and M. Miyake, �Size evolution of

alkanethiol-protected gold nanoparticles by heat treatment in the solid state,�

The Journal of Physical Chemistry B, vol. 107, no. 12, pp. 2719�2724, 2003.

[4] T. Teranishi, S. Hasegawa, T. Shimizu, and M. Miyake, �Heat-induced size evolu-

tion of gold nanoparticles in the solid state,� Advanced Materials, vol. 13, no. 22,

p. 1699, 2001.

[5] F. Remacle and R. Levine, �Architecture with designer atoms: Simple theoretical

considerations,� Proceedings of the National Academy of Sciences, vol. 97, no. 2,

pp. 553�558, 2000.

[6] S. Hachisu and S. Yoshimura, �Optical demonstration of crystalline superstruc-

tures in binary mixtures of latex globules,� Nature, vol. 283, no. 5743, pp. 188�

189, 1980.

[7] D. S. Sidhaye and B. Prasad, �Many manifestations of digestive ripening:

monodispersity, superlattices and nanomachining,� New Journal of Chemistry,

vol. 35, no. 4, pp. 755�763, 2011.

77



Chapter 3

[8] Schaa�, T. Gregory, and R. L. Whetten, �Controlled etching of au:sr cluster

compounds,� The Journal of Physical Chemistry B, vol. 103, no. 44, pp. 9394�

9396, 1999.

[9] C.-Y. Ke, T.-H. Chen, L.-C. Lu, and W.-L. Tseng, �Understanding thiol-induced

etching of luminescent gold nanoclusters,� RSC Adv., vol. 4, pp. 26050�26056,

2014.

[10] H. Duan and S. Nie, �Etching colloidal gold nanocrystals with hyperbranched

and multivalent polymers: a new route to �uorescent and water-soluble atomic

clusters,� Journal of the American Chemical Society, vol. 129, no. 9, pp. 2412�

2413, 2007.

[11] A. Badia, S. Singh, L. Demers, L. Cuccia, G. R. Brown, and R. B. Lennox, �Self-

assembled monolayers on gold nanoparticles,� Chemistry � A European Journal,

vol. 2, no. 3, pp. 359�363, 1996.

[12] A. Badia, W. Gao, S. Singh, L. Demers, L. Cuccia, and L. Reven, �Structure and

chain dynamics of alkanethiol-capped gold colloids,� Langmuir, vol. 12, no. 5,

pp. 1262�1269, 1996.

[13] A. Hynninen, L. Filion, and M. Dijkstra, �Stability of ls and ls2 crystal struc-

tures in binary mixtures of hard and charged spheres,� The Journal of Chemical

Physics, vol. 131, no. 6, pp. 1�9, 2009.

[14] M. I. Bodnarchuk, M. V. Kovalenko, W. Heiss, and D. V. Talapin, �Energetic

and entropic contributions to self-assembly of binary nanocrystal superlattices:

Temperature as the structure-directing factor,� Journal of the American Chem-

ical Society, vol. 132, no. 34, pp. 11967�11977, 2010. PMID: 20701285.

[15] U. Landman and W. D. Luedtke, �Small is di�erent: energetic, structural, ther-

mal, and mechanical properties of passivated nanocluster assemblies,� Faraday

Discuss., vol. 125, pp. 1�22, 2004.

78



Chapter 3

[16] W. D. Luedtke and U. Landman, �Structure, dynamics, and thermodynamics of

passivated gold nanocrystallites and their assemblies,� The Journal of Physical

Chemistry, vol. 100, no. 32, pp. 13323�13329, 1996.

79



Chapter 4

Amine capped Au nanoparticles:

Understanding in�uence of various

parameters on particle size and

controlling their assembly pattern
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4.1 Part A: Amine capped Au nanoparticles: Un-

derstanding in�uence of various parameters on

particle size in the digestive ripening process

This part of the chapter is a trial to un-

ravel mechanism of the digestive ripen-

ing procedure for Au-alkylamine system.

