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Foreword

Colloidal science is extremely diverse and is broadly deWned as structural

features in length scales ranging from nanometer to micron. These structures

are either self-assembled or reduced in sizes and dispersed by applying

energy. Some of the nanostructures will entrap gas while others will enclose

liquids and/or active matter (micelles, microemulsions, vesicles, cubosomes,

hesosomes, etc.) or will encapsulate active molecules in dispersed solid

particles (capsules, spheres etc.). The micro- or nanoparticles can be of soft

or hard matter.

There are almost endless variations to produce dispersed particles, drop-

lets, and bubbles, and our imagination is short of visualizing the complexity

and variability of nanostructures that can self-assemble.

Reducing the size of substances to the state of nanoparticles imparts

properties and functionalities that are very diVerent from molecules in a

solution, bulk, or crystalline form and demonstrates properties of almost

particular, isolated atoms and molecules. Nanotechnology opened the door

to emerging new materials with very unique properties in areas of biology,

pharmaceutics, cosmetics, and food and industrial products.

Professor Vincenzo Turco Liveri has written a very massive, monumental

composition on the methods of producing nanoparticles with selected phy-

sico-chemical properties.

It is a diYcult task to create some order in the jungle of information on

particle size reduction or molecular (or atomic) aggregation, yet Professor

Liveri has found the logic and the concept leading to such classiWcation.
I am very impressed by Professor Liveri’s intelligent work in categorizing

the diVerent techniques into classes and sub-classes, using growth and di-

mensional criteria as well as componential approach.

The progress that is made daily to better understand short- and long-range

interactions, functionality of certain amphiphiles that self-assemble, and

preferable organizations (micelles, microemulsions, lyotropic liquid crystals,

aggregated biopolymers, membranes, etc.) provides new and fresh ideas to

those of us who are engaged in the development of nano- and micro-

droplets, and particles. Professor Liveri, in his manuscript, did an excellent

job in organizing this information.
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The number of possible future applications seems to be promising, and

Professor Liveri manages to clarify the scope and limitation of each

technique while extending knowledge related to the science behind each

and every technology. It is only a matter of time before the formation of

colloidal particles becomes more of a science and less of ‘‘cook and look.’’

Of special importance is the contribution made by the science related to

self-assemblies. It enables us to understand better the physical functionality

of biological systems (membranes, cylomicrones, lipoproteins, cells, etc.) that

can contribute greatly to the development of new biosensors, devices,

methods, and carriers (vehicles) for the delivery of drugs, proteins, DNA, etc.

Professor Liveri’s book stresses the fundamental subjects of thermo-

dynamics and kinetics of nanoparticle formation and growing processes in

homogeneous and heterogeneous systems, and his view on nucleation and

growth is very refreshing.

The manuscript is logically and systematically divided into chapters that

are easy to read and follow. Chapter 4 is devoted to a search for new

methods with which to prepare nanoparticles and serves as a good starting

point to those who are planning to be part of this exciting science.

Congratulations to Professor Liveri for his important contribution.

Jerusalem, Israel Prof. Nissim Garti
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Preface

The production of materials with selected physico-chemical properties is

pivotal for the development of new technologies. Apart from those directly

taken from the environment and used after minor changes (stones, wood,

minerals, etc.), this objective has been traditionally achieved by chemists and

material engineers synthesizing new molecules or blending already known

materials. Following these routes, many important classes of materials have

been produced such as plastics, explosives, drugs, surfactants, metals, and

metallic alloys. However, in the past decades, a novel strategy based on the

reduction of well-known substances to the state of nanoparticles and the

controlled manipulation of matter in space, time, and chemical composition

at a very high degree of subdivision showed itself to be an alternative way to

the two older andwell-established techniques. Incidentally, it must be stressed

that until now, no new material has been achieved by another very old route

based on magic practices and esoteric rites Wnalised to obtain matter with

miraculous properties such as the elixir of life and the philosopher’s stone.

The reduction of well-known substances to the state of nanoparticles has

captured the attention and the imagination of many researchers because,

within a substance-speciWc size range, Wnely divided matter can exhibit

properties and functionalities diVerent from those of the same material in

the bulk state as well as from those of isolated atoms and molecules. For

many substances, this domain is very often located in the range of a few

nanometers (1 nm ¼ 10�9 m ¼ 10 Å). Quantum size eVects, conWnement of

charge carriers, size-dependence of nanoparticle electronic structure, eVects
due to the unique properties of surface atoms, and huge value of the surface-

to-volume ratio are only some of the most frequently cited causes of the

exotic behaviour of nanoparticles. As a consequence of their peculiar prop-

erties, the synthesis of nanoparticles has opened the door to the production

of many technological and pharmacological products such as catalysts with

high activity and speciWcity, materials for specialized optical applications,

electrorheologic and electrochromic systems, superconductors, antiwear

additives, enhanced adsorbents, drug-carriers, and specialized diagnostic

tools.
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From a diVerent point of view, the control of matter at the nano-size level

could permit the realization of miniaturized devices with speciWc function-

alities like nano-carriers, sensors, nano-machines, and high density data

storage cells. Moreover, given their intrinsic smallness, a huge number of

nano-components could be rationally assembled to build very highly com-

plex man-size machines.

Further, more sophisticated applications can be devised, looking at bio-

logical systems where out of equilibrium nanostructures direct the synthesis,

blending, and assembling of a wide range of molecules, their auto-replication

and inter-connection; aVording in such way the existence and evolution of

living beings and the expression of their astonishing capabilities. From this

prospect, the production of ‘‘artiWcial’’ nanostructures far from chemical

equilibrium and/or self-assembling and/or self-replicating could greatly amp-

lify the actual potentialities of nanotechnologies allowing the realization of

supra-nanodevices with high density of component elements and character-

ized by complex and interconnected functionalities.

It can be reasonably expected that the realization of nanotechnologic

products and their introduction in the market will deeply aVect the human

quality of life, reducing drastically the waste of raw materials and energy and

leading to a planetary revolution of social relations. Moreover, some of these

products could enhance and amplify the actual capability of the scientiWc
world to explore the universe and to investigate physico-chemical phenom-

ena with fast computing machines and advanced research instruments.

Together with the beneWts that can be expected by the development of

nanotechnological products, it is helpful to consider also the potential risks

for living beings, cultural heritages, and ecosystems arising from the intro-

duction of nanotechnology in the environment. Being so small, nanoparti-

cles can easily penetrate inside whatever system, while, being so reactive,

they could trigger oV very dangerous reactions. This implies that, together

with the development of synthetic methods and applications of nanomater-

ials, investigations on their eVects and the exploitation of suitable proced-

ures for their safe manipulation must be carried out. From a more general

point of view, it must be also stressed that nanotechnology has its inherent

limits so that it will disappoint those who believe to have found the panacea

to all the ills of our society.

Nanoscience is not a new discipline, but, rather, it can be viewed as a

network of knowledge taken from some well-established sciences: physics,

chemistry, biology, and engineering. Many of the theoretical foundations

needed to build up nanoscience have been developed in the past so that most

of the future work is the untrivial application of these principles aiming to

the realization of a broad range of technological products.

Obviously, the Wrst necessary step to develop novel nanotechnologies is

the production of nanoparticles. A wide variety of physico-chemical phe-

nomena have been used to set up an enormous number of eYcient protocols

to synthesize nanomaterials of technological and biotechnological interest.
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These protocols can be distinguished according to the starting point of the

synthetic route:

. From macroscopic bodies through their subsequent subdivision in

ever smaller particles by the input of external energy (top-down

methods). Typical top-down methods are the grinding of solids by

ball milling or the high-temperature vaporization.

. From atomic and molecular precursors, through spontaneous chem-

ical reaction and/or self-assembling processes (bottom-up methods).

Examples are those based on the preparation of colloidal solutions and

the use of mesoporous materials.

or to their capability to allow:

. the mere synthesis of nanoparticles

. the spatial control of nanoparticles to obtain a more or less ordered

arrangement within a suitable matrix or upon a surface to obtain the

so-called nanomaterials

or to the degree of matter dimensionality restriction reached:

. quasi-zero-dimensional particles (quantum dots)

. one-dimensional structures (quantum wires)

. two-dimensional structures (quantum wells)

. three-dimensional fractal-like structures

or to their ability to generate mixed nanoparticles formed by two or more

components or nanoparticles with peculiar shape:

. core-shell nanoparticles

. doped nanoparticles

. sandwich nanoparticles

. hollow nanoparticles

. spherical, rod-like, and multifaceted nanoparticles

or to the physicochemical phenomenon employed to stabilize nanoparticles

against their spontaneous unlimited growth:

. charging of nanoparticles

. coating of nanoparticles with anisotropic molecules

. spatial segregation of nanoparticles on solid surfaces or embedded into

appropriate supporting matrixes

These distinctions also delineate the questions that should be posed in order

to plan the better synthetic method suitable for a given nanomaterial and its

speciWc applications.
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Because below speciWc critical threshold values, nanoparticle properties

are generally strongly size and shape dependent, the judgement of the merit

of each preparation methodology is related to its ability to Wnely control

these structural parameters and the corresponding polydispersity degree.

Moreover, taking into account that bare nanoparticles are thermodynamic-

ally unstable against an unlimited growth and very often display an en-

hanced chemical reactivity, every good synthetic protocol should allow not

only reproducible size and shape control but also appropriate structural and

chemical stability.

As a consideration of general validity, it is important to point out that

there is not any best synthetic method for all nanomaterials and their speciWc
applications, but each one can be eYcient for some substances and unsuit-

able for others. This implies that the choice of the most convenient route for

the synthesis of a speciWc nanomaterial requires the knowledge of the

advantages and disadvantages of each synthetic strategy including its

cheapness.

Here will be described one of the most powerful synthetic bottom-up

methods based on the use of some surfactant-containing microheteroge-

neous systems (liquid crystals, monolayers and multilayers, solutions of

direct and reversed micelles, direct and reversed vesicles, water-in-oil and

oil-in-water microemulsions) as peculiar solvent and reaction media. Thanks

to the nano-sized microheterogeneities characterizing the microstructure of

these systems, appropriate species can be hosted in spatially separated

domains that, as a consequence of speciWc diVusion processes, can come in

contact and react, forming the precursors of the nanoparticles. The accumu-

lation of these precursors in conWned space leads to the formation of

nanoparticles shaped by their boundaries, whereas their dispersion in the

medium and surfactant adsorption on the nanoparticle surface could pre-

vent nuclei agglomeration and precipitation, providing size and shape con-

trol. The advantages of such strategy are

. Nanoparticles synthesis can be performed at mild conditions imply-

ing a low cost technology and unnecessary expensive apparatus.

. The synthetic method can be easily scaled up for high-volume

production of nanomaterials.

. Nanoparticles of a wide class of substances (metals, semiconductors,

superconductors, magnetic materials, biomaterials, polymers, water

soluble inorganic and organic compounds, etc.) can be produced.

. The synthesis can be easily modulated to obtain coated, doped,

mixed, onion or hollow nanoparticles. This capability is of particu-

lar industrial importance because the physico-chemical properties of

these nanoparticles are frequently found to be very diVerent from
those of the single components, showing signiWcant changes in the

electronic structure and enhanced catalytic activity.
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. Good control of nanoparticle composition, size, shape, polydisper-

sity, and stability of these parameters with time is generally achieved

by appropriate selection of the experimental conditions.

. SpeciWc physico-chemical properties can be conferred to nanoparti-

cles by conWnement and surface eVects, and enhanced potentialities

can be given by their random or ordered dispersion in microheter-

ogeneous systems.

. By changing the nature and/or the composition of the microhetero-

geneous system, diVerent local structures and dynamics can be

achieved leading to theproductionof a great varietyof nanomaterials.

. Microheterogeneous systems represent not only the media where

nanoparticles can be synthesized but also can be considered suitable

for their transport, preservation, and application. They possess also

potentials to realize specialized out-of-equilibrium nanoparticle con-

taining systems to model or minic biological processes.

. By simple evaporation of the volatile components of nanoparticle-

containing surfactant solutions, it is possible to prepare mono-, bi-,

and three-dimensional spatial conWgurations of nanoparticles in sur-

factant matrixes, the so-called nanoparticle/surfactant composites,

showing very interesting collective properties. By changing the

experimental conditions, nanoparticle size and internanoparticle dis-

tance can be easily regulated. It is worth noting that at present, the

major eVorts are directed to establish suitable techniques to assemble

nanoparticles in 1D, 2D, and 3D architectures that have important

applications in photonics, biotechnology, and microelectronics.

. Nanoparticle/surfactant composites can be easily manipulated,

layered on suitable supports, transferred, and resuspended.

. Being some microheterogeneous systems composed of biocompat-

ible, biodegradable, and/or ecocompatible substances, the nanopar-

ticle synthesis in such media is particularly adapted to pollution-free

productions. Moreover, interesting nanomaterials for pharmaco-

logical and environmental applications can be exploited

. Since microheterogeneous systems share many of the fundamental

properties of biomembranes, nanoparticle synthesis in these envir-

onments allows a realistic simulation of important biological func-

tions such as the formation and reconstruction of solid constituents

of the human body.

. Considering the huge value of the numerical density of nanosized

domains contained in microheterogeneous systems, in principle, a

relevant number of identical nanoparticles can be synthesized and

hosted in such systems. As a quantitative estimate, it can be easily

calculated that, in a litre of a 0:1mol dm�3 micellar solution of a

typical surfactant having a head group area of 50 Å
2
, about 1020

nearly identical nanoparticles with a size of 50 Å can be synthesized

and hosted.
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. From a theoretical point of view, the encapsulation of nanoparticles

within the peculiar microheterogeneities characterizing surfactant-

based systems gives the opportunity to investigate a wide spectrum

of quite intriguing and unexplored phenomena such as reaction and

crystallization in conWned space, preferential adsorption of surfac-

tant molecules on certain nanoparticle crystallographic facets,

growth inhibition, and structural organization within self-assembled

structures

In the past few decades, many investigations have been carried out with the

aim to synthesize nanoparticles in microheterogeneous systems and to con-

trol their physico-chemical properties. All these studies have conWrmed the

great potentials and versatility of the inherent synthetic methods. Besides,

starting from an initial tendency to use microheterogeneous systems for the

mere control of the nanoparticle size, now it is increasingly becoming the

tendency to realize specialized nanoparticle containing microheterogeneous

systems with speciWc structural and dynamical peculiarities for

technological or biological applications. A lot of supra-nanoparticular as-

semblies with peculiar architectures have been prepared to date.

Even if these studies have not produced a general theory enabling the

selection a priori of the optimal conditions for the synthesis of nanoparticles

of a given material with the wanted properties, nevertheless, some general

criteria and pivotal external parameters governing their synthesis have been

underlined. Here, an attempt to collect together theoretical and experimental

results and to furnish a uniWed approach is addressed. However, given the

huge amount of knowledge accumulated in this Weld, the account of the

contributions of all the researchers working in this area is practically impos-

sible due to time and space constraints of both the writer and the readers.

For this reason, this book has been written with the intention to be suggest-

ive more than comprehensive. From a diVerent prospect, the strict content

of this book is not the most important thing but rather the interaction

between the mind and imagination of the readers with its physical content.

I think and hope that, from some of these interactions, new discoveries and

interesting interconnections will be triggered.

This book was intended to furnish a systematic but introductory-level

treatment of the basic topics necessary to the neophytes for the preparation

of nanomaterials through surfactant-based media. It should help them avoid

the need to go into the jungle of the bibliographic world to achieve a

panoramic view of this speciWc research Weld.
Because the correct use of microheterogeneous systems aiming at nano-

particle synthesis requires the knowledge of their structural and dynamical

properties, an overview of these aspects will first be presented. Besides, it

must be emphasized that a preliminary and unavoidable step of nanoparticle

syntheses in these systems is the solubilization of appropriate precursors and

reactants. For this reason, general information on the microscopic processes
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governing the solubilization phenomenon and some guidelines for solute

entrapment in such systems will also be given. Taking into account that

reaction rates and mechanisms show distinctive features due to the peculiar

structure of microheterogeneous systems, some information concerning

these aspects, focused on reactive processes leading to nanoparticle forma-

tion, will be furnished. All these arguments will be treated in Chapter 1.