This is done by systematically investigat-

ing the in�uence of various parameters

such as chain length of the amines and

temperature. A comparative study with

Au-thiol system is also presented in order to understand combined e�ect of metal-

DRAs binding energy with above mentioned factors in the digestive ripening process.
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4.1.1 Introduction

In the last section of this thesis, we have shown the in�uence of chain length of thiols

and temperature on Au NPs size. A slight increase in particle size was noticed when

chain length of thiol was increased (from 8 to 16 carbon atoms). This e�ect was

attributed to higher orientational entropy associated with longer chains. It was also

proven that smaller chain length thiols allow interdigitation of chains on surface of

neighbouring NPs. This provides stability to the NPs system and no change in the

particles size was registered even at higher temperature. On the other hand, the

defect associated with longer chain length thiols does not allow such interdigitaion

of chains leading to an increase in particle size on increasing the temperature. We

have used thiols with 8, 12 and 16 carbon atoms as DRAs so far. In order to get a

better understanding of how the chain length of DRAs a�ect NPs size, we thought of

extending chain length to more than 16 carbon atom.

Secondly, it is well known that thiols bind to Au NPs surface very strongly [1]. This

strong binding could work against the desorption of ligands from NPs surface, which is

considered as a major cause of size evolution of NPs during DR [2]. So in this present

study we have used amines as DRAs. Amines, which also could form a nice monolayer

over NPs surface, [3] bind to Au NPs weakly compared to thiols. So the in�uence of

temperature is expected to be more pronounced in case of amines. Amines of di�erent

chain length such as octylamine (OA), dodecylamine (DDA), hexadecylamine (HDA),

arachidylamine (AA) and lignocerylamine (LA) were used for this study. It should be

noted that amines of even chain length were used in order to avoid any discrepancy

in packing of DRAs over NPs surface because of odd-even e�ect [4].

We also investigated the in�uence of temperature on NPs size. As the size evolution

during thermal processing involves desorption and re-encapsulation of capping agents,

variation in temperature for Au NPs-amine system with di�erent chain length of

amine is expected to provide an insight into the mechanism of DR process.
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4.1.2 Experimental procedure

Au NPs were synthesized by the well known digestive ripening procedure [5]. 0.01M

AuCl3 solution was prepared in toluene with the help of a long chain surfactant

i.e.didodecyl dimethyl ammonium bromide followed by reduction with NaBH4. The

NPs dispersion at this stage is termed as as-prepared dispersion in rest of the chapter.

This as-prepared colloid was divided into �ve 2.5 mL batches. To these, amines of

di�erent chain length were added keeping the metal to DRAs molar ratio 1:30. These

ligand coated NPs were separated from excess ligand, DDAB and other reaction side

products by precipitating with excess ethanol (7.5 mL for each batch). The precipitate

was then dried and re-dispersed in 2.5 mL of toluene. Another dose of DRA was added

keeping the same metal to DRA molar ratio. The colloids are then heated at 110 ◦C

for 90 min.

4.1.3 Result and discussion

4.1.3.1 E�ect of chain length of amines

DR process is explained as conversion of a polydisperse NPs dispersion into a nearly

monodisperse one, upon heating in the presence of excess DRAs [5]. The proposed

synthetic steps is depicted in Figure 4.1 taking Au-docecanethiol as standard system.

Figure 4.1 depicts two major changes that occur during the DR process. The �rst

one is the breaking of bigger, polyherdron particles in as-prepared system into very

small particles by DRAs. Though it is predicted that, DRAs attack the defect sites

of the polyhedral particles and break them into smaller pieces, this phenomenon is

particularly interesting because the entire process takes place at ambient conditions.

Though the mean size of the particles decreases and they become spherical, the sys-

tem still remains polydispersed. The second change is further narrowing of particle

size distribution upon re�uxing in presence of excess DRA.

This present study systematically investigates the two steps with amines of di�erent

chain length. The as-prepared system is characterized with high degree of polydis-

persity as shown in Figure 4.2.
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Figure 4.1: TEM images representing the transformations of (a) polydispersed NPs upon (b)
alkanethiol addition at room temperature and (c) after DR. Adapted from [6].

Figure 4.2: TEM image and corresponding particle size histogram (A and B) for Au NP
systems of as-prepared system indicating high degree of polydispersity i.e mean particle size
11.2 nm ± 5.7.
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In order to di�erentiate the in�uence of chain length of ligand and heating on

NPs size, the particle size was determined before and after heating in DR process for

amines of di�erent chain length. The size of NPs were determined with the help of

a transmission electron microscopy (TEM). For TEM analysis, NPs dispersion was

drop casted over a TEM grid (200 mesh) and 600 particles were taken into account

for determination of particle size. The TEM images and the corresponding particle

size distribution histograms of NPs before and after heating are given in Figure 4.3

and Figure 4.4 respectively.