Other fundamental subjects are the thermodynamics and kinetics of the

nanoparticle formation and growing processes in homogeneous and micro-

heterogeneous systems together with the molecular phenomena responsible

for the possible growth inhibition and nanoparticle stabilization. These

arguments are helpful to understand the diVerences and analogies among

the various strategies employed to control the nanoparticle size and to

obtain stable nanomaterials. They are useful guidelines for nanoparticle

synthesis. This matter will be considered in Chapter 2.

An overview of the peculiar properties of nanoparticles and nanomaterials

will be considered in Chapter 3 not only to appreciate the potentialities of

these systems but also because the knowledge of their exotic properties is

also necessary to delineate a successful synthesis. In particular, quantum size

and surface eVects will be considered.
Finally, some speciWc recipes for nanoparticle synthesis will be presented

in Chapter 4. The intention is to underline the wide variety of the method-

ologies employed to prepare nanomaterials by microheterogeneous systems

that can be easily transposed for the synthesis of other nanomaterials. In

particular, the recipe ensemble can also be taken as a container of micro-

heterogeneous systems with well-known structural and dynamical proper-

ties. However, to save space, these recipes are not suYciently detailed, and

for the interested reader the direct reference to the reported bibliography is

strongly suggested.

Palermo, Italy Vincenzo Turco Liveri
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1

Structural and Dynamical Properties
of Microheterogeneous Systems

1.1 Introduction

Excluding phenomena in which very high energies are involved, ordinary

matter can be treated as an ensemble of a limited number of some invariant

constituents: nuclei and electrons. These quantistic particles self-assemble

according to their mysterious capability to interact with each other, thus

forming a potentially inWnite number of systems ranging from nanometric to

macroscopic where with some approximations, the more or less invariant

dynamic aggregates of these particles can be identified: atoms, molecules, and

ionic species.

For many purposes, however, matter can be more plainly described as a

collection of these aggregates. Even if this picture is basically incorrect and a

holistic approach should be used, it must be stressed that a lot of macro-

scopic physico-chemical properties and phenomena can be foreseen and

rationalized using this simpliWed model of reality. There is in fact a close

relation between the properties of these quasi-invariant constituents and the

laws of physics and chemistry governing the behaviour of macroscopic

bodies. Another advantage is the possibility to represent the state of matter

at a very Wne dimensional scale. But, the most important aspect is that the

setting up and the control of complex systems can be achieved only by a

detailed knowledge of their structures and dynamics at the molecular level.

This can be achieved by careful experiments, theoretical models, simula-

tions, and ab initio or semi-empirical calculations.

According to this model, molecules are treated as hard objects having, in

some cases, a well-deWned size and shape. However, as a consequence of

conformational and vibrational dynamics and intermolecular interactions,

more generally molecular size and shape can vary signiWcantly with time,

temperature, pressure, system composition, and nature of surrounding mol-

ecules. This variability of the steric properties of molecules introduces some

restrictions to the possibility to predict their structural arrangements in

condensed phases using Wxed geometric parameters.

It is worth emphasizing that molecular size and shape are a simpliWed
expression of the force Weld created around them by the self-assembled nuclei

and electrons forming the molecule. Then, the molecular conformational and
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vibrational dynamics is the appearance of the internal movements caused by

these forces and their continuous time variation. Moreover, the reciprocal

action of these force Welds between neighbouring molecules determines inter-

molecular interactions and themutual structural anddynamical perturbations

of molecules. Thus, molecular force Welds and intermolecular interactions are

inextricably entangled.

In this respect, the behaviour of ions, small molecules, and parts of large

molecules is generally described in simpliWed manner by three electric prop-

erties arising from the spatial distribution and dynamics of nuclei and

electrons: electric charge, dipole moment, and polarisability. Electric charge

is due to the presence of an unequal number of protons and electrons, the

dipole moment to an unsymmetrical distribution of electron density around

nuclei, and the polarisability to the strength by which nuclei and electrons

are bonded to each other. All species are polarisable while ions possess also a

net charge and dipolar molecules also a dipole moment. However, the above

reported considerations suggest that these properties are not Wxed molecular

peculiarities, depending more or less strongly on the instantaneous molecu-

lar state, nature of neighbouring molecules, and their relative positions.

An important consequence of the existence of a limited number of distinct

building blocks of matter, the so-called ‘‘elementary’’ particles, is that all

physico-chemical phenomena (mixing or separation of substances, phase

transitions, chemical reactions, nuclear and particle transmutations, etc.)

can be explained as a change of the spatial arrangement of the same par-

ticles. In particular, chemical properties of matter are connected with the

ability of molecules to break and/or combine, forming diVerent nuclei-

electrons ensembles, whereas collective physical properties are mainly de-

scribed in terms of their actual steric hindrance, dynamics, and ability to

interact. Intermolecular interactions, in fact, triggered by the molecular size

and shape as well as diVusive and conformational motions determine in

condensed phases the formation of a hierarchy of transient structures of

increasing size and extending along one or more dimensions. The conWgura-
tional multiplicity of these structures increases steeply with size while the

accessibility to each conWguration is regulated by the ratio between its

potential energy and kT. Depending on the nature of the system and the

strength of intermolecular interactions, some of these structures are separ-

ated from neighbouring states by small activation energies and characterized

by short lifetimes; others by large activation energies and long lifetimes.

The continuous development, reWnement, and application of the relation-

ship between macroscopic physical and chemical properties and molecular

picture of every system can be considered one of the principal aims of

physical chemistry. Obviously, within the constraints imposed by the uncer-

tainty principle, the realization of a microscopic technique allowing the

‘‘direct’’ and contemporaneous observation of structural and dynamical

properties of single molecules represents the dream of many physical

chemists.
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1.2 Microscopic Picture of Molecular Ensembles

The use of the molecular model of matter is of particularly great help to

describe and to rationalize the structural and dynamic aspects of the peculiar

self-assembling patterns shown by some amphiphilic molecules called sur-

factants in various experimental conditions. Then, the subsequent step is to

rely on the macroscopic physico-chemical properties to the structural and

dynamic properties of the speciWc aggregation pattern of these molecules.

This micro-macro correlation is the key to achieve the rationale control of

many physico-chemical phenomena.

1.2.1. Intermolecular Interactions

To rationalize the self-assembling of surfactant molecules in condensed Xuid
phases, it must be taken into account that molecules are in contact because

attractive intermolecular interactions dominate the tendency of thermal

agitation to spread molecules in the space but not so much to freeze their

dynamics and thus inhibit conformational motions and diVusion. It must be

also considered that some of these interactions are always attractive inde-

pendently of the molecular orientations such as ion-induced dipole, dipole-

induced dipole interactions, and dispersion forces. Dispersion forces, also

called induced dipole–induced dipole interactions, arise from the correlated

Xuctuations of the electron density of neighbouring molecules determining

on average instantaneous dipoles favourably oriented. The transition from

uncorrelated to correlated Xuctuations, occurring when two apolar mol-

ecules approach, corresponds to the building up of the dispersion force and

the bond energy release to thermal motions. It must be stressed that, in

general, if there are not eYcient channels by which the energy arising from

the establishment of the interaction can be dissipated, the probability of the

elastic collision increases and that of the interaction set up decreases.

On the contrary, other interactions are attractive only when the involved

species are favourably oriented such as ion-dipole and dipole-dipole forces

becoming repulsive in the opposite orientations. Since attractive orientations

areenergetically favoured,after theestablishmentof the interaction, theyoccur

more frequently than those repulsive and the resulting average force is attract-

ive. Concerning the electrostatic ion-ion forces, the repulsive or attractive

nature of their interactions is simply dictated by the sign of their charges. All

these kinds of physical interactions show a smooth dependence on the relative

intermolecular orientation and their strength decreases more or less fast with

distance.

At short intermolecular distances, very strong repulsive forces arising

from the inherent attempt to overlap double occupied orbitals occur. This

is stated by the Pauli exclusion principle, which excludes the coexistence in

the same orbital of two electrons with the same spin. Just these mysterious

1.2 Microscopic Picture of Molecular Ensembles 3



forces make condensed matter able to sustain very high pressure with little

volume change, avoiding its collapse to very small and dense objects.

In many textbooks, some equations based on elementary electrostatic

principles are given to describe all these interactions. However, it must be

stressed that they are obtained introducing some severe restrictions to their

validity such as punctiform particles or intermolecular distance much greater

than molecular size, two-body interactions, time averaged forces, and inter-

molecular interactions averaged on all the possible mutual orientations.

Moreover, these equations are particularly unsuitable to describe structural

and dynamical properties of ensembles of large and/or anisotropic molecules

forming condensed phases.

Less severe restrictions can be posed by calculating the forces acting on a

given molecule as the resultants of the forces exerted on each atom of that

molecule by all the other atoms of the same molecule and of the surrounding

molecules.This is thewayfollowed in themoleculardynamicsmethodallowing

to simulate themotionsof allmolecules of the system.Suchapproachgenerally

requires a lot of computer power, and its accuracy is determined by that of the

relationships used to describe the interatomic potential energy. Then, the force

is calculated by the derivative of the potential energy along the three spatial

coordinates. Some typical expressions of interatomic potential energy (ep) are:

«p ¼ Bij

r12ij
(for short range repulsion) 1:1

«p ¼ �Aij

r6ij
(for London attraction) 1:2

«p ¼ Cqiqj

rij
(for Coulomb interaction) 1:3

where rij is the interatomic distance and the constants Aij and Bij depend on

both atoms i and j.

In order to grasp similarities and diVerences among various molecular

systems, it is useful to show some examples of the distance (d) dependence of

the total potential energy (Ep) of two molecular species arising from the

overall intermolecular interactions (Fig. 1.1). According to the above

reported considerations, these plots should be considered a qualitative de-

scription of the potential energy changes occurring when a molecule is

approached by another, maintaining their reciprocal orientation constant

and changing the position of the surrounding molecules opportunely.

It can be noted the total repulsive case (A), that involving long range

attractive and short range repulsive interactions (B), and those involving the

existence of some repulsive/attractive regimes (C, D).

The behaviour of the above-mentioned physical interactions is in contrast

with that typical of intermolecular chemical bonds such as hydrogen bond-

ing and donor-acceptor bonds, which are generally characterized by a
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stronger strength and a marked dependence on the relative orientation and

intermolecular distance. These interactions are exerted among contacting

molecules, and the dependence of the potential energy from distance and

relative orientation can be calculated by the molecular orbital method.

In conclusion, the complex and intricate action of all the interactions among

molecules and their thermal agitation determine the structural and dynamic

properties of the system as well as the molecular self-assembling. From all the

above considerations, it canbe easily inferred that it is a hard task to attempt to

gain a quantitative prediction of the bulk properties of condensed matter.

1.2.2. Dynamical Picture of Molecular Ensembles

To predict the thermodynamic equilibrium condition of an ensemble of

molecules at constant volume and temperature, two driving forces must be

considered: energy and entropy. The Wrst quantity tends to push the collec-

tion of molecules to the lowest energy conWguration and the latter to the

highest number of distinct microscopic states continuously explored by the

system. At each macroscopic state corresponds, generally, an enormous

number of microscopic ones consistent with the constraints operating on

A

C D

d d

d d

B
E

P
E

P

E
P

E
P

Figure 1.1. Various examples of the potential energy change occurring by

approaching two molecules in condensed phase.
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the system and physical laws. Within the molecular model and the uncer-

tainty principle, each microstate is characterized by the speciWc position and

energy of every molecule of the system. In turn, the state of each molecule is

deWned by its librational, rotational (internal and as a whole), vibrational,

and electronic states.

The mechanisms by which molecules change their energy are intermolecu-

lar collisions and the absorption and spontaneous or stimulated emission of

photons. This involves that molecules coexist and are in dynamic equilib-

rium with a spectrum of photons continuously created and annihilated.

Intermolecular collisions and absorption/emission of photons are also the

mechanisms by which systems out of equilibrium reach the thermal, mech-

anical, composition, and chemical equilibrium through the superposition of

several relaxation processes. However, it must be stressed that this is a

simpliWed picture because it does not consider that the occurrence of inter-

molecular interactions prevents the assignment of well-deWned energy

packets to each molecule.

The ensemble of microscopic states can be represented in the conWgura-
tion space by the potential energy of the N particles constituting the system

as a function of their 3N spatial coordinates. The resulting hypersurface of

each system is characterized by the density of minima and the depth of the

potential energy barriers. Fragile systems display a density of minima larger

than strong ones. It must be stressed that the speciWc topology of the

hypersurface controls the system dynamics. The probability (pi) and the

time fraction (ti) that a system can be found in the generic microscopic

state with total energy Ei is given by the equation

pi ¼ ti ¼ e�
Ei

kTP
i

e�
Ei
kT

1:4

where the summation is extended to all the distinct system microstates. This

equation can be also applied to small pockets ofmolecules as well as to a single

molecule or even to a speciWc freedom degree of the molecule. It says that pi
and ti decrease exponentially with the energy and that signiWcant values of
these quantities can be reached at Ei up to kT, i.e., at about 4 10�21 J at room

temperature. On the other hand, themultiplicity or degeneracy ofmicroscopic

states generally increases steeply with Ei and the number of particles compos-

ing the system leading to a maximum of pi and ti corresponding to the mean,

i.e., thermodynamic, value of the system energy.

It is well-known that, at constant volume and temperature, the macro-

scopic state thermodynamically favoured is that characterized by the lowest

Helmholtz free energy (A). This quantity is related to the possible Ei values

of the system by the equation

A ¼ �kT ln
X
i

e
�Ei

kT 1:5
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However, if the activation energy barrier associated with the transition to a

speciWc microscopic state from neighbouring ones is greater than 5–10 kT,

then that state is practically unreachable by spontaneous Xuctuations.
Theexistenceof large energeticbarriersbetweenmicroscopic statesaccounts

for the formation of kinetically but not thermodynamically stable systems.

This is a question frequently encountered in microheterogeneous systems

making experimentally arduous the distinction between these two conditions.

It occurs also frequently that, by the external input of energy (mechanical,

electric, magnetic, etc.), somemicroheterogeneous systems can be trapped in a

spectrumofmicroscopic states separatedby large energetic barriers fromthose

corresponding to the thermodynamic stable system. This leads to a quite

surprising situation, i.e., the realization with the same substances in the iden-

tical experimental conditions (concentrations, temperature, etc.) of systems

showing diVerent macroscopic physico-chemical properties and diVerent be-
havior. To describe this phenomenology, it is useful to build up ideally a

multidimensional diagram where the free energy of each possible thermo-

dynamic state of the system is reported as a function of the macroscopic

variables characterizing the system. Looking to the topology of the resulting

hypersurface, it canbeobserved thepresence ofhills,mountains, andvalleys as

well as local minima and only one absolute minimum. One of the points of the

hypersurface represents the initial state of the system: the possibility to reach

the thermodynamic stable state (the absolute minimum) depends on the exist-

ence of a path joining both states alongwhich by spontaneous thermalXuctua-
tions the system can walk.

At the molecular level, the interplay of energy and entropy leads to an

endless dynamics among all the accessible microscopic states characterizing

the life of macroscopic systems in thermodynamic equilibrium. Microsc-

opic states can be ideally grouped according to their energy (degenerate or

quasi-degenerate states) or their close similarity in the spatial arrangements

of molecules (degenerate or quasi-degenerate snapshots). Within charac-

teristic system-dependent timescales, the molecular dynamics determines the

formation and the breakage of transient supramolecular structures that can be

identiWed as short-living building blocks of the macroscopic system.

In the case ofmicroheterogeneous systems, it will be found that the constant

peculiarity of the supramolecular structures is the coexistence of two nano-

size polar and apolar pseudophases separated by an huge interface and

characterized by local orientational order at short times and Xuidity at long

times. It can be easily understood that these properties are essential for

building up molecular machines with complex functionalities such as self-

organization, self-replication and recognition. In fact, the same features can

be observed in the most complex biological systems of which they are the

‘‘artiWcial’’ counterpart. It is quite astonishing to be aware that the wide

variety of supramolecular structures observed inmicroheterogeneous systems

is the expression of a simple structural property of the molecules invariably

present within such systems, i.e., surfactant molecules.
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1.3 Surfactants and Surfactant Molecule
Self-Assembly

Some examples of typical surfactant molecules together with their structures

are shown in Table 1.1. It can be noted that surfactant molecules are

characterized by molecular anisometry, i.e. elongated shape, wide spectrum

of molecular conformations, and the coexistence of spatially separated

hydrophobic (only polarizable) and hydrophilic (both polar/ionic and po-

larizable) moieties. The hydrophobic part is constituted by one or more long

Table 1.1. Structure of some typical surfactant molecules

1. Cationic surfactants

Hexadecyltrimethylammonium chloride, CTAC

CH3(CH2)15N
þ(CH3)3Cl

�

2. Anionic surfactants

Sodium dodecyl sulfate, SDS

CH3(CH2)11OSO�
3 Naþ

Sodium bis(2-ethylhexyl) solfosuccinate, AOT

CH3(CH2Þ3CH(C2H5)CH2COOCH2CHSO3Na

j
CH3(CH2Þ3CH(C2H5)CH2OCO

3. Zwitterionic surfactants

Lecithin

CH3(CH2Þ14COOCH2

j
CH3(CH2Þ7CH¼CH(CH2)7COOCH�CH2PO

�
4 (CH2)2N

+(CH3)3

4. Nonionic surfactants

Triton X-100

(CH3)3C�CH2�C(CH3)2�C6H4�(O�CH2�CH2)10OH
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and Xexible hydrocarbon or Xuorocarbon chains, whereas the hydrophilic

one is generally concentrated in a smaller domain of the entire molecule and

is formed by a polar or ionic head group. Depending on the nature of the

head group attached to the alkyl chains, surfactants are distinguished as

non-ionic (polar), ionic (cationic or anionic), and zwitterionic (carrying both

positive and negative charged groups). In the case of anionic surfactants, the

presence of some metal ions as counterions could provide additional features

such as color, magnetism, and catalytic capability.

In order to confer speciWc properties and to extend their widespread

applications, in the past few decades chemists have synthesized a lot of

new surfactant molecules by inserting functionalised head groups or by

changing intentionally the architecture of the apolar part. As examples of

bio-functionalised surfactants, it can be mentioned the hexadecylphosphoryl

adenosine and the hexadecylphosphoryl uridine1.

Recent developments in the synthesis of surfactants have led to novel

classes such as polymerizable, polymeric, gemini, glycolipidic, dendritic,

bolaform, and multifunctional surfactants, or according to their potential

applications as hydrophilic, lipophilic, photosensitive, degradable, biocom-

patible, and ecocompatible surfactants. The structural features of some of

these surfactants are shown in Fig. 1.2.

Most probably, the oldest class of surfactants is constituted by the alkali

salts of long-chain fatty acids. Other well-known surfactants are the alkylar-

ylsulfonates, phosphoric acid esters, and polyoxyethylene alcohols.

Geminisurfactantsarecharacterizedbytwoamphiphilicmoieties linkedbya

spacer.ManydiVerent compounds of this kind can be synthesized by changing

gemini bolaform

dendrimeric reverse dendrimeric

Figure 1.2. Structural features of some novel classes of surfactants.
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the length of the alkyl chains and of the spacer as well as the nature of the two

hydrophilic groups. Gemini surfactants show marked eVect on the water

surface tension, low cmc, and KraVt temperature. Moreover, their structure

and highmolecular weight confer to these substances low skin penetration.

Bolaform amphiphiles are characterized by the presence of two polar head

groups at the ends of one or two hydrophobic chains. This peculiar molecu-

lar architecture confers to bolaform surfactants speciWc self-assembling

properties2.

A large variety of amphiphilic triblock copolymers, composed by a hydro-

phobic poly(oxypropylene) middle block and two hydrophilic poly(ethylene)

end blocks, are commercially available. These surfactants, called polaxamers

or pluronics, are characterized by their molecular weight and the ratio

between the hydrophilic and hydrophobic parts.

1.3.1. Surfactant Packing Parameters

Several attempts to correlate the surfactant self-assembling properties with

the structure of their molecules have been tried. In particular as a Wrst order
approximation, it has been emphasized the role played by the size and shape

of the head group and hydrophobic chain3,4. It has been suggested that the

quantity determining the preferred supramolecular structure is the critical

packing parameter (CPP) deWned as

CPP ¼ v

a01c
1:6

where v is the volume of the surfactant alkyl chain, a0 is the head group area,

and lc the length of the fully extended chain. In the case of mixed surfactant

aggregates formed by component 1 and 2, the working equation becomes

CPP ¼ v1X1 þ v2X2

(a1X1 þ a2X2)lc
1:7

where X indicates the mole fraction of each surfactant in the mixed aggre-

gate and lc is the length of the longest chain.

Based on geometric considerations, it has been stated that, if CPP<1/3, the

surfactant is well-suited to form structures where the hydrophobic chain point

toward the interior and the hydrophilic head group protrudes toward the

exterior, i.e., spherical direct micelles. If CPP occurs between 1/3 and 1/2, the

preferred structures are the direct hexagonal phases and cylindrical direct

micelles. If CPP occurs between 1/2 and 1, then the preferred structures are

lamellar phases, bilayers, direct vesicles, and oil-in-water microemulsions.

Finally if CPP is greater than 1, reversed hexagonal phases, reversed micelles,

reversed vesicles, and water-in-oil microemulsions should result.

As an alternative analysis of the geometric surfactant properties, looking

at the molecular structure of surfactants, it can be noted that they can be

approximated as a frustum characterized by a set of four distinct param-
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eters: the radii rp and ra and the heights hp and ha, where p and a refer to the

polar and apolar moiety (see Fig. 1.3).

It can be noted that as limiting cases, the frustum could become a cone

(rp or ra ¼ 0) or a cylinder (rp ¼ ra). Remembering that in condensed phases

molecules are in contact and, as a consequence of intermolecular inter-

actions, surfactants self-assemble head-to-head and tail-to-tail giving com-

pact supramolecular structures, it can be foreseen the eVect of geometrical

parameters on the natural radius of curvature of surfactant aggregates and

consequently on their aggregational patterns5.

In particular, considering the ratio rp=ra, the preferred structure can easily

be predicted: if rp=ra > 1, direct hexagonal phases, spherical and cylindrical

micelles and o/w microemulsions; if rp=ra � 1, lamellar phases, bilayers and

vesicles; if rp=ra < 1, reversed hexagonal phases, reversed micelles and w/o

microemulsions. It must be also noted that both rp=ra < 1 and rp=ra > 1

conditions emphasize a tendency to a spontaneous curvature of the interface

formed by surfactant molecules.

On the other hand, the ha value can be taken as a rough measure of the

hydrophobicity/hydrophilicity of the surfactant: small ha values indicate

high solubility in water and poor solubility in apolar solvents, intermediate

ha values high solubility in apolar solvents and poor solubility in water, large

ha values scarce solubility both in hydrophilic and hydrophobic media.

Moreover, 2(ha þ hp) can be taken as a rough estimate of the cross-section

diameter of direct and reversed micelles or the thickness of surfactant

bilayers and vesicles. It is worth to note that, depending on the various

rp=ra ratios, there is a general symmetry between the supramolecular aggre-

gates characterizing microheterogeneous systems: direct and reversed hex-

agonal phases, direct micelles/reversed micelles, direct vesicles/reversed

vesicles, water in oil and oil in water microemulsions.

Another frequently used parameter related to the surfactant self-assem-

bling peculiarities and based on experimental measurements is the ability to

interact with aqueous and apolar media. This property is described by the

hydrophile-lipophile balance (HLB), and it is dependent on the strength of

the surfactant/water and surfactant/apolar media interactions. The HLB

property allows to distinguish surfactants as hydrophilic (high solubility in

rp

hp

ha

ra ra ra

ha ha

hp hp

rp rp

Figure 1.3. Schematic representation of surfactant molecules with various

packing parameters (white, polar part; grey, apolar part).
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water, strong tendency to form micelles), lipophilic (preferentially soluble in

apolar solvents, strong tendency to form reversed micelles), amphiphilic

(soluble both in water and apolar solvents), and amphiphobic (scarcely

soluble in polar and apolar media, strong tendency to form direct and

reversed vesicles). Further aspects arising from geometrical properties and

intermolecular interactions will be described in more detail when each kind

of surfactant self-assembling pattern is considered.

More generally, it can be said that critically depending on their molecular

peculiarities (shape and size of apolar and polar parts, molecular Xexibility,
anisometry of structure, anisotropic interactions hydrogen bonding capabil-

ity), and the experimental conditions, surfactants can realize spontaneously a

wide variety of structurally diVerent systems: liquid crystals,mono- andmulti-

layers, solutions of direct and reversed micelles, water-in-oil and oil-in-water

microemulsions, anddirect andreversedvesicles.The interconversionofoneof

such structures into the others is also in principle possible by changing some

external parameters, and this greatly ampliWes the freedom degrees of their

applications. This interconvertibility arises because very often the diVerence in
energy among the various aggregation patterns are small so that thermal

Xuctuations could induce marked local changes of the surfactant self-assem-

bling while modest changes of temperature and/or composition could deter-

mine structural transitions.As an example, Scheme 1.1 shows qualitatively the

various structures and transitions that occur by changing the composition of

water/surfactant systems.

Structural changes are often revealed by sudden changes in some physical

properties such as viscosity, conductivity, permittivity, solubilization cap-

ability, and scattering patterns.

1.3.2. Nonspontaneous Aggregation Patterns of Surfactant

Containing Systems

In addition to the thermodynamically stable surfactant aggregates above cited

that form spontaneously by mixing the system components, other nonspon-

taneous kinetically stable structures can be obtained by suitable techniques

such as shear, ultrasonication, microwave irradiation, application of high

electric Welds, and mechanical manipulation of surfactant systems. An inter-

surfactant
molecularly
dispersed
in the solvent

surfactant concentration in water

solution of
spherical
micelles

solution of
cylindrical
micelles

interconnected
network of
micellar
aggregates

liquid
crystalline
phase

Scheme 1.1. Typical qualitative composition dependence of the various structural

patterns formed by hydrophilic surfactants in water.

12 1. Structural and Dynamical Properties



esting example of the last methodology is the micro-manipulation of surfac-

tant aggregates to produce nanoXuidic devices constituted by lipidic nano-

tubes (radius 50–150 nm) connected on both sides with unilamellar lipid

vesicles (size 5---25mm). These nanoXuidic systems could allow controlled

transport as well as detection of single nanoparticles6,7.

It is also possible, starting from lamellar phases and by applying shear in

controlled conditions, to obtain surfactant reorganization into a new phase con-

stituted by multilamellar vesicles (200–1000 nm), called onions or spherulites8.

Other thermodynamically unstable systems that could show long-term

kinetic stability are emulsions and multiple emulsions. These systems can be

prepared by many mechanical methods and show a wide variety of local

transient structures. In particular, multiple emulsions are characterized by

small droplets of phase A conWned in larger droplets of phase B, which in turn
are dispersed in a continuous phase A. Depending on the nature of phase A,

they can be distinguished as water/oil/water or oil/water/oil emulsions9.

Further nonspontaneous or kinetically too-slow-forming aggregates are

obtained by ultrasound. Ultrasonic irradiation is widely employed because it

allows, through the introduction of mechanical energy in the system, to

signiWcantly increase solubilization rates and to induce some physical and

chemical eVects due to acoustic cavitation. Ultrasound is also an eVective
tool to induce emulsiWcation and vesicle formation.

A percolation transition accompanied by an increase of the viscosity can

be induced in w/o microemulsions by applying high electrical Welds10,11. The
eVects of an electric Weld on the structure of lecithin organogels composed by

water, cyclohexane, and lecithin have been also investigated. It has been

observed by oscillatory rheology that the electric Weld triggers oV an

extended fusion of rod-like lecithin reversed micelles12.

1.3.3. General Correlation between Supramolecular

Structure and Solubilization Properties of

Microheterogeneous Systems

Themost frequentuseofmicroheterogeneoussystems isaspeculiar solventand

reactionmedia. Additional applications are as specialized carriers, stabilizers,

andnanocontainers of solubilizates. Solubilization and enhancement of chem-

ical reactions have been exploited in a wide range of applications (detergency,

drug carrier, tertiary oil recovery, micellar catalysis, stereoselective synthesis,

pseudo-homogeneous reactions, etc.) but, in the present context, both pro-

cesses are of utmost importance because they are the fundamental steps by

which the in situ nanoparticle synthesis is carried out. In particular, the know-

ledge of the location of appropriate species and of their diVusional dynamics

and the rationalization of conWnement, interfacial, catalytic, and template

eVects on their reactivity are pivotal to direct consciously the synthesis of

nanoparticles. Fortunately, many of these features can be grasped, at least

qualitatively, using some elementary principles.
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As previously stated, all the more or less transient structures formed by

surfactants are invariably characterizedby the coexistence of nano-size hydro-

philic and hydrophobic domains separated by a very large interface. These

nanodomains are distinguished by diVerent local physico-chemical properties

(polarity, ionic strength, viscosity, orientational order, lifetime, etc.). In par-

ticular, the coexistence of polar and apolar regions confers to microheteroge-

neous systems the ability to solubilize even contemporaneously a wide class of

ionic, polar, apolar, and amphiphilic substances, locating them in the various

domains characterizing their microscopic structure and according to the solu-

bilizate-domainaYnity. Inparticular, ionic andpolar substances are located in

the hydrophilic regions, apolar compounds in the hydrophobic ones, while

amphiphilic substances are partitioned between these regions and most often

preferentially located at the interface between hydrophilic and hydrophobic

domains. This selectivity on the location of solubilizate molecules entails:

. inhomogeneous distribution at small spatial scale and local solubilizate

concentration diVerent from the overall13

. conWnement eVects such as low translational diVusion coeYcients and

enhancement of correlation times of the solute molecules

. signiWcant change of the intrinsic reactivity of the solubilized species14

. re-organization of Wnite amounts of solute in nanoscopic domains

leading to the formation of ordered arrangements such as zero- or bi-

dimensional molecular clusters15

. the coexistence of ionic, polar, apolar, and amphiphilic molecules lo-

cated in diVerent but close domains could allow frequent encounters

and interesting chemical reactions

. structural and dynamical properties of the solubilizate as well as that of

the hosting domain can be modiWed. The changes of the hosting med-

ium depend on the nature of the system and are more marked at high

solubilizate concentration and/or when its molecular size is large16.

. the contemporaneous or sequential solubilization of Wnite amounts of

appropriately chosen molecules in conWned space could allow realiza-

tion of highly complex and intriguing supramolecular structures

Because of these features, in complex Xuids like microheterogeneous systems,

all physico-chemical properties such as surface tension, vapour pressure,

viscosity, activity, solubility, dissociation constants, reaction equilibria,

oxydo-reduction potentials, reaction mechanisms and rates, nucleation and

growing processes, stability of reactants, products, and intermediates can be

signiWcantly altered with respect to that found in homogeneous systems17.

This means that the use of the physico-chemical properties determined in

homogeneous systems could lead to large errors and wrong expectations.