It was observed that, except OA, addition of amines of all other chain length decreases

the polydispersity of the as-prepared system signi�cantly (Figure 4.2 and Figure 4.3).

The bigger particles present in the as-prepared system are broken by the amines into

small spherical particles of 5-6 nm in all these cases. The mean particle size and size

distribution of NPs is 5.2 nm ± 6.7 for OA, 5.3 nm ± 1.4 for DDA, 5.4 nm ± 1.2

for HDA, 5.5 nm ± 1.4 for AA and 5.3 nm ± 0.8 for LA. However, heating at 110
◦C brings signi�cant change in size and monodispersity of the particles capped by

smaller chain length amines (OA, DDA and HDA). Comparatively bigger particles

were formed with OA (11.5 nm ± 0.8) than DDA (9.3 nm ± 0.8) or HDA (9.5 nm

± 0.8). For longer chain length amines, no signi�cant change in particle size and

polydispersity was observed. More precisely in case of AA before heating, the size of

the particles was 5.5 nm ± 1.4, which remain almost unchanged after heating also

(5.7 nm ± 1.0). Similarly in case of LA, size of particles were 5.3 nm ± 0.8 before

heating and 5.4 nm ± 0.9 after heating (Figure 4.4).

It is predicted that during heating, size modi�cation of NPs occur by deposition of

gold clusters etched by DRAs from the surface of one particle on another [7] and the

particles attain an optimum size that allows the most stable packing of the capped

DRAs. On this basis, the lengthier ligands should prefer less curved surfaces leading

to larger sized particles. But the present study shows an opposing trend i.e. size of

the NPs decreases with increase in chain length of amines.

85



Chapter 4

Figure 4.3: TEM images and corresponding particle size histograms for Au NPs before heat-
ing with OA (A-C), DDA (D-F), HDA (G-I), AA (J-L) and LA (M-O). Presence of very
small particles (1-3 nm) are indicated by red circle.
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Figure 4.4: TEM images and corresponding particle size histograms for Au NP systems
after heating with excess DRAs i.e. OA (A-C), DDA (D-F), HDA (G-I), AA (J-L) and LA
(M-O).
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To explain this observation, we considered both the steric and the energetic as-

pects involved in the alkylamine encapsulation. This cohesive interaction provides

additional stability to the NPs and can be increased by increasing the chain length of

the DRAs or by increasing the number of DRAs. When NPs are encapsulated with

short chain length alkylamines i.e OA, better cohesive stabilization can be provided

to NPs by increasing the no. of DRAs. Better arrangement of these increasing no. of

ligands requires bigger surface area and less curved surface. We hypothesised this as

the reason for formation of bigger sized particles for Au-OA system.

With increase in chain length, the cohesive energy arising due to ligand-ligand vdW

interaction increases, hence less no. ligands require to provide su�cient stablization

to NPs. But simultaneously these ligands possess more orientaional entropy which in

turn require more curved surface i.e. smaller particles. This explains the formation of

comparatively smaller sized particles when DDA or HDA is used as DRAs. Further

increase in chain length caused further reduction in particles size and smaller particles

of 5-6 nm were obtained when AA and LA were used as DRAs. But this result can

not be attributed to ligand-ligand vDW, because longer chain length was known to

associated with gauche defects. The defects prevents close packing of longer alkyl

tail, needed to provide cohesive energy to the system. But these DRAs, owing to its

bigger size, possess higher orientational entropy and prefer more curved surface as

shown in Figure 4.5 and hence resulted in smaller particles.

We summarize that, this higher orientaional entropy of ligands also does not allow

introduction of small gold clusters over NPs surface, which is considered as the cause

for growth of NPs.
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Figure 4.5: Schematic of e�ect of steric crowding of DRAs on NPs size. Ligands with longer
chain length prefer smaller curvature and leads to smaller sized particles.

4.1.3.2 E�ect of temperature

Change in temperature was shown to cause evolution in size of alkylthiol capped NPs

and this size change depends on the chain length of alkyl group. But as thiols binds

strongly to Au NPs surface, temperature e�ect was not pronounced with alkylthiols.