Generally, these changes can be invariably reconducted to intermolecular

interaction, local composition, compartmentalization, and interfacial eVects.
Experimental and theoretical investigations on reaction rates and mech-

anisms in restricted geometries have shown large deviations compared to

14 1. Structural and Dynamical Properties



that in bulk systems. Some of these deviations can be attributed to the

inherent large Xuctuations in the number of reagent species when they are

conWned in nanoscopic space18.

In the Weld of chemical kinetics, a well-known application of the peculiar

properties of microheterogeneous systems is micellar catalysis19. It is also

worth noting that many biological reactions occurring in nature are directed

by organized media such as photosynthesis.

In microheterogeneous systems characterized by low viscosity, the solubil-

ization process can be achieved by simply contacting the solubilizate with the

micellar solution and improved bymanual ormechanical stirring.However, for

very viscousmedia, the complete solubilization couldbecomea time consuming

process. In this case, it could require recourse to some tricks such as increase of

the temperature, ultrasonication, milling, or solubilization in the less viscous

micellar solutions and then composition change by evaporation of the volatile

components. On the other hand, reaction rates are generally performed by

mixing two or more microheterogeneous systems, each containing one of the

various reactants. In the case ofmicroheterogeneous systemswhose structure is

sensitive to mechanical or electrical stresses or of reactions controlled by

diVusion, signiWcant eVects on the reaction rates and mechanisms can be

expected by applying stirring or electric Welds.
Given the importance of the structure and dynamics of the various micro-

heterogeneous systems to control nanoparticle size, shape, and stability

through the peculiarity of the solubilization of appropriate species, of the

reaction between these species to synthesize the nanoparticle precursors, and

of the precursor aggregation to form the nanoparticles, in the following,

these subjects will be treated considering separately each kind of system to

take into account their speciWc behaviour.

1.4 Pure Surfactants and Liquid Crystals

From a molecular point of view, pure surfactants self-assemble forming a

more or less ordered array of opportunely oriented molecules. In general,

the peculiar aggregation state of surfactants as pure components is dictated

by the two diVerent parts that ideally constitute the surfactant molecule: the

head and the tail. The number of possible conformations of surfactant head

(H) and tail (T), their respective steric hindrances, and the nature

and strength of their mutual attractive/repulsive interactions are the most

important aspects that must be considered. Intra and intermolecular steric

hindrances are an evidence of the short-range repulsive forces arising

from the attempt to overlap double occupied orbitals increasing steeply

with decreasing distance. On the other hand, intra and intermolecular

attractive interactions arise invariably from all the electric forces among

nuclei and electrons of atoms of the same molecule or of neighbouring

molecules.
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Taking into account the speciWc nature of surfactant heads and tails, the H-

H interactions can be attributed to ion/ion, ion/(induced) dipole, (induced)

dipole/(induced) dipole interactions, hydrogen bonding and other speciWc
chemical bonds, the T-T interactions only to induced dipole/induced dipole

forces and H-T interactions to ion/induced dipole and (induced) dipole/in-

duced dipole forces. Summing up all these contributions, a pivotal role can be

assigned to the value of the strength (S) of H-H, T-T, H-T interactions and on

their dependence on distance and reciprocal orientation. Some possible bidi-

mensional arrangements of surfactant molecules are shown in Fig. 1.4.

As the most frequent behaviour, it is found that, in the pure state,

surfactant molecules display a marked tendency to self-assemble arranged

so that one molecule is close to the other and placed head-to-head and

tail-to-tail. The relation among S values leading to this typical surfactant

self-assembling is SH-H � SH-T and/or ST-T � SH-T. Alternatively, some

surfactants show interdigitated and monolayer structural elements20,21.

It is worth noting that the S values do not control only the surfactant

aggregation state at room temperature (solid or liquid crystal) and its self-

assembling but also determine the existence of energetic barriers that modu-

lated the thermally activated diVusional, conformational, and Xip-Xop
dynamics. These processes can be described in the liquid crystalline phases as

concerted and collective jumps of surfactant molecules among favourable

orientations and conformations. Given the long-range order along certain

directions, the diVusional coeYcient of surfactant molecules in liquid crystals

is characterized by marked anisotropy. Moreover, the diVerence among S

values causes diVerent conformational mobility and disorder of tails and

chains.

Figure 1.4. Some arrangements of surfactant molecules in the plane (O, head;

——, tail).
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From a molecular point of view, surfactants in the solid or liquid crystal-

line state can be distinguished in terms of positional and orientational order.

In the solid state, surfactant molecules possess positional and orientational

order, whereas as liquid crystals the positional order is lost although a

consistent part of the orientational order is maintained. Moreover, the

ordering characterizing surfactant structures suggests that generally there

is an unfavourable conformational contribution to the entropy of the system

that can tend to shift the system toward less ordered arrangements. This

tendency can be enhanced by increasing the temperature. As a consequence,

it can be expected that the structural disorder of surfactants in equilibrium

state increases with temperature. In addition, structural disorder can be

introduced in the system through the input of mechanical energy (agitation)

while the application of static and variable electric Welds could inXuence not
only structure but also the dynamics.

A schematic representation of some typical thermodynamically stable

structures arising from self-assembled surfactant molecules in the pure

state is shown in Fig. 1.5.

In the Wgure is emphasized the role played by size and shape of surfactant

head group and hydrophobic moiety in determining the overall supramolecu-

lar structure. It isworth to sayagain, however, that size and shapeof surfactant

hydrophilic and hydrophobic parts are not Wxedmolecular properties because

they can be critically inXuenced by some external parameters such as tempera-

ture, pressure, presence and concentration of other species.

Techniques well suited to investigate the structure of liquid crystals are the

low-angle X-ray diVraction and polarizing microscopy22,23. In the lamellar

Lamellar phase

Cubic bicontinuous
network

Hexagonal phase of normal
cylindrical micelles

Hexagonal phase of reversed
cylindrical micelles

Figure 1.5. Some of the most frequent liquid crystalline structures shown by pure

surfactants (in black the hydrohobic part, in white the hydrophilic moiety of the

surfactant molecule).

1.4 Pure Surfactants and Liquid Crystals 17



phase, the bidimensional structural element composed by parallel oriented

surfactant molecules virtually extends without limits along the plane, whereas

it is limited with respect to the molecular dimension perpendicularly to the

plane. The superposition of many of such structural elements leads to macro-

scopic lamellar phases. Inverting the spatial orientation of all the surfactant

molecules along the principal axis the same structure is obtained: the lamellar

phase is the symmetric counterpart of itself. A lamellar phase is expectedwhen

rp � ra and it is generally shown by single-chain surfactants. It is characterized

byX-ray diVraction peaks corresponding to interplanar distances in the ratio:
1:1/2:1/3:1/4. An example of a non-ionic surfactant forming at room tempera-

ture a lamellar phase is tetraethylene glycol monododecyl ether24.

Direct and reversed hexagonal phases are characterized by close-packed

supramolecular rods of inWnite length. Such phases are expected for surfact-

ants having rp > ra and rp < ra, respectively. It can be noted the existence of

‘‘inWnitely’’ extended uni-dimensional domains embedded in a three-dimen-

sional one. Besides, by inverting the spatial orientation of all the surfactant

molecules along their principal axis, the hexagonal phases transform from

direct to reversed and vice versa. They are characterized by X-ray diVraction
peaks corresponding to interplanar distances in the ratio: 1:1/

ffiffiffi
3

p
:1/2. For

example, AOT in the pure state forms a reversed hexagonal phase25.

From the broadening of the most intense peak observed in the diVracto-
grams, information on the average domain size (d) of the liquid crystals can

be achieved by the Debye-Scherrer equation

d ¼ Kl

B cos u
1:8

Where l is the X-ray wavelength, B is the full width at half height of the peak

(in radians) corrected for instrumental broadening, u is the Bragg angle, and

K is a factor, approximately equal to unity, related to the domain shape26.

Finally, a cubic phase is composed of spherical aggregates formed by

oriented surfactant molecules arranged in a cubic lattice. Depending on

the surfactant orientation, such phases are expected for surfactants having

rp > ra or rp < ra. It can be noted the existence of zero-dimensional domains

forming a quite ordered network embedded in a three-dimensional one. An

interesting liquid crystal showing the bicontinuous cubic phase structure

which, due to its biocompatibility, can be used as a vehicle for hydrophobic

and/or hydrophilic drugs is glycerol monooleate.

It has been observed that the layers at the liquid crystal surface show

smaller lattice constants, meaning higher packing density, as compared to

those in the bulk liquid crystal. The thickness of this surfacial domain is

quite extended (about 300 nm)28.

In addition to single phase domains, many surfactants show polymorph-

ism, i.e., the coexistence of diVerent structural arrangements. This condition

can be observed in both thermodynamically stable states (equilibrium poly-

morphs) and kinetically stable ones (metastable polymorphs)29.
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As previously stated, by increasing temperature, an increasing disorder and

Xuidity characterize these systems, and some structural transitions could take

place before an isotropic phase is formed or the decomposition of surfactant

molecule occurs. The temperature dependence of the phase behaviour is called

thermotropism, whereas lyotropism is that determined by solvent addition.

By changing the pressure, phase changes can be also induced. Generally,

the eVects arising from a pressure increase are opposite to that due to an

increase of the temperature; however these eVects become signiWcant when
the pressure is increased considerably.

Phase transitions must be viewed not only as changes in the spatial arrange-

ment of surfactantmolecules but also as the result of the activation/deactivation

of one or more molecular freedom degrees. For example, melting can be

described as the signiWcant activation of the hopping mechanism, allowing the

surfactant molecule diVusion and the loss of the positional order.

1.4.1. Solubilization in Surfactant Liquid Crystals

Of utmost importance for our purpose is that the peculiar pure surfactant self-

assembling ability leads to the formation of a spatially ordered arrangement of

long living polar and apolar microdomains where solute molecules or small

particles can be selectively hosted. The apolar region is generally characterized

by relatively high alkyl chain mobility and consequently it can be considered a

liquid-like domain disposed to accommodate hydrophobic species. This is

experimentally put into evidence by the lack of the typical sharp peak at about

2Q ¼ 19 degrees in theX-ray diVractograms of surfactant liquid crystals, which

is instead observed in the case of hydrocarbon chains in the crystalline state and,

obviously, by the possibility to solubilize large amounts of many apolar species.

However, many experimental evidences suggest that the chain mobility in

liquid crystalline phases is more restricted than that in micellar solutions.

For this reason, in the pure state and at room temperature, surfactant liquid

crystals appear as highly viscous liquids or waxy solids with anisotropic

physico-chemical properties. This involves that the attainment of the

thermodynamic equilibrium state as well as the solubilization of selected

species and their diVusion in the surfactant structure are generally a slow and

time-consuming process. In order to circumvent this drawback, solubiliza-

tion of appropriate species can be performed in surfactant solutions with low

viscosity and then the homogeneous solubilizate/surfactant composite could

be obtained by solvent evaporation under vacuum30.

This procedure cannot be applied always. In fact, it must be taken into

account that the progressive evaporation of volatile components of the

surfactant solutions involves a progressive increase of surfactant concentra-

tion and consequently the formation of viscous phases so that some inter-

mediate structures could be frozen due to the reduced diVusion rate, which

could inhibit the formation of the thermodynamically stable phase. Other

procedures take advantage of the separation of a liquid crystalline phase
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produced by an intentional composition or temperature change of low-

viscous water/surfactant/additive systems31.

Looking at Fig. 1.5 and considering the simple and very old rule ‘‘similis

similia solvuntur’’ (like dissolves like), the preferential solubilization site of

single quite small polar, apolar, and amphiphilic solubilizate molecules in

the various liquid crystal structures can be easily predicted. As a speciWc
example, Fig.1.6 shows their solubilization sites in the hexagonal phase of

cylindrical reversed micelles.

It must be emphasized that conWnement of Wnite amounts of selected

small-size polar substances in reversed hexagonal phases could lead to the

formation of zero- and unidimensional aggregates entrapped within the

hydrophilic domain, whereas their solubilization in lamellar phases to

zero-, uni-, and bidimensional aggregates. As an example, solubilization of

urea in the typical two-dimensional reversed hexagonal structure of AOT

liquid crystals leads to the formation of uni-dimensional urea nanoparticles

trapped in the hydrophilic core of the AOT rods15,32. Such nanoparticles can

be viewed as interesting conWned reactants for specialized solid-solid chem-

ical reactions involving locally a limited number of molecules.

Similar considerations can be made for hydrophobic substances solubil-

ized in direct hexagonal or lamellar phases. Simple geometric considerations

generally allow to evaluate the eVects of solute entrapment on the size of the

hosting domains33.

On the other hand, solubilization of amphiphilic substances could lead to

an ordered array of their molecules at the hydrophilic/hydrophobic interface.

In the case of large molecules such as polymers, more complex situations

A

PPA

A

PP

P P

A

A

A

Figure 1.6. Solubilization sites of apolar (A), amphiphilic (AP), and polar (P)

substances in the hexagonal phase of cylindrical reversed micelles.
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can be determined depending on their structural properties. Accordingly, long

chains can form random coils conWned within a speciWc domain or random

wires connecting and extending across many domains.

Moreover, the long-range order existing in surfactant liquid crystals makes

these systems particularly interesting as nanoparticle hosts because they could

allowa long-range spatiallyordereddistributionofnanoparticles embedded in

the surfactant matrix. Taking into account that the typical length scale of

hydrophobic and hydrophilic domains characterizing liquid crystals com-

prises in the range 1–50 nm, nucleation restricted by the boundaries of these

domains is expected to lead to nanoparticles of comparable size.

Dependingon themolecularvolumeandtheamountof solubilizate conWned
in each domain, the surfactant structure andmore generally its phase behavior

can be more or less inXuenced. As an example, it has been reported

that the addition of Wnite amount hexachloroplatinic acid to oligoethylene

oxide/water systems strongly inXuences the temperature and composition

ranges where the various liquid crystalline phases are stable34. Phase transi-

tions have been also observed when a Xuorocarbon oil (perXuorodecalin)
is solubilized in a non-ionic Xuorinated surfactant/water system35.

Of particular importance are the eVects arising when water is added to

pure surfactants. Considering the addition of water to direct hexagonal

phases, a localization of water molecules among the surfactant rods leading

to a progressive increase of the distance among the rods and their breaking

in shorter pieces can be expected. This ideal dilution process should allow to

Wnd a connection between hexagonal phases and rod-like micellar solutions,

and, at greater dilution, to solutions of small spherical micelles. On the other

hand, the progressive addition of an apolar solvent to a reversed hexagonal

phase should produce an analogous phenomenon leading to solutions of

rod-like reversed micelles and Wnally of spherical reversed micelles dispersed

in an apolar medium.

It is also interesting to consider the evolution of the lamellar phase by

adding water or an apolar solvent. The initial addition of water involves an

increase of the interlamellar distance, being water localized in the hydro-

philic domain. As the width of this domain increases, it becomes more and

more easy to break the ‘‘inWnite’’ layers in smaller ones as a consequence of

the thermally activated undulation motions. But these smaller pieces are less

energetically stable than closed layers, i.e., direct vesicles. Analogously, the

addition of an apolar solvent should bring the system to the formation of

dispersions of reversed vesicles. The phase behaviour of surfactants as a

function of solvent addition is called lyotropism.

The addition of water could also aVect the surfactant packing parameters

leading to phase transition. As an example, by adding water to phytantriol, a

surfactant frequently employed as a cosmetic additive, reversed micellar,

lamellar and cubic phases were observed36.

A more complex phase behavior can be observed in systems composed

by three or more components. Depending on the composition range, the
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ternary system formed by water, 1-decanol, and sodium octanoate shows

hexagonal, lamellar, and reversed hexagonal phases as well as isotropic

micellar solutions37. At high surfactant concentration, the system composed

by a novel Gemini surfactant (disodium 2,3-didodecyl-1,2,3,4-butanetetra-

carboxylate), decane, and water forms hexagonal, cubic, and rectangular-

ribbon phases38.

Till now it has been delineated what happens when polar, apolar, and

amphiphilic substances are added to a liquid crystalline phase forming

monophasic systems. However, it must be stressed that the free energy

minimum of a system could also correspond to two or more macroscopically

separated or interpenetrated and coexisting phases. This means that at some

composition thresholds, the system is saturated and further solubilizate

addition leads to the appearance of a new phase. Both structural features

and number of equilibrium phases are embodied in the system phase

diagram. In the ambit of microheterogeneous systems, this Weld has been

widely investigated for decades, and many phase diagrams are reported in

the literature.

More generally, a Xight inside the multidimensional phase diagram of a

system where all the external parameters have been reported (pressure, tem-

perature, composition) should allow to move through the various surfactant

aggregation states. To evaluate the number of external parameters, it must be

remembered that for a system in thermodynamic equilibrium constituted by

C components and F phases, the total number of variables is (C-1)Fþ 2 and,

considering that the maximum number of phases that can coexist in thermo-

dynamic equilibrium is Fmax ¼ Cþ 2, the corresponding number of external

parameters (NP) necessary to describe the system is NP ¼ C(Cþ 1).

1.5 Mono- and Multilayers

When very small amounts of surfactants are added to water, as a conse-

quence of their amphiphilic nature, some molecules are located as monomers

at the water/air interface with the hydrophilic group dipped in the aqueous

phase and the coiled alkyl chain laying Xat on the surface. These molecules

are in dynamic equilibrium with those dissolved monomerically in the bulk

medium. This equilibrium can be treated as a partitioning between surface

and bulk domains according to the Nernst distribution law

KN ¼ aS

aB
1:9

where KN is the thermodynamic distribution constant, aS and aB the surfac-

tant activity in the surface and bulk domains, respectively.

The surfactant partitioning corresponds to a minimum of the free energy

of the system and is dictated by a delicate equilibrium between water/

surfactant head group and water/surfactant alkyl chain interactions as well
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as by entropic contributions. It is of interest the preferential coiled conform-

ation of the alkyl chains emphasizing the existence of attractive interactions

(dipole-induced dipole and dispersion forces) both intramolecular and with

water molecules. By progressively increasing the overall surfactant concen-

tration, also the concentration at the surface increases and, as a consequence

of its tendency to cooperatively self-assemble and above speciWc concentra-
tion threshold, surfactant molecules form at the surface small aggregates

called hemimicelles or admicelles in dynamic equilibrium with surfacial

monomers and bulk species. At suYciently high surfactant concentration,

the surface is saturated, and a monolayer (Langmuir monolayer) of oriented

molecules covering completely all the water surface is formed (see Fig. 1.7).

At the surface, it can be noted the existence of two domains with diVerent
local properties; the quite anhydrous surfactant alkyl chain region and the

hydrated surfactant hydrophilic head group one. The boundaries and thick-

ness of both domains are not well-deWned due to local thermal Xuctuations
arising from the frequent intermolecular collisions with species coming from

the gas phase and the aqueous solution leading to fastmolecular and collective

dynamics. An additional contribution to the molecular disorder of the sur-

factant monolayer can be introduced externally by mechanical stirring and

ultrasound irradiation. It follows that the order degree of the monolayer

can be increased by decreasing the temperature and avoiding any form of

disturbance of the system surface. Moreover, both domains are characterized

by a composition diVerent from that in the bulk, varying with the depth and

A

B
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air

water

air

water

air

water

Figure 1.7. Surfactant monomers (A), hemimicelles (B), and oriented monolayer of

surfactant molecules (C) at air/water interface.
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showing ordering and marked directionality. It is of interest to consider the

connection between these structural peculiarities and the speciWc behavior of
surfactant monolayers as specialized solvent and reaction media.

In the case of ionic surfactants, dissociation leads to the partial release of

counterions with the formation of a charged surface and an oppositely

charged diVuse electric layer extending in the subphase (see Fig. 1.8).

As a Wrst order approximation, the dependence of the electric potential (V)

on the distance (x) from the surface can be described by

V ¼ V0e
�x�d

xo 1:10

where d is roughly the distance of closest approach of the surfactant counter-

ions to the surfactant head groups, V0 the potential at x ¼ d; and x0 the

Debye length corresponding approximately to the double layer thickness.

This last term is correlated to the ionic strength (I, I ¼ 1
2

P
ciz

2
i ) and the

dielectric constant (e) of the medium by the equation

x0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
«kT

8pe2I

r
1:11

where e is the electronic charge. It can be noted that the double layer

thickness increases with the temperature and decreases with the ionic con-

centration. In water, typical x0 values are in the 0.1–10 nm range. On the

other hand, V0 can be evaluated by

V0 ¼ sx0
e

1:12

where s is the surface charge density; which can be estimated by the surfac-

tant dissociation degree and concentration at the surface. Then, the ionic

concentrations (cþ and c�) at a point near the surface where the electric

potential is V can be calculated by the equations

air

water

V
X

Figure 1.8. Stern model of the electric double layer originated by an oriented

monolayer of anionic surfactant molecules at air/water interface.
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cþ ¼ c0e
�zþeV

kT c� ¼ c0e
z�eV

kT 1:13

where zþ and z� are the the ionic valence and c0 the bulk concentration.

It is worth noting that even in the case of non-ionic surfactant dissolved

in solutions of electrolytes, a charged surface can be formed as a conse-

quence of preferential ionic adsorption at the surfactant hydrophilic head

group layer. Moreover, additional properties can be conferred to mono-

layers by the speciWc nature of the surfactant molecules like coordination

and inclusion capability or hydrogen bonding. All the above underlined

features of surfactant monolayers at water/air interface make them wzell-

suited to drive many interesting phenomena such as nucleation and oriented

crystallization39.

Macroscopically, the progressive increase of the surfactant concentration

at the water surface is accompanied by a parallel marked decrease of the

surface tension of the system. This peculiarity is at the basis of the employ-

ment of surfactants as wetting and detergent agents. From the concentration

dependence of the surface tension (g), the surface excess concentration (G2)

of the surfactant in dilute solutions can be evaluated by the equation

G2 ¼ � 1

RT

dg

dlnc
1:14

Obviously, many other physico-chemical properties as well as phenomena

dependent on the structural and dynamical properties of the surface are

aVected by surfactant addition to aqueous solutions.

In addition to the direct solubilization of surfactants in water, monolayers

can be prepared by laying drops of an appropriate surfactant/apolar organic

solvent system on the water surface and waiting for solvent evaporation.

This procedure is suggested in the case of surfactants showing scarce solu-

bility in water and/or low solubilization rate. In order to speed up the

process, organic solvents with low boiling point are preferred. Moreover,

complete spreading of the organic solution on water can be achieved only

when the spreading coeYcient So=w is positive; otherwise, it will form a lens

on water. It must be reminded that the spreading coeYcient Sb=a for liquid b

on liquid a is deWned as

Sa=b ¼ ga � gb � gab 1:15

where ga and gb are the surface tensions of liquid a and b, respectively; and

gab is the interfacial tension between the two liquids.

Another interesting experimental condition is represented by the surfac-

tant arrangement at an oil-water interface. In this case, surfactant molecules

are oriented perpendicularly to the interface with the hydrophilic head

dipped in the water phase and the tail fully extended in the oil phase even

at small interfacial surfactant concentration, i.e., as monomers. By increas-

ing the surfactant concentration, the number of amphiphilic molecules
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randomly located at the interface increases until a compact monolayer is

formed. This because in addition to water/surfactant and surfactant/surfac-

tant interactions, also oil/surfactant ones contribute to the interface struc-

ture (see Fig.1.9). Concerning the electric double layer, the interfacial

tension and surfactant excess concentration at the interface, many of the

above reported considerations on monolayers at air/water interface can be

applied also to the oil/water one.

Obviously, the formation of an oriented monolayer occurs in many other

conditions, i.e., whenever surfactant molecules Wnd interfaces. An interface,

in fact, implies the existence of two contacting media with diVerent compos-

ition and properties and consequently diVerent aYnity for hydrophilic and

hydrophobic groups. Investigations on the state of surfactant molecules

adsorbed on interfaces have emphasized that their arrangement depends

on the surfactant concentration and the nature of the interface (gas-liquid,

gas-solid, liquid-liquid, liquid-solid, and solid-solid). When solid surfaces are

involved, adsorption is also inXuenced by crystal planes, surface heterogene-

ities, and roughness.

The peculiar self-assembling of surfactants at interfaces can be directed to

form a wide variety of two-dimensional organized bi- and multilayers called

Langmuir-Blodgett (LB) layers. These Wlms can be liquid-like or solid-like

depending on the surfactant molecular properties as well as on substrate

nature, temperature, and surface pressure, i.e., the diVerence between the

surface tension of the pure liquid and that of the Wlm-covered surface. Most

frequently, the transfer of these monolayers from water to selected solid

substrate is simply performed by dipping it in the aqueous solution (see

Fig.1.10).

A

B

oil

water

oil

water

Figure 1.9. Random distribution of surfactant monomers (A) and oriented mono-

layer of surfactant molecules (B) at oil/water interface.
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During the transfer process, the surface pressure is maintained constant

by reducing progressively the monolayer area to compensate for the surfac-

tant molecules adsorbed to the substrate. LB Wlms constituted by n layers are

obtained by repeating this procedure n times. Depending on the speciWc
interactions between substrate surface and surfactant molecules, diVerent
self-assembled multilayers can be obtained (see Fig. 1.11).

Other two-dimensional structures can be obtained by interposing surfac-

tant layers between hydrophilic/hydrophilic, hydrophilic/hydrophobic, and

hydrophobic/hydrophobic substrate walls (see Fig. 1.12).

Of particular importance is the arrangement of surfactant monolayers on

metal surfaces. Investigations on this subject Wnd interesting applications in

several Welds such as detergency, lubrication, corrosion inhibition, and

nanoparticle synthesis. In general, the physical or chemical adsorption of

surfactant molecules at the metal surface and the binding strength can be

controlled by selecting the surfactant head group and the nature of the

surrounding medium.

air

water

hydrophobic substrate

Figure 1.10. Transfer of an oriented monolayer of surfactant molecules on a

hydrophobic surface.

hydrophilic substrate hydrophobic substrate

Figure 1.11. Self-assembled multilayers of surfactant molecules on hydrophilic or

hydrophobic substrates.
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Recent studies have shown that the surfactant self-assembling and orien-

tation on metal surfaces can also be controlled by applying an electric

potential. In particular, it has been observed by in situ scanning tunnelling

microscopy that, at 0.5 V, a gold electrode immersed in an aqueous solution

of sodium dodecylsulphate (SDS) is coated by hemimicelles and that

the surfactant molecules are oriented so that their hydrophilic groups

protrude toward the aqueous solution. However, by increasing the potential

to 1V, the structure on the surface is signiWcantly changed and the SDS

molecules are arranged forming a compact and uniform bilayer. Finally, by

restoring the initial potential, SDS molecules are pushed away from the

surface. The absence of a reversible behaviour was attributed to an irrevers-

ible structural change of the Au surface40.

Monolayers and multilayers can host solubilizate molecules according to

their structural properties. In particular, the solubilization of Wnite amount

of water (or oil) leads to the formation of an aqueous (or apolar) domain

interposed between surfactant layers (see Fig. 1.13).

These domains in turn can host hydrophilic (or hydrophobic) species or

can be the place where specialized chemical reactions could happen. In this

contest, of particular interest are the reactions leading to the formation of

nanoparticles or ultra-thin layers of speciWc materials interposed between

surfactant sheets and deposited on suitable substrates. Generally, reactants

in molecular form come from the two contacting phases and are directed

towards the surfactant n-layers by spontaneous diVusion.
An alternative route consists in a preliminary nanoparticle synthesis in a

suitable medium followed by their addressing to the surfactant n-layers. Also

in this case the entrapment of nanoparticles is controlled by the general trend

imposing the segregation in hydrophobic or hydrophilic domains according

to their nature (see Fig. 1.14).

Surfactant-coated nanoparticles can be Wrmly adsorbed on solid supports

by modifying opportunely the support surface (see Fig. 1.15).
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Figure 1.12. Self-assembled multilayers of surfactant molecules between two sub-

strate walls.

28 1. Structural and Dynamical Properties



water oil

Figure 1.13. Water or oil containing multilayers of surfactant molecules.

Figure 1.14. Entrapment of nanoparticles according to their hydrophilic

or hydrophobic nature.

surfactant

nanoparticle

sticking layer

substrate

Figure 1.15. Binding of surfactant-coated nanoparticles to appropriately modiWed

support.
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1.6 Surfactant Aggregates in Liquid Media

A wide spectrum of very interesting supramolecular living aggregates can

be formed by dissolving surfactants in strongly polar or totally apolar

solvents in the dilute and semidilute regimes. These aggregates are generally

distinguished as direct/normal micelles or, simply, micelles, mixed micelles

(bicelles), reversed micelles, and vesicles both direct and reversed. Other

interesting more complex supramolecular aggregates are obtained by adding

appropriate additives to binary surfactant/solvent solutions leading to water

in oil and oil in water microemulsions. All these systems are very often

characterized by low viscosity, i.e., high molecular diVusion coeYcients,

allowing many useful technological applications as peculiar solvent or reac-

tion media.

1.6.1. Surfactant/Surfactant Interactions in Liquid Media

When surfactant molecules are dissolved in liquid media in addition to the

surfactant head-head (H-H), tail-tail (T-T), and head-tail (H-T) interactions,

also the solvent/solvent (S-S), solvent/head group (S-H), and the solvent/tail

(S-T) interactions must be considered to rationalize the surfactant state in

solution and its self-assembling. The tangled interplay of these interactions

could lead to a very small solubility of the surfactant in some solvent media

due to H-H and/or T-T interactions overwhelming S-H and/or S-T inter-

actions or to the formation of a rich variety of diVerent supramolecular

aggregates in dynamic equilibrium with monomers due to the predominance

of S-S and S-H or H-H interactions. Moreover, in the frequent presence of

additional components, the number of possible interactions increases steeply

making even more complex the theoretical treatment of these systems but at

the same time opening the door to a wider spectrum of accessible structures

and dynamics. Generally, all these interactions are physical and not chem-

ical, implying low energy barriers stabilizing the aggregates and conse-

quently high Xuidity and penetrability joined with short mean lifetimes of

each surfactant molecule in the aggregates and of the entire aggregate. This

also implies that polar and apolar regions in surfactant aggregates are not so

strongly separated as is often shown in many schematic representations to

stress their structural peculiarity.

The possible aggregates can be distinguished in terms of their size (in the

range of about 2–100 nm), shape (spherical, ellipsoidal, cylindrical, disk-like,

worm-like), aggregation number (in the range of about 20–10,000) as well as

their dynamic properties. Making some rough approximations, in such class

of surfactant aggregates are included direct micelles, reversed micelles, oil-in-

water and water-in-oil microemulsions, direct vesicles, and reversed vesicles.

For awell-suited surfactant/solvent system, it generally occurs that, above a

threshold concentration (the so-called critical micellar concentration, cmc),
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i.e., when the concentration-dependent favourable entropic contribution aris-

ing from the surfactant dispersion as monomers in the solvent decreases so

that further increase of their concentration is not possible, solubilization

of additional amounts of surfactant is achieved by a system-speciWc
self-assembling of surfactant molecules. Experimentally, the crossing over

of the cmc is often emphasized by an abrupt change of the colligative proper-

ties, i.e., properties dependent upon the number density of particles in

the solvent medium, with the surfactant concentration. This behavior can

be explained, at least qualitatively, assuming that, below the cmc, the

number density of particles (Np) changes with the surfactant concentration

(c) according to

Np ¼ NAvc 1:16

whereas above the cmc as

Np ¼ NAvcmcþNAv(c� cmc)

Nagg

1:17

where NAv is the Avogadro’s number and Nagg is the mean number of

surfactant molecules forming the aggregate (aggregation number). It can

be noted that above the cmc, being Nagg of the order 20–10,000, the

number of particles increases with surfactant concentration with a much

lower rate.