In order to get better idea, how temperature a�ect size of Au NPs, when capped by

ligands of di�erent chain length, we thought to carry out DR process at 180 ◦C using

OA, HDA and LA as DRA. For this 4-tertbutyl toluene (tbt) was used as solvent.

Result for all these systems is given in Figure 4.6.

From the Figure 4.6 it can be noted that, higher temperature leads to aggregation

and disintegration for particles for all the cases leading to a set of very small particles

i.e size 1-3 nm (marked by red circles). This suggests that, unlike thiols, increase in

temperature can not be considered as a tool to control the NPs size, when capped by

amines.
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Figure 4.6: TEM images of NPs formed at 180 ◦C for OA (A,B), HDA (C,D) and LA (E,F).
Very small particles are indicated by red circles.

4.1.4 Conclusion

In this present study we have tried to provide new insight into the DR mechanism

of Au NP-alkylamine system by varying chain length of amines and temperature.

This study showed that, in DR process, the bigger particles present in the initial

polydisperse system are broken into smaller particles (2-6 nm), by addition of ligands

and this process is independent of the chain length of amines. Heating has signi�-

cant in�uence on size of particles. The inverse relationship of chain length of amine

and particles size after heating could be explained considering the contribution from

cohesive energy arise from ligand-ligand interaction and steric crowding.
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4.2 Part B: Role of Solvent Evaporation on Assem-

bly Pattern of Amine Capped Au Nanoparticles

This part of the chapter

presents an easy and con-

venient way to prepare or-

dered assemblies of amine

capped gold nanoparticles.

It is clearly established

that solvent evaporation

signi�cantly in�uences the

nature of resulting assemblies and critically governs whether monolayer or multilayer

structures are formed.
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4.2.1 Introduction

Part A of this chapter demonstrated the in�uence of chain length of di�erent amine

ligands on size of Au nanopartcles (NPs). But in none of the cases, though the parti-

cles were reasonably monodispersed, ordered arrangement of these particles could be

observed. This observation contradicts the result obtained with thiol capped Au NPs

as shown in chapter-3 of this thesis. Au NPs capped with shorter chain length thiols

(8-12 carbon atoms) prefer to form 3D close packed arrangements. It is predicted that

the strong interaction between sulphur and gold renders great stability to the particles

thereby assisting thiol molecules to exist in an all-trans conformation [8,9]. Conse-

quently this facilitates an interdigitation between the surface bound thiol molecules

on adjacent NPs leading to the formation of good quality ordered structures, com-

monly known as superlattices (SLs) [10]. On the other hand, amine capped particles

are not good choices as far as good SLs formation, though amine also forms nice

monolayer over Au NPs [11] and imparts good stability to the dispersions [12]. One

of the explanations provided for this is the weak interaction between the amine head

group and the gold surface compared to thiol [1], which allows exchange of ligands

in between NPs surface and solvent. This exchange process makes the interdigitation

between the amine molecules on the neighbouring NPs an unfavourable process and

hence hinder the SL formation.

The present chapter provides results of our e�orts wherein we designed a simple strat-

egy to overcome this problem. Amongst the various methods that have been proposed

to direct self-assembly (SA) of NPs such as tailoring chemical interactions between

them or by using external �elds, templates etc., evaporation mediated ones stand out

as one of the extremely competent approaches to prepare highly ordered large area

structures [13�18]. An e�cient utilization of this method for desired self-assembled

architectures requires thorough understanding of various aspects like di�usion and

drying kinetics, interaction of the NPs between themselves apart from their interac-

tions with the substrates and solvents used and so on. Thus the study is conducted

to provide an greater insight into the solvent evaporation mediated SA process.
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In the present study, dodecylamine (DDA) capped Au NPs were used as reference

system. These particles were synthesized by well known digestive ripening procedure

in a non polar solvent such as tbt [5]. The NPs dispersion was then diluted with

toluene keeping the volume ratio of tbt and toluene 1:3 and 1:5. The diluted Au NPs

dispersion was then drop casted on a TEM grid and arrangement pattern was studied

with the help of TEM. Since these solvents are similar in many respects, except in

their boiling points and hence in vapour pressure (referred as v.p. later in text), this

system provides a platform to study the evaporation e�ect systematically. Also the

non-polar nature of both the solvents helps us to exclude the in�uence of other solvent

related factors such as polarity (dielectric constants for toluene and tbt are 2.387 and

2.38 respectively at 20 ◦C), H-bonding etc. on SA process [19�23].

4.2.2 Synthesis of DDA capped Au NPs

Nearly monodisperse Au NPs were prepared by well known digestive ripening method

in two di�erent solvent media i.e. toluene and tbt. For this, 0.1 g. of didode-

cyldimethylammonium bromide (DDAB) was added to 10 mL of solvent. AuCl3 was

dissolved in this with the help of sonication to make a 0.01 M solution. The resulted

dark orange solution was reduced by drop wise addition of aqueous NaBH4 under

vigorous stirring. The color of the solution changed to wine red immediately after

NaBH4 addition. Stirring was continued for 1h to ensure complete reduction. To

this dispersion DDA was added keeping the metal to DDA molar ratio 1:30. Subse-

quently 30 mL of ethanol was added to this DDA coated Au NPs dispersion in order

to separate them from excess ligand, DDAB and other reaction side products. The

precipitate was then dried and redispersed in 10 ml of respective solvent followed by

addition of another dose of DDA (metal to DDAs molar ratio 1:30). The colloids are

then heated at 110 ◦C for 90 min.

The particle size of both the systems (Au NPs synthesized in toluene and tbt) was

analysed by drop casting a drop of Au NPs dispersion on a carbon coated TEM grid.

Around 300 particles are taken into account for calculating mean particle size. The

in�uence of solvent evaporation on NPs arrangement was analysed by diluting the
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NPs dispersion in tbt with toluene or vice versa in di�erent volume ratio i.e. 1:3 and

1:5 tbt:toluene.

4.2.3 Result and discussion

The TEM images and corresponding particle size distribution for Au NPs system

synthesized in tbt and toluene is given in Figure 4.7. It was observed that particles of

nearly same size were obtained in both the solvent systems (8.2 nm ± 0.7 in tbt and

8.0 nm ± 0.4 in toluene) which excludes in�uence of particle size on SL formation.

Figure 4.7: TEM image and particle size distribution histogram of Au NPs synthesized in
tbt (a and b) and in toluene (c and d respectively)
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In order to understand the dependence between nature of SLs obtained and the

solvent evaporation from a mixed solvent system, the Au NPs synthesized in tbt were

diluted with toluene by maintaining the solvent volume ratio of tbt: toluene as 1:3

and 1:5. Similarly Au NPs synthesized in toluene were diluted with tbt, maintaining

solvent volume ratio of toluene: tbt as 3:1 and 5:1. For each of the above mentioned

samples, UV�Vis measurement showed characteristic peak of Au NPs at v525 nm.

No change was observed in λmax position and no broadening of peaks could be seen

on diluting the toluene dispersed samples with tbt or vice versa (Figure 4.8). This

con�rmed that the NPs were well dispersed in these solvents and no strong interpar-

ticle interactions exists [24].

However the images obtained when a drop of these dispersions were allowed to dry

on a TEM grid, were very di�erent from one another. It was observed that parti-

cles synthesized in tbt on dilution with same solvent (5 times) formed uniform 2D

monolayer extending over more than a micron length scale (Figure 4.9 a and b). The

scenario changed completely, when the same sample was diluted with toluene. More

speci�cally, dilution of the sample prepared in tbt with 3 parts of toluene a�orded

small islands of NPs with preferential multilayer arrangement rather than a mono-

layer arrangement (Figure 4.9 c and d). Further increase in toluene volume ratio

(tbt:toluene = 1:5) resulted in highly ordered 3D SLs (Figure 4.9 e and f).