The system-speciWc surfactant self-assembling in liquid media is controlled

not only by the structural peculiarity of its molecules but also by many

external parameters such as concentration, nature of the solvent, presence

of additives, temperature, and pressure. This means that by changing these

parameters, marked structural changes could be observed and that the

molecular picture of the system can be stated only after the values of these

parameters have been speciWed together with the kind of molecular species of

which the system is composed.

From a thermodynamic point of view, it should be recognized that steric

and entropic factors tend to auto-limit the aggregation process. In fact,

surfactant self-assembling involves a decrease of the conWgurational contri-
bution to the entropy due to the non-random spatial distribution of surfac-

tant molecules. Other entropic contributions arise from the partial loss of

molecular translational and rotational degree of freedom. These entropic

terms could be counteracted by other entropic factors coming from

hydrophobic interaction, hydrogen bonding, molecular dissociation, change

of (internal) rotational and conformational degree of freedom, and of the

associated enthalpic eVects. Generally, from direct calorimetric measure-

ments or temperature dependence of the cmc, it results that the

aggregational process is accompanied by small values of enthalpy of forma-

tion of the aggregate lying in the range �10=þ 10 kJ=mol (of surfactant

molecules)41,42.
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1.6.1.1. Surfactant Aggregation Models in Liquid Media

Among the models used to describe the surfactant aggregation process, i.e.,

the transition from the monomeric state to the monomers/aggregates equi-

librium, the most simple is the pseudo-phase transition model, which de-

scribes the phenomenon as a solubility equilibrium. Below the solubility

limit (the cmc), surfactant molecules are dispersed monomerically in the

bulk medium. Above the solubility limit, the micellar pseudo-phase dis-

persed in the bulk medium is in equilibrium with surfactant monomers

dissolved in the solvent at a concentration equal to the cmc. In such condi-

tion, the monomer concentration ([m]) in the bulk phase is related to the

chemical potential of monomers in standard state, ��
m, and to the surfactant

molecules in the micellar pseudo-phase, �M , by the equation

ln [m]gm ¼ � m�
m

RT
þ mM

RT
1:18

where gm is the activity coeYcient of monomers. This equation shows the

thermodynamic factors inXuencing the cmc and suggests why the addition of

solutes could aVect this value by changing gm and/or mM . On the other hand,

the temperaturedependenceof themonomer concentration canbeobtainedby

@ ln [m]gm

@T
¼ DHM

RT2
1:19

where DHM is the molar enthalpy of micellization.

The pseudo-phase model can be usefully applied for systems characterized

by small cmc values and consequently by abrupt transition from surfactant

molecules monomerically solubilized to the monomers/aggregates equilib-

rium. However, the pseudo-transition model does not allow to gain infor-

mation on the surfactant mean aggregation number as well as on aggregate

polydispersity and structural parameters.

More realistic and omni-comprehensive is the model based on the law of

mass action. According to this model, association of surfactant S is de-

scribed by multi-steps equilibria

Sþ S.S2 K1

S2 þ S.S3 K2

. . . . . . . . . . . .

Sn�1 þ S.Sn Kn

where each equilibrium is characterized by a speciWc thermodynamic con-

stant (Ki) linked to the activity (a) of the involved species by

Ki ¼ aSi

aSi�1
aS

1:20
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In principle, this model allows to foresee the polydispersion phenomenon,

the mean aggregation number, and the relationship between the concentra-

tion of the various aggregates including that of monomers with the overall

surfactant concentration. Moreover, the eVects of temperature and pressure

changes can be predicted by standard thermodynamic equations. Also the

inXuence of additive addition can be accounted by considering the involved

changes of the activities of Eq. 1.20. However, its application to a speciWc
system requires a preliminary knowledge of the thermodynamic equilibrium

constants and activity coeYcients of each species. These quantities can be

achieved by making reasonable hypothesis on the aggregation process or

by the analysis of suitable experimental data. On the other hand, this

model cannot furnish direct indication on size and shape of the various

populations of surfactant aggregates, which can be achieved by suitable

theoretical models and experimentally by scattering measurements (light

scattering, SAXS, SANS, etc.). Other basic information that cannot be

obtained by the mass action model is the detailed description of aggregate

dynamics.

Given their peculiar closed structure, aggregation of surfactants can be

generally described by a cooperative association below a critical aggregation

number and an anticooperative association above this value. However,

depending on the cooperativity degree connected with surfactant associ-

ation, surfactants can be classiWed into two main groups. The Wrst, charac-
terized by a low cooperativity of the intermolecular interactions, low mean

aggregation number, and high polydispersity, is well described by many

monomer/n-mer equilibria, whereas the second, characterized by high coop-

erativity, high aggregation number, and low polydispersity, is well described

by a single or a limited number of monomer/n-mer equilibria. The aggrega-

tion number (N) dependence of the mole fraction [XN] of aggregates for a

noncooperative system (A) and another one (B) characterized by strong

cooperativity is shown in Fig. 1.16.

1.6.1.2. Clustering of Surfactant Aggregates and Interaggregate

Interactions

In suYciently dilute solutions, surfactant aggregates are generally nearly

spherical and randomly dispersed in the bulk solvent medium. By increasing

the surfactant concentration, two main eVects can be predicted: i) an in-

crease of the aggregate size and of the aggregation number and ii) the

establishment of attractive or repulsive interactions among aggregates

inXuencing their mean distance and spatial distribution. In the case of

ionic surfactants, it has been suggested that a pivotal role in the establish-

ment of interaggregate interactions is played by micellar charge and surfac-

tant ion hopping among contacting aggregates43. For non-ionic or

zwitterionic surfactants, important contributions to interaggregate attrac-

tions can be due to hydrogen bonding44.
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The formation of interaggregate adhesion or the temporary fusion due to

interaggregate attractions leads to more or less extended dynamic aggregate

clusters and, above system-speciWc critical parameters (temperature, surfac-

tant concentration), to an inWnite aggregate cluster extending along all the

system; this phenomenon is called percolation45–47. The extended interag-

gregate connectivity could also occur for simple topological reasons16,48.

A schematic representation of diVerent distribution of aggregates (ran-

dom, attractive, and repulsive) is shown in Fig. 1.17, while percolated system

for topological reasons (A) or as a consequence of attractive intermicellar

interactions (B) is shown in Fig.1.18.

Depending on the nature of the system, the interconnection between

surfactant aggregates can be better described as contacting aggregates or

fused aggregates. Fusion leads to cylindrical aggregates with increased ag-

gregation number. However, from a dynamic point of view, this diVerence
cannot be clearly established because both contacting and fused aggregates

coexist in the same system resulting from the continuous fusion/Wssion
processes so that the most important point that needs to be established is

the time fraction that an aggregate passes as isolated, contacting, and fused.

The formation of inWnitely extended clusters has a marked eVect on the

system physico-chemical properties of the system. A dramatic increase of

some properties such as viscosity, conductance, and permittivity are generally

A

B

N

[XN]

Figure 1.16. Aggregate concentration as a function of the aggregation number for

noncooperative and cooperative systems.
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a clue of the formation of extended clusters of aggregates. Percolation is also

at the basis of the formation of gel-like systems49,50.

1.6.1.3. Dynamical Properties of Surfactant Aggregates in Liquid Media

The frequent breaking and reforming of the labile intermolecular interactions

stabilizing the surfactant aggregates, the diVusion of surfactant molecules in

the bulk medium and within the aggregate, and the diVusion of the entire

aggregates maintain in thermodynamic equilibrium a more or less wide spec-

trum of aggregate populations. DiVusion rates depend on the aggregate size

and can be varied by changing the temperature or the nature of the solvent,

i.e., the thermal agitation and the viscosity of the bulk medium. It can be

hardly overemphasized the role of these processes because they are at the basis

of the mechanism by which equilibrium concentrations of all the aggregate

A B C

Figure 1.17. Random (A), attractive (B), and repulsive (C) distribution models of

surfactant aggregates.

A B

Figure 1.18. Microscopic structure of percolated systems due to topological (A)

reasons or intermicellar attractive interactions (B).
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populations are reached and maintained, solubilizate molecules are trans-

ported and can come in contact and react. In particular, the transport and

interaggregate exchange of appropriate species is at the basis of nanoparticle

formation in surfactant solutions. To emphasize the peculiarities of the diVu-
sion mechanism in condensed phases, a schematic representation of the typ-

ical paths of molecules in gas, liquid, and solid is shown in Fig. 1.19.

Even if, at the same temperature, the speed of a molecule is quite inde-

pendent on the aggregation state, the constraints due to collisions with

neighbouring molecules drastically inXuence the diVusion rate.

The Brownian translation movement of surfactant aggregates of radius R

can be depicted as thermally activated jumps of mean length l among

favourable positions with a characteristic time t. These quantities are related
to the diVusion coeYcient (D) by the Einstein-Smoluchowski equation

D ¼ l2

2t
1:21

It is generally assumed that l is equal to aggregate diameter; then the mean

translation velocity v of aggregates is v � D=R. Considering the relative

velocity of aggregates and that the frequency of collisions (n) experienced
by an aggregate corresponds to the number of aggregates (Nm) in the volume

visited in one second, then

n ¼ 16pDRNm 1:22

The diVusion coeYcient of surfactant aggregates can be estimated by the

Stokes-Einstein equation

D ¼ kT

6phR
1:23

where T is the temperature, h the viscosity of the medium, and R the hydro-

dynamic radius of particles. Then, the rate constant kdiV for the diVusional
collision of aggregates can be calculated by the Smolochowski equation

gas liquid solid

Figure 1.19. Schematic representation of the typical molecular paths in gas, liquid,

and solid.
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kdiff ¼ 16p RDNAv 1:24

where NAv is Avogadro’s number. Combining the above equations, the

simple relationship can be obtained

kdiV ¼ 8kTNAv

3h
1:25

allowing to calculate the interaggregate collision frequency (n) by

n ¼ kdiV
c� cmc

Nagg

� �2

1:26

Obviously, the actual value of D and kdiV can deviate from that predicted by

the above equation in the presence of attractive or repulsive interaggregate

interactions. Moreover, it must be taken into account that in absence of

interaggregate interactions, the most probable spatial distribution of aggre-

gates in the bulk medium is a random one, in the case of attractive inter-

actions a more or less marked clustering of aggregates results, whereas a

tendency to a spatially ordered distribution occurs if aggregates interact

through long-range repulsive forces.

1.6.1.4. Solubilization in Surfactant Aggregate-Containing Liquid Media

A lot of question arises if a solute is added to a surfactant solution. How is it

partitioned among the various nanodomains characterizing the structure of

the system? What is its preferential location and orientation in each domain?

Which are the interactions that drive their solubilization? What are its

physico-chemical properties in each nanodomain? How are the structural

and dynamical properties of surfactant aggregates modiWed by the solubi-

lizate presence and its local concentration? How are all these phenomena

affected by the nature of solvent and surfactant or aVected by an increase of

the temperature, pressure, and overall solubilizate concentration?

The most simple question regards the preferential solubilization site,

which can be qualitatively answered taking into account the nature (hydro-

philic, hydrophobic, amphiphilic) of the solubilizate. On the other hand, a

quantitative description of the partitioning process requires the development

of suitable models.

At low solubilizate concentration, the solubilizate binding to surfactant

aggregate is described by a dynamic equilibrium that can be represented by

the scheme

XþA.XA

where X indicates the solubilizate species and A the ‘‘mean’’ surfactant

aggregate. The magnitude of the binding can be measured by the corre-

sponding equilibrium constant Kb
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Kb ¼ aXA

aXaA
1:27

whereaXS is theactivityof the solubilizate compartmentalized in the surfactant

aggregates, while aX and aA are the activities of the free solubilizate and

bare aggregates, respectively. It is worth noting that Kb values depend on the

choice of the standard states. In molarity scale, the equation can be rewritten

Kb, M ¼ gXA, M [XA]

gX, MgA, M [X ][A]
1:28

where g indicates the activity coeYcients in molarity scale, and the terms in

square brackets are the molar concentrations.

Alternatively, the solubilization equilibrium can be treated as a portioning

of the solute between the micellar and the bulk solvent pseudo-phases, then

the partition constant Kp is deWned by the equation

Kp ¼ ab

af
1:29

where ab and af are the activities of the solute species in the micellar and the

bulk solvent pseudo-phases, respectively. Obviously, also in this case care

must be taken with the choice of the standard states. Very often, activities

are substituted by the corresponding concentrations, but marked nonideal

behavior can be expected in surfactant aggregates especially at high solute/

surfactant molar ratios.

At very low solubilizate/surfactant ratios, the system consists of bare

aggregates and single occupied aggregates. However, by increasing this

ratio, it becomes increasingly probable that an aggregate is occupied by

more than one solubilizate molecules. In such condition, a distribution

model is required.

Several distribution models of solubilizate molecules among surfactant

aggregates can be hypothesized. At low solubilizate concentration, a random

distribution is generally hypothesized. Assuming that the inclusion of the

solubilizate molecule into the aggregate is independent of the presence of

other molecules and that it does not cause a signiWcant change in the micellar

aggregation and structure, it can be shown that the distribution of the

solubilizate among aggregates follows the Poisson distribution function

P(m) ¼ xme�x

m!
1:30

where P(m) is the probability of Wnding a surfactant aggregate containing m

solubilizate molecules and x is the average number of solubilizate molecules

per aggregate. Alternatively, x is the ratio between the concentration of

solubilizate molecules entrapped in surfactant aggregates and the aggregate

concentration. The same equation can be obtained by a kinetic treatment
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based on the hypothesis that the kinetic constant of the solubilizate binding

is independent of the number of solubilizate molecules in the surfactant

aggregate while that of the unbinding process is proportional to m51.

When there is a strong solubilizate/solubilizate attractive interaction or

the solubilization of the Wrst molecule makes the aggregate more apt to

entrap other molecules, they tend to accumulate within some of them

(attractive distribution). In contrast, solubilizate/solubilizate repulsions will

lead to a dispersion among surfactant aggregates more ordered than that

corresponding to a random distribution.

The solubilization mechanism of a solid or liquid solute could be mainly

driven by the molecular solubilization in the bulk solvent and then the solute

entrapment in the surfactant aggregates or by the adsorption of surfactant

aggregates on the solute/surfactant solution interface followed by their

desorption as aggregates containing some solute molecules (see Fig. 1.20).

The Wrst mechanism is more plausible for solutes showing an appreciable

solubility in the bulk solvent while the latter is more reasonable for sub-

stances scarcely soluble in the pure solvent. The second one could also be

claimed to explain the dispersion and enhanced stabilization of small par-

ticles in surfactant solutions.

In order to estimate the interaggregate exchange rate of solubilized spe-

cies, it must be taken into account their preferential location in the surfac-

tant aggregate. For amphiphilic solubilizates, i.e., species located at the

surfactant interface and in the bulk medium, in addition to the contribution

arising from its self-diVusion, the exchange rate is practically controlled by

the aggregate diVusion and collision rate because the transfer during colli-

sion requires only the facile jump and reorientation of solubilizate molecules.

A B

Figure 1.20. Solubilization mechanisms of solid or liquid substances in surfactant

solutions by molecular diVusion and entrapment in micellar aggregates (A) or

surfactant aggregate adsorption/desorption mechanism (B).
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In the case of amphiphilic molecules preferentially located in the micellar

palisade layer, the solubilizate exchange rate (vex) can be estimated by

vex ¼ kdiffNs

c� cmc

Nagg

� �2

1:31

where Ns is the mean number of solubilizate molecules per aggregate. The

above equation considers that the exchange probability of each solubilizate

molecule between aggregates is 1/2.

On the other hand, the exchange rate of species solubilized in the core of the

surfactant aggregates is generally slower than is predicted by diVusion con-

trolled processes. This is because solute transfer could happen only after the

temporary interaggregate fusion followed by separation. The need to over-

come the energy barrier due to the opening of the surfactant layer leads to

exchange rates controlled by the slower interaggregate coalescence. In such

condition, the solubilizate exchange rate can be estimated by the equation

vex ¼ bkdiffNs

c� cmc

Nagg

� �2

1:32

where b indicates the fraction of collisions leading to aggregate coalescence

and consequently allowing a solubilizate transfer. The typical timescale for

the material exchange between surfactant aggregates is of the order milli-

seconds, i.e., two or three orders lower than that associated with interag-

gregate collisions52,53.

1.6.1.5. Surfactant Aggregates Containing Liquid Systems as Reaction

Media

Reaction rates and mechanisms in solution can be strongly modiWed by the

presence of surfactant aggregates due to changes of local concentrations and

interfacial eVects. These eVects are obviously dependent on the speciWc
location of each reactant. In the case of species solubilized in the aggregates

or partitioned between aggregates and bulk medium, the treatment of reac-

tion rates in liquid media containing surfactant aggregates requires the

comparison of the reaction time constant with the residence time of the

reactants in the aggregates and with the characteristic time of the aggregate

breaking/reforming process. Then, reactions can be distinguished as activa-

tion energy or diVusion controlled processes.

Slow reactions occurring with characteristic time longer than lifetime of

surfactant aggregates can be analysed in the same manner of those occurring

in homogeneous systems, i.e., bulk concentrations must be considered and

the observed rate must be attributed to an averaged medium eVect. In the

opposite case, the reaction rate must be considered as the sum of two

contributions; one arising from the reactants in the bulk medium and the

other from those conWned in the aggregates54. To express both these contri-
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butions, the partition constant of each reactant is needed in order to calcu-

late their local concentrations.

1.6.2. Normal Micelles

All the physico-chemical properties of liquid water are mainly dominated by

the ability of its molecules to form a maximum of four tetrahedrally oriented

strong hydrogen bonds; two as proton donor and two as proton acceptor.

Further contributions arise from eVects due to water dipole moment and

polarisability. The interlaced superposition of these forces and thermal

agitation lead to the building up of local, dynamic, short-living, three-

dimensional hydrogen-bonded networks characterized by collective break-

ing and reforming of these quite strong intermolecular interactions and large

local energy Xuctuations. The lifetime of these networks is of the same order

of magnitude of the water single dielectric time relaxation (8 ps) while their

size is strongly temperature dependent. On the other hand, the characteristic

mean lifetime of each hydrogen bond is about 0.6 ps55–57. These features

make liquid water the prototype of structured solvents.

Of particular interest in this contest is the rearrangement of the water

structure in the presence of apolar species. It is generally believed that the

interplay of water/water and water/apolar species attractive interactions

leads to a slowing down of the hopping and reorientational movements of

the water molecules surrounding the apolar species and of the solute mol-

ecule itself, a strengthening of water-water hydrogen bonding, and the

formation of a more ordered local structure. This eVect is called hydropho-

bic hydration and is emphasized by the large and negative entropy of

transfer of a hydrocarbon molecule from an apolar liquid phase to water,

small positive or negative enthalpy of transfer, large and positive standard

free energy of transfer, and large partial molar heat capacity. Moreover, the

anomalously small partial molar volumes of hydrocarbons in water suggest

that apolar solutes tend to be constrained within the void spaces of the

typical open structure of water. It has been found that all these quantities

change linearly with the number of solute carbon atoms.

As a consequence of the hydrophobic hydration, apolar substances show

very small solubility in water, and the molecules solubilized in water tend to

minimize the area of the water/apolar species interface. One way to satisfy

this tendency is reached by suitable conformational change of the apolar

molecule (from elongated to coiled conformation), a second one is by the

coming in contact of two or more apolar species (formation of associated

entities), and a third one is phase separation and interface formation. The

totality of all the peculiar interactions leading to conformational changes

and aggregation of apolar species in water is called hydrophobic interaction.

On the other hand, the interaction of water molecules with hydrophilic

(polar or ionic) species is enthalpically favoured due to the establishment of

strong dipole-dipole, ion-dipole, and/or hydrogen bonds. This is emphasized
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by large and negative hydration enthalpies and the formation of a Wrst
ordered solvation shell of oriented water molecules surrounding the polar

or ionic species. In the case of ionic species, the binding and the mean

residence time of water molecules is greater for smaller and higher charged

ions. Further secondary enthalpic eVects arise from short and long-range

perturbation of the water structure. It is believed that the Wrst solvation shell

is surrounded by another one where water molecules are more disordered

than in bulk water due to the competition of diVerent orienting eVects
determined by water/water and ion/water interactions. For gas, liquid, and

solid with not too high reticular energy, the favourable hydrophilic species/

water interactions lead to high solubility.

Taking into account the amphiphilic nature of surfactants, in dilute or semi-

dilute aqueous solutions, their aggregation is mainly driven by the scarce

tendency of the water to host in its three-dimensional H-bonded network

apolar species (unfavourable S-T interactions) joined to the strong aYnity

towards polar and ionic groups (favourable S-H interactions). In other words,

a signiWcant contribution to the driving force of surfactant association in

water is the gain in entropy due to the elimination of the unfavourable

chain-water contacts. From a dynamical point of view, this means that there

is a strong tendency to reduce the time fraction duringwhich apolar groups are

in contact with water molecules. To fulWl these requirements, a suitable

number of surfactant molecules must transiently self-assemble in order to

avoid contacts between water and hydrophobic chains.

As a result, above the critical micellar concentration (cmc), surfactant

monomers are in dynamical equilibrium with self-assembled globular aggre-

gates characterized by a nano-size liquid-like hydrophobic core constituted

by the surfactant tails and an external shell formed by the hydrated head

groups that constitute the boundary between the micellar phase and bulk

medium. This kind of aggregation leads to the formation of ‘‘supermole-

cules’’ that appear from the outside as hydrophilic objects dispersed in the

aqueous medium.

In the case of ionic surfactant, the partial dissociation of the head groups

leads to the formation of a charged micellar surface (Stern layer), the forma-

tion of an oppositely charged diVuse layer of counterions surrounding the

micelle (Gouy-Chapman electrical double layer), and the development of an

intermicellar electrostatic repulsion as well as an intramicellar electrostatic

repulsion among the charged head groups. Both these eVects stabilize micelles

against coalescence and indeWnite growth, i.e., against phase separation.
The spherical form of direct micelles occurs more frequently at low

surfactant concentrations while an increase of the aggregation number ac-

companied by a one-dimensional growth as rod-like micelles of increasing

length or as disk-like micelles can be observed at high concentration or in

presence of appropriate additives. At the highest surfactant concentration, a

new phase in equilibrium with the micellar one is formed, which is most

often a hexagonal or a lamellar phase.
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Given the smallness of the micelles, the micelle/water interface has a huge

value. With a typical value of 50 Å2 of the surfactant head group area and

taking into account that virtually all surfactant molecules lie at the interface,

an interfacial area of about 30,000m2 in a liter of a 0.1 molar surfactant

solution can be calculated. For this reason, the physico-chemical properties

of aqueous surfactant solutions are dominated by interfacial eVects.
The aggregation number ranges from tens to thousands of monomers

depending on the nature of the surfactant and on some external parameters

such as temperature, concentration, and presence of additives. This means

that about 1019 to 1021 nearly identical self-assembled aggregates, which can

also be viewed as nanoreactors, nanocarriers, or nanocontainers, are dis-

persed in a liter of a 0.1 molar surfactant solution. A schematic representa-

tion of a direct micelle is shown in Fig. 1.21.

As it can be expected, micellization process, cmc, and micelle size and

shape depend on the structure of surfactant molecules as well as on the

presence of additives, counterion complexation, and temperature. However,

the primary factor is the size of the surfactant hydrophobic part. For long

chain surfactants, the micelle formation can be well described as a pseudo-

phase separation process while for short chain surfactants, a multi-step

equilibrium is preferable. In particular, by increasing the surfactant alkyl

chain length, the micelle size increases and the cmc decreases. For a hom-

ologous series of surfactants, the relationship between the cmc and the

number (nC) of carbon atoms of the alkyl chain generally found is

log cmc ¼ a� bnC 1:33

where a and b are constants. The a value is speciWc for each homologous

series while b is in the range 0.3–0.5.

Figure 1.21. Schematic representation of a direct micelle.
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Formation of micelles requires a minimum number of carbon atoms of the

hydrophobic chain, which is 8–10. Chain branching or the presence of

double bonds in the alkyl chain destabilizes the micelles and consequently

increases the cmc. In the case of ionic surfactants, the micelle size increases

and the cmc decreases with the concentration of added salt. Non-ionic

surfactants are less sensible to the presence of electrolytes, and for a given

alkyl chain length their cmc is lower than for ionic ones.

The shape of the smaller micelles is nearly spherical, whereas that of the

larger ones can be rod-like, disk-like, or worm-like. Intermicellar inter-

actions can drive their distribution in the system maximizing (repulsive

interaction) or minimizing (attractive interactions) the mean distance with

the next neighbouring micelles (see Fig. 1.17).

As a consequence of the existence of various channels by which amphi-

philic molecules can fulWl the hydrophobic interaction, the solubility of

surfactants in aqueous solutions shows a typical temperature dependence.

In particular, below a certain temperature, the so-called KraVt point, the
solubility is scarce and lower than the cmc. In such circumstances, the

surfactant is dissolved monomerically in the aqueous medium, and its solu-

bility is dictated by that of monomers. Above the KraVt point, the solubility
is greater than the cmc, and it increases dramatically with temperature. Now,

the surfactant solubility is dictated by that of micelles, which is much higher

than that of monomers.

Increasing surfactant concentration or the addition of appropriate solu-

bilizates can lead to the formation of rod-like micelles and for very concen-

trated systems to percolated systems and Wnally to liquid crystals.

Percolation could arise for topological reasons or can be driven by strong

intermicellar attractive interactions. A schematic representation of perco-

lated system of interconnected micelles is shown in Fig. 1.18.

It is believed that the size of non-ionic surfactant micelles increases with

temperature while for ionic surfactants it decreases. The radius of spherical

micelles can be roughly identiWed with the length of the surfactant molecules

and by considering that the average length of surfactant alkyl chain is of the

order the full extended length.

Further interesting eVects are originated by dynamical properties charac-

terizing the life of surfactant aggregates. The dynamics of aqueous micelles is

characterized by conformational movements of alkyl chains and surfactant

head groups, lateral diVusion of surfactant molecules within the aggregate,

diVusion and rotation of the entire aggregate, size and shape of micellar

Xuctuation, and exchanging of monomers with the surrounding medium or

between contacting micelles. All these processes are directly or indirectly

triggered by the surrounding water molecules. It has been observed that

diVerent parts of surfactant molecules embodied in a micelle show distinct

conformational mobility; it decreases proceeding from the head group to-

wards the most internal methyl groups1.
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The micelle/surrounding exchanging process of surfactant molecules (S),

represented by the dynamic equilibrium

Sn.Sn�1 þ S

occurs in the 10�3 � 10�8 second timescale.Micellization being a cooperative

process, the transient elimination of surfactant molecules could lead to the

complete dissolution of the micelle, and conversely monomers could associate

in a micelle. This process, represented by the dynamic equilibrium

Sn.nS

occurs on the 10�3 to 1 second timescale58.

The most investigated surfactant able to form direct micelles in water is

sodium dodecylsulfate (SDS). Dissolved in water, this surfactant forms quite

monodisperse and spherical aggregates that are in equilibrium with mono-

mers at a concentration (cmc) of 8:3� 10�3 M. Its KraVt point is 208C, the
mean aggregation number is about 65 at 258C, the degree of counterion

binding is about 0.6, and the hydration number of the micellar head group

region per amphiphile is about 8.

A particular kind of micelles can be formed by solubilizing in water a

long-chain phospholipid and a hydrophilic surfactant. The resulting molecu-

lar aggregates are called bicelles and are characterized by a discoid shape

with an inequal distribution of the two amphiphiles: a lipid-rich bilayer and

surfactant-rich edges. The bicelle size can be modulated by changing the

lipid/surfactant ratio. As an example, bicelles can be formed by solubilizing

in water 1,2 dihexanoyl-3-sn-phosphatidylcholine and 1,2 dimiristoyl-3-sn-

phosphatidylcholine59.

1.6.2.1. Solubilization in Aqueous Micellar Systems

One of the most important properties of solutions of micelles both for

practical applications and theoretical implications is their solubilizing

power. This is because many substances otherwise insoluble in water show

a marked increase of their solubility in the presence of surfactants. Gener-

ally, this behaviour is explained in terms of solubilizate entrapment in the

micelles.

Taking into account the eVects of hydrophobic interactions, the most

easily addressed question is the preferential micellar solubilization site of

apolar, amphiphilic, and polar solutes (see Fig. 1.22).

It can be noted that micellar solubilization involves the establishment of

speciWc interactions and an oriented location.

However, to understand the solubilization process, all the possible inter-

actions occurring in the system (solubilizate-solubilizate, solubilizate-mi-

celle, solubilizate-bulk solvent) as well as all the possible resultant

modiWcations in the structure and dynamics of solubilizate molecules, mi-

celles, and surrounding medium should be considered.
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Apolar substances that are slightly soluble in water can be readily solu-

bilized in aqueous surfactant solutions as a consequence of their entrapment

in the hydrophobic micellar core. This is macroscopically pointed out by the

progressive increase of the solubility of many apolar substances with the

surfactant concentration, i.e., the number density of micelles, occurring

above the cmc. The possibility to incorporate apolar solubilizate in the

micelle interior demonstrates that the micellar core can be considered li-

quid-like. Generally, an increase of the length of the surfactant alkyl chain

determines an increase of the solubilization ability of micelles, whereas chain

branching often results in its decrease. As a general rule, a change of external

parameters such as temperature and pressure involving an increase of micel-

lar stability leads to an increase of the maximum amount of apolar sub-

stances that can be solubilized. Because the solubilization capability of

micelles is governed by geometric constraints, it can be easily predicted

that increasing the size of the apolar solubilizate, its solubility decreases.

Moreover, it can also be predicted that the solubilizate entrapment in the

micellar core induces a micellar swelling and it modiWes more or less the

structural and dynamical properties of micelles. One of such eVects is the

decrease of the cmc induced by the presence of apolar substances.

Often the addition of appropriate substances generally called cosurfac-

tants, such as medium-chain alcohols and amines, enhances the stability of

micelles thus strongly increasing the solubilization power of apolar sub-

A
A P

P

Figure 1.22. Solubilization sites in direct micelles of apolar (A), amphiphilic (AP),

and polar (P) solutes.
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stances. When a Wnite amount of apolar substances is entrapped in the

micellar core, the micellar size increases markedly and the system is generally

indicated as an oil-in-water (o/w) microemulsion. A schematic representa-

tion of o/w microemulsions is shown in Fig. 1.23.

On the other hand, amphiphilic molecules are dynamically partitioned

between the aqueous bulk medium and micellar phase13,60. Those solubilized

in micelles are preferentially located, opportunely oriented, in the micellar

palisade layer. The partition constant between aqueous and micellar pseudo-

phases is correlated to the standard chemical potential diVerence of the

solubilizate in both phases. This, in turn, depends on the change in the

partial molar enthalpy and entropy of the solubilizate accompanying its

transfer from the aqueous to the micellar phase. The solubilization of

amphiphilic substances induces some changes such as a decrease of the

cmc and, in the case of ionic surfactants, an increase of their ionization

degree61. By increasing the solubilizate/surfactant molar ratio, increasing

changes in the micellar structure and deviations from the ideal behaviour

are observed.