Similar results were also obtained when particles were synthesized in toluene and di-

luted with tbt. In this case too, at 3:1 volume ratio of toluene: tbt small domains

of NPs trying to assemble in an ordered manner (Figure 4.10 a and b) could be ob-

served while the 5:1 volume ratio furnished good quality 3D fcc structure (Figure 4.10

c and d). These were exactly same to those obtained when particles synthesized in

tbt were diluted with toluene and allowed to dry on a TEM grid. Very interestingly,

when particles synthesized in toluene were diluted with the same solvent, randomly

distributed NPs over TEM grid were found (Figure 4.10e and f).
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Figure 4.8: UV�Vis spectrum of DDA capped Au NPs synthesized in toluene and tbt (a, b)
respectively. C presents UV�Vis spectrum of NPs synthesized in tbt and diluted with toluene
maintaining tbt: toluene volume ratio 1:3 (black line) and 1:5 (red line). D presents UV−Vis
spectrum of NPs synthesized in toluene and diluted with tbt maintaining tbt: toluene volume
ratio 1:3 (black line) and 1:5 (red line).
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Figure 4.9: TEM images of DDA capped Au NPs synthesized and diluted with tbt (a, b). (c,
d) and (e, f) represent TEM images of Au NPs synthesized in tbt and diluted with toluene
maintaining volume ratio 1:3 and 1:5 respectively. The insets show FFT of respective �gures
indicating hcp and fcc arrangements.
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Figure 4.10: TEM images of DDA capped Au NPs synthesized in toluene diluted with tbt
maintaining volume ratio 1:3 (a, b) and 1:5 respectively (c, d). e and f represent TEM
images of Au NPs synthesized and diluted.
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The SL formation from monodispersed NPs is known to be a well orchestrated

phenomenon depending on lot of factors [25,26], many of which are still not very well

understood. In the present study, use of solvents of nearly similar properties allows

us to discount many e�ects like H-bonding, polarity etc. as driving forces [20,21].

The UV�Vis measurements (Figure 4.8) also clearly show that the particles exist as

stable dispersion in solvent. This excludes strong interparticle interaction as a driving

factor for SL formation. Therefore, the arrangement patterns observed on TEM grid

can be considered as a consequence of drying.

The two solvents chosen here i.e. toluene and tbt belong to a class of non polar aro-

matic solvents but have di�erent v.p. where toluene (v.p. 28.4 mmHg at room tem-

perature) is more volatile compared to tbt (v.p. 0.7 mmHg at room temperature) [27].

This di�erence in vapour pressure can brings out time di�erence in evaporation pro-

cess. We performed a simple experiment to understand the di�erence in evaporation

time when tbt and toluene was mixed in di�erent volume ratio (tbt:toluene at 1:3 and

1:5). To do this 1 mL of solvent mixture (tbt: toluene ratio 1:3 and 1:5) were taken

in two Petri dishes having same surface area and allowed to evaporate under room

temperature condition. The weight change was measured using standard weighing

microbalance under closed door conditions. The results displayed in Figure 4.11.

Result from this simple experiment proves that increase in volume fraction of more

volatile toluene decrease the evaporation time. The di�erence in evaporation time is

expected as a primary factor for the observed structural change [28].
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Figure 4.11: The comparative result of evaporation time of tbt:toluene at 1:3 and 1:5 ratios

To comprehend the structural transformation that takes place over the TEM grid,

we discuss below the process of evaporation of a drop and how it directs NP SA.It

is a well known fact that when a drop dries, it leaves behind a co�ee stain like pat-

tern [26,29,30]. These patterns are considered to be a result of complex interplay

between many far from equilibrium e�ects like capillary �ow, pinning-depinning of

interface etc. [31,32] In recent times researchers have been able to make long range

ordered NP SLs by manipulating evaporation kinetics [14,33]. Good volume of work

done in this area claim that rapid evaporation favours monolayer formation of NPs

while slow evaporation leads to 3D assemblies [33,34]. Our results though in agree-
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ment with the mentioned statement divulge some interesting trends. As shown above,

when Au NPs synthesized in tbt are diluted with the same solvent, monolayer forma-

tion is resulted upon drying. In this case, comparatively slow evaporation is expected

as v.p. of tbt is low compared to that of toluene. Interestingly, the same sample when

diluted with toluene which is more volatile and hence rapid evaporation is expected,

highly ordered 3D fcc SLs are obtained. This forced us to rethink how evaporation

kinetics a�ects NPs assembly formation. It has been clearly demonstrated that when

the solvent evaporates from a drop on a substrate, the drop's height decreases signif-

icantly during the initial stage of evaporation [33,34]. The remaining solvent dries by

heat transfer. It is also shown that as the drop height decreases, NPs present in bulk

prefer to accumulate at the liquid-air interface. Decrease in interfacial tension can be

considered as one of the driving forces for NP accumulation at interface, where these

NPs nucleate as ordered monolayer structures. The area of this NP monolayer starts

growing when particles within droplet come towards the interface and get attached to

any of these monolayers via interfacial di�usion along the liquid-air interface. When

such a process occurs with NPs dispersed in tbt alone, the droplet size is bigger and

the evaporation rate is also slower. Therefore, the particles get su�cient time to move

along interface and add themselves to the small existing monolayer, thereby increas-

ing its area and hence are expected to form large area monolayer. This is exactly the

case we observed when tbt is used as a solvent media. Interesting result were obtained

when we diluted Au NPs synthesized in tbt with toluene maintaining volume ratio 1:3

and 1:5. When diluted with a lower volume ratio of toluene (1:3), fast evaporation of

volatile solvent (toluene in this case) brings NPs within a small volume of tbt drops.

This results in nucleation of multilayer structures (Figure 4.9 c and d). However as

the ratio of tbt is more, the remaining droplet size after all toluene is evaporated is

still large. Therefore the particles are still present in large solvent domains and form

only bilayer type structures. Increasing the volume of volatile toluene (1:5) reduces

size of tbt droplet formed and hence con�nes NPs into a much smaller volume com-

pared to 1:3 dilution. This in turn results in ordered 3D SLs (Figure 4.9 e and f).

To con�rm that only the solvent evaporation matters and the solvent in which NPs
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were synthesized does not play any role, we carried out the above mentioned proce-

dure in a reverse way in which NPs synthesized in toluene were diluted with tbt. The

results obtained were exactly similar even when particles synthesized in toluene were

diluted with tbt. Here again, nice SL structures formed when the toluene to tbt ratio

was kept at 5:1 as compared to those obtained when the ratio was 3:1. The above

observations unambiguously indicate that rapid evaporation of a drop can be used as

a means to construct 3D NP SLs.

Furthermore, we also followed the formation of NP SL structures using optical mi-

croscope and the result is provided in Figure 4.12.

Figure 4.12: Optical microscope images of Au NPs dispersion in tbt at 0 min and 3 min (a,
b respectively) and in tbt-toluene mixture (1:5 ratio) at 0 min and 1 min after drop casting
(c, d respectively).
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Here again, in the tbt:toluene mixture case we clearly see formation of micron

scale multilayer structures. On the other hand, when solvent is allowed to evaporate

from NPs dispersions in pure tbt no multilayer formation could be observed (Fig-

ure 4.12). In these cases since the evaporation is uniform only the dewetting of the

surface governs the SL nucleation. This could explain the formation of small isolated

domains, when Au NPs synthesized in toluene are drop casted on TEM grid. As the

evaporation in this case is very fast the NPs are con�ned to these small domains. But

the fast dewetting does not allow the particles to form stable multilayer structures.

This shows presence of a wetting layer is necessary for equilibration of particles into

thermodynamically stable 3D fcc structure formation.

Another important �nding of the present study is the formation multilayer SL struc-

tures from amine capped Au particles. It has been argued that amine capped NPs do

not prefer to form 3D SL structures. This has been linked to the presence of many

Gauche defects in the ligand shell and the continuous exchange of ligands between

the NP surface and the solution that possesses a major obstacle for SLs formation.

But in the present system, i.e toluene and tbt mixture, fast evaporation of toluene

con�nes NPs to small volume of tbt. This probably helps in the interdigitation of

ligands that in turn facilitates the SL formation.

4.2.4 Conclusion

Formation of large area mono and multi-layered ordered SLs structures of DDA

capped gold NPs has been accomplished. This has been achieved by preparing the

NP dispersions in a mixture of solvents possessing many similar properties but di�er

in vapour pressures. Upon drying a drop of dispersions prepared from such mixed sol-

vents, the more volatile solvent evaporated very fast con�ning the particles into small

domains of the less volatile solvent providing an easy way to prepare high quality SL

structures even from amine capped NPs. In the past addition of excess free ligand

was suggested as a means of obtaining good quality 2D and 3D SLs. However it would

be extremely di�cult to remove these excess free ligands after the SL formation has

occurred. This present study provides a convenient alternative to such methods [5,35]
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Conclusion

This chapter contains a summary and concluding re-

marks for the work described in this thesis and then

lays out the future scope pertaining to this work.
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5.0.5 Summary of the thesis

The preparation of monodisperse nanoparticles with uniform size and shape has been

intensively pursed because of their scienti�c and technological interests. In this regard

digestive ripening has proven as a simple and convenient protocol to do this.