Polar solutes are totally solubilized in the aqueous medium but solute/

micellar surface interactions should occur. Examples are ion binding to

micelles and the marked eVect of electrolytes on the stability of ionic micelles

through changes in the ionic strength of the medium. According to their

speciWc properties, polar solubilizates are preferentially located within the

electric double layer of ionic micelles or can be trapped between the hydro-

philic groups of the surfactant molecules. Ion binding to micelles is a basic

process in the enhancement or inhibition of reactions in micellar solutions.

Other eVects could be devised by considering the possibility that micelles

can bind to macromolecules, nanoparticles, and surfaces by favourable

hydrophobic, hydrophilic, and/or electrostatic interactions. In particular,

ionic surfactants form charged micelles that can bind to oppositely charged

oil
oil

oil

water

Figure 1.23. Schematic representation of an oil-in-water microemulsion.
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particles. Some of the possible arrangements of micelles or surfactant mol-

ecules on hydrophilic or hydrophobic nanoparticles leading to water-soluble

aggregates are shown in Figs. 1.24, 1.25, 1.26, and 1.27.

It can be noted that the oriented adsorption of surfactant molecules on the

surface of hydrophobic particles forming an electric double layer stabilizes the

particle dispersion in water and inhibits particle aggregation. However, also

the opposite eVect could occur, i.e., the surfactant adsorption on the surface of

Figure 1.24. Binding of direct micelles to hydrophilic particles.

Figure 1.25. Binding of surfactant molecules to hydrophilic particles.
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strongly hydrophilic particles could lead to the formation of a hydrophobic

coat that makes the particle insoluble in the aqueous medium (Fig. 1.28).

It is worth noting that all these diVerent situations depend on the nature of

the involved species but inmany cases canbedriven by changing some external

parameters such as concentration, temperature, and additive addition.

1.6.2.2. Aqueous Micellar Systems as Reaction Media

The main importance of surfactant aqueous solutions as specialized reaction

media lies in the opportunity in monophasic liquid systems to perform

Figure 1.26. Binding of surfactant molecules to hydrophobic particles.

Figure 1.27. Binding of direct micelles to hydrophobic (A) and hydrophilic (B)

macromolecules or uni-dimensional nanoparticles.
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reactions among species with opposite hydrophilic/hydrophobic character.

Because these reactions occur most frequently at the micellar interface,

kinetic eVects on reaction rate and products can be predicted.

The inXuence of micelles on reaction rates has been rationalized in terms

of the pseudo-phase model and by hypothesizing that the overall reaction

rate is the sum of two contributions due to reactive events occurring in the

bulk medium and in the micellar phase. However, it is worth noting that this

last hypothesis is valid only when the characteristic time of the reactive event

is shorter than that associated with the formation/dissolution process of

micelles. Moreover, according to the above hypothesis, the development of

the kinetic model requires the knowledge of the concentration of the sub-

strates in each possible solubilization site. Because in many cases the ex-

change of substrate molecules between micelles and surrounding medium is

faster than the reactive process, it is generally assumed that reaction does not

change signiWcantly the local concentration at the equilibrium. For this

reason, these quantities are generally calculated using the thermodynamic

distribution constants.

Additional kinetic eVects in aqueous surfactant solutions can arise also

from speciWc surfactant/substrate interactions. For example, the rate of the

disproportion reaction of copper sulWde nanoparticles from Cu2S to CuS�S8
decreases signiWcantly in the presence of surfactants due to their binding to

surface catalytic sites of the nanoparticles62.

1.6.3. Reversed Micelles

In apolar media, i.e., in solvent of low dielectric constant, surfactant mol-

ecules are quite un-ionized and so ion-ion interactions do not play a sign-

Figure 1.28. Binding of surfactant molecules to hydrophilic particles.
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iWcant role in surfactant self-assembling. For this reason, the formation of

micellar aggregates is mainly driven by hydrogen bonding, dispersion forces,

attractive dipole-dipole and/or ion pair interactions among the surfactant

hydrophilic head groups while the solvent holds the secondary role of

dispersing phase. It is worth noting the signiWcant diVerence with respect

to micellar aggregates formed in aqueous solutions where water structure

plays a dominant role in the stabilization of micelles and interactions among

solvated head groups destabilize micelles. Taking into account the molecular

geometry and the solvent eVect, it must be emphasized that the tendency of

surfactants to form reversed micelles is more pronounced for surfactant

molecules with rp=ra < 1 and when solubilized in less polar solvents.

A consequence of these diVerences is that many common surfactants able

to form micellar aggregates in water are scarcely soluble in apolar solvents

and do not form reversed micellar aggregates. This critical dependence on

the surfactant structure is emphasized by the observation that even small

molecular variations have important impact on the physicochemical prop-

erties and aggregation behaviour of surfactants in apolar media63.

Reversed micelle represents one of the most interesting aggregates formed

by some surfactants when they are dissolved in apolar solvents above a

concentration threshold value (cmc). They are globular aggregates with an

interior constituted by the surfactant head groups while the alkyl chains

protrude toward the external medium. The segments of chains near the head

groups are less mobile than those in the periphery and surfactant molecules

are disposed so that energetically unfavourable void spaces are avoided.

A schematic representation of a reversed micelle is shown in Fig. 1.29.

Generally, reversed micelles are characterized by an aggregation number

lower than that typical of direct micelles in aqueous solutions and by a

Figure 1.29. Schematic representation of a reversed micelle.
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greater polydispersity. From a thermodynamic point of view, surfactant

association in apolar solvents is driven by a favourable enthalpic eVect
whereas it is counteracted by an unfavourable entropic term. To the en-

thalpy of reversed micelle formation contribute attractive interactions (di-

pole-dipole, ion-dipole) and/or the formation of H-bonds. The negative

entropic term arises from the non-random distribution of surfactant mol-

ecules in the dispersing medium and from the partial loss of translational

and rotational degree of freedom accompanying the transition from mono-

meric to micellized surfactant molecules. While the interactions responsible

for the formation and for the structure of micellar aggregates depend on the

solvent nature (strongly polar or apolar), the thermodynamic approach for

the association process is quite independent of these aspects so that the same

models can be used for micellar aggregates in water and in apolar media. For

both situations, this subject has been treated in section 1.6.1.1.

An interesting aspect of the life micellar aggregates is represented by their

dynamic properties and those of surfactant monomers. Their dynamics is

characterized by conformational and diVusive motions in the bulk medium

and in the micellar aggregate, exchange of surfactant molecules between

solvent and reversed micelles, structural collapse of the entire aggregate,

and its re-formation. The aggregates undergo Brownian motions leading to

diVusion, rotation of the entire aggregate, and micellar encounters. As a

consequence of the collisions between micelles, the formation of short-lived

dimers and their separation with material exchange occurs. Thanks to these

dynamic properties, the relative populations of the various aggregates reach

and maintain the equilibrium concentrations. It is worth noting that a

dynamic picture of reversed micelles is important to understand why some-

times it is found that the nanoparticle size is not controlled by the micellar

size.

The most investigated surfactant able to form reversed micelles in absence

of cosurfactants is sodium bis(2-ethylhexyl) sulfosuccinate (AOT). Dissolved

in hydrocarbons, this surfactant forms highly monodisperse quite spherical

aggregates that are in equilibrium with monomers at a concentration (cmc)

of 4� 10�4 M. Moreover, the mean aggregation number is about 23, the

micellar radius 15 Å, the timescale of the monomer exchange 10�6s, and that

of the micellar collapse/re-formation 10�3s64–66. From this compound, by

replacing the sodium counterion with other cations, many surfactants have

been obtained. Interesting structural and dynamical changes of reversed

micelles dependent on the nature and charge of the AOT counterion have

been observed67,68.

Given its biocompatibility, another very interesting reverse micelle form-

ing compound is lecithin. It forms nearly spherical reversed micelles whose

mean radius is strongly sensitive to temperature, surfactant concentration,

and moisture69. Other frequently employed surfactants are didodecyldi-

methylammonium bromide70, tetraethyleneglycol monododecylether

(C12E4)
71, and sodium bis(2-ethylhexyl) phosphate72.
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As solvent media, quite all the low polar or apolar organic solvents have

been employed; the most used being hydrocarbons. However, among the

various apolar solvents employed as dispersing media of reversed micelles,

much attention has been recently devoted to supercritical carbon dioxide as

environmentally friendly and well-suited medium for green chemistry appli-

cations. The merits of this solvent are, in fact, non-toxicity, low-cost, non-

Xammability, tunable solvent strength, low viscosity, easy recycling, and

rapid separation of dissolved species. Examples of surfactants able to form

reversed micelles in supercritical CO2 are Xuorinated AOT and ammonium

carboxylate perXuoropolyether.

1.6.3.1. Solubilization in Solutions of Reversed Micelles

The main peculiarity of reversed micelle solutions is their capability to

increase noticeably the solubility of ionic, polar, and amphiphilic substances

with respect to that in the same bulk solvent. This property has been

exploited in numerous industrial and biotechnological applications73,74.

Depending on the nature of the solubilizate, its preferential solubilization

site in reversed micelles changes from the micellar core for hydrophilic

substances, to the micellar palisade layer for the amphiphilic ones. While

hydrophilic molecules practically spend all the time conWned into the

micellar core, amphiphilic solubilizates are virtually partitioned among

the micellar core, the micellar palisade layer, and the surrounding medium.

The fraction of these molecules residing opportunely oriented into the so-

called micellar palisade layer or the mean time fraction that each solubili-

zates spends into it depend on the hydrophilic/lipophilic character of the

amphiphile. Apolar substances are preferentially solubilized in the bulk

apolar solvent (see Fig. 1.30).

At inWnite dilution, the solubilization of small molecules does not involve

signiWcant change in the structural and dynamical properties of the reversed

micelles hosting the solubilizate as well as of the entire micellar solution.

On the other hand, the solubilization of Wnite amount of substances or of

macromolecules leads to more or less marked changes of the micellar prop-

erties. In particular, depending on solute/solute and solute/surfactant head

group interactions, it can be found that polar species are dispersed among

the surfactant head groups or form molecular clusters conWned into the

micellar core, while, in the case of amphiphilic molecules, it is possible to

obtain a random or localized distribution of oriented molecules at the

interface between the polar/apolar domains. These diVerent solubilization
models are schematically depicted in Fig. 1.31.

A simple geometrical model allows to predict the dependence of the

micellar radius (r) upon the addition of polar and amphiphilic molecules

to a solution of reversed micelles. This model is based on the reasonable

hypothesis that polar substances are conWned in the micellar core while

amphiphilic ones are preferentially solubilized in the micellar palisade
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Figure 1.30. Solubilization sites of polar, amphiphilic, and apolar molecules in

reversed micelles.
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Figure 1.31. Schematic representation of solubilization models of a few polar and

amphiphilic molecules in reversed micelles.
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layer. Then, assuming spherical and monodisperse micelles, the volume Vm

and the surface Am of a reversed micelle are given by

Vm ¼ 4pr3

3
¼ nsVs þ npVp 1:34

Am ¼ 4pr2 ¼ nsAs þ naSa 1:35

where ns, np; and na are, respectively, the number of moles of surfactant,

polar, and amphiphilic solubilizates in one micelle, Vs and Vp the molar

volumes of surfactant and polar compound, while As and Aa, the molar

interfacial area of the surfactant and amphiphilic substance. Combining the

above equation, it can be obtained

r ¼ Vs þ npVp

ns

As þ naSa

ns

1:36

It can be noted that addition of polar substances induces an increase of the

micellar radius while that of amphiphilic ones produces a decrease.

However, the addition of Wnite amounts of speciWc substances could

involve structural changes more marked than that predicted by the geomet-

ric model arising from an enhancement of the intermicellar interactions and/

or signiWcant variations of the micellar size and shape. For example, the

solubilization of Wnite amounts of some substances such as p-cresol, p-

ethylphenol, benzenediols, and dihydroxynaphthalenes in solutions of

AOT reversed micelles allows the formation of highly viscous and transpar-

ent gels. The high viscosity of these systems is attributed to the formation of

an extended dynamic network of AOT reversed micelles linked to the

solubilizate molecules through hydrogen bonds75–77.

Being sustained by relatively weak interactions, these systems show a

transition from a highly viscous organogel to Xuid phase with low viscosity

by increasing the temperature. Similar behaviour has been observed by

adding water to reversed micellar solutions of lecithin in suitable solv-

ents49,78. These systems are obviously very interesting candidates as nano-

particle entrapping substrates for technological applications.

The solubilization of Wnite amounts of hydrophilic liquids leads to the

formation of discrete droplets of these substances stabilized by a surfactant

monolayer49,78. A marked modiWcation of the structural and dynamical

properties of these substances due to conWnement and interfacial eVects
has been observed.

It is also possible to solubilize Wnite amounts of hydrophilic organic or

inorganic solid substances within reversed micelles80,81. This is performed by

direct solubilization of the solute in the solution of reversed micelles or by

solubilizing it in a solution of water containing reversed micelles and then,

after complete evaporation of the volatile components (water and organic

solvent), the solution is restored by adding the pure apolar medium. Physico-
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chemical investigations on the state of these solubilizates entrapped in the

micellar core have indicated that they are generally entrapped as small-size

nanoparticles32,82. These systems appear to be well-suited for many special-

ized applications. For example, under dry organic solvent conditions, the

photo-oxidation of organic substrates could be directed to the formation of

chemical products of great practical importance83.

Of particular interest is the solubilization of water in reversedmicelles. This

because in many reversed micellar systems, it is possible to dissolve a number

of moles of water far exceeding that of the surfactant leading to the formation

of discrete nano-size water droplets entrapped in the micellar core.

Water solubilization involves an increase of the micellar size transforming

the reversed micelles from short-living aggregates to more stable ones with

an enhanched persistence in size and shape of the entire aggregate but not in

constituent molecules. When the amount of water solubilized is above the

surfactant hydration limit, water containing reversed micelles is also called

water-in-oil (w/o) microemulsion (see Fig. 1.32).

As a manifestation of conWnement eVect, the diVusion coeYcient of water

in solutions of reversed micelles is much lower than that in bulk84.

Several investigations have shown that the physico-chemical properties of

interfacial water are strongly diVerent from those of bulk water16,85,86. At

low water content, large deviations of the permittivity, viscosity, and struc-

tural order from bulk water have been observed.

The water solubility in reversed micelles can be signiWcantly enhanced by

adding appropriate cosurfactans such as medium-chain alcohols. The size

and shape of water/surfactant aggregates are system speciWc. For example,

AOT forms nearly spherical and monodisperse aggregates whose size

can be regulated by changing the water to surfactant molar ratio. In par-

ticular, it has been found that the radius r of AOT reversed micelles quite

Figure 1.32. Schematic representation of water in oil (w/o) microemulsions.
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independently of the surfactant concentration can be well described by the

equation

r(Å) ¼ 1:8R 1:37

where R represents the water-to-AOT molar ratio87.

On the other hand, lecithin and copper bis(2-ethylhexyl) phosphate form

elongated micelles that increase their size by increasing the water content.

Spherical water containing reversed micelles occur when water/surfactant

interactions are less favourable than water/water and/or surfactant/surfac-

tant interactions because in these conditions the interplay of all the inter-

actions pushes the aggregates to have the smallest surface-to-volume ratio.

On the other hand, rod-like water containing reversed micelles results when

water/surfactant interactions are stronger than water/water and surfactant/

surfactant interactions, because cylindrical aggregates maximize the water/

surfactant polar head contacts.

The dynamics of water containing reversed micelles includes lateral diVu-
sion of surfactant molecules at the water/surfactant interface, restricted

motions of water within the micellar core, exchange of water and surfactant

molecules with bulk solvent and neighbouring micelles, diVusion and rota-

tion of the entire aggregate, intermicellar encounters, and possible micellar

fusions. The lifetime of the fused dimers is of the order microseconds88.

In spite of the apolar coat surrounding water containing reversed micelles

and their dispersion in apolar solvents, reversed micelles of ionic surfactants

are able to establish attractive interactions leading to more or less extended

clusters. It has been suggested that the microscopic