The work encompassed in this thesis is a trial to understand the mechanism involved in

DR process. For this we have tried to understand how change in reaction parameters

a�ect NPs size. This was done by varying

I) Metal-DRAs (ligand) head group interaction strength

II) Temperature and time

III) Chain length of ligand for both strongly and weakly binding DRAs

and the result can be summarized as

(a) Control over NPs size can be achieved by controlling metal-DRAs head group

interaction. The size variation depends on the metal�DRAs interaction strength

which is mainly governed by Hard Soft Acid Base principles.

(b) Temperature and time also in�uence particle size signi�cantly. We demonstrated

that at lower temperatures, nearly monodisperse particles are obtained within short

time period and size of these particles remains una�ected over a period of time,

substantiating the prevalence of classical digestive ripening process. However, at

elevated temperatures, the continual growth of bigger particles obtained during the

initial period of the reaction, revealed a deviation from the digestive ripening behavior.

These observations illustrate a plausible cross over from digestive ripening to Ostwald

ripening phenomenon based on the temperature and time used during re�ux step.

(c) Ligand chain length a�ect size of NPs in di�erent manner when capped by DRAs

of di�erent binding strength. When capped by DRAs which binds to NPs system

strongly (Au-thiol system in the present case), the particle size varies linearly with

chain length of DRAs. However an inverse relationship between NP size and chain

length was observed, if NPs are capped by comparatively weak binding DRAs (Au-

amine system). A systematic investigation of the Au-amine system proved that,

heating a�ect NPs size signi�cantly when capped by DRAs of shorter chain length.
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Investigation of the above mentioned factors also shed light on NPs self-assembly

behaviour. We have demonstrated that temperatures and ligand chain length provides

great control over NP size and their size distributions which in turn provides control

over their arrangement pattern. Shorter chain length ligands always prefer close

packing. In case of bimodal system, the arrangement pattern is controlled number

density and size ratio of small and big particles.

We also designed easy and convenient way to obtain both 2D and 3D arrangements

of amine capped NPs, utilizing the solvent evaporation as an important parameter

has also been demonstrated.

5.0.6 Scope for future work

In�uence of various parameter on NPs size in digestive ripening process have been

analysed. Few things that need further experimental veri�cation is in�uence of conc.

of DRAs on NPs size and how mere addition of ligand break bigger particles into

smaller ones. Is this breaking process is solely driven by defects associated with

bigger particles or DRAs ability to approach the defects also matters. This needs

to be pursued by adding DRAs, possessing di�erent functionality and di�erent steric

crowding to a polydisperse NPs system. Secondly we also achieved signi�cant progress

in terms of understanding and designing assemblies of NPs. These assemblies are

known to be useful in diversi�ed areas such as capacitors, sensors etc and even can

enable us to make entry into the to the fascinating world of �metamaterials". Such

applications of NPs assemblies should be pursued with great vigour.
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Instruments Used

• Ultraviolet-visible (UV-vis) absorption spectrophotometry:

UV- Vis absorption measurements were carried out on a JASCO model V-570 and

Cary 300 spectrophotometer.

• X-ray di�raction (XRD):

The di�ractograms were recorded on a PANalytical Xpert pro machine using a

CuKα source and operating conditions of 40 mA and 30 kV at a scan rate of 4.66

theta/min. samples were prepared by drop-casting samples over glass slide and

allowing the solvent to evaporate.

• Transmission electron microscope (TEM):

TEM imaging and electron di�raction analysis of the samples drop-casted on the

carbon coated copper grids was done on FEI, TECHNAI G2 F20 instrument

(Operated at an acceleration voltage of 200 kV.

• High Resolution Transmission Electron Microscope (HRTEM):

HRTEM imaging and electron di�raction analysis of the samples drop-casted on the

carbon coated copper grids was done on FEI, TECHNAI G2 F30 instrument

(Operated at an acceleration voltage of 300 kV with a lattice resolution of 0.14 nm

and a point image resolution of 0.20 nm.

• Optical microscope:

ne drop of the solution containing the Au nanoparticle dispersion was placed on the

TEM grid and examined using optical microscope (Leica) with 40x objective lens.
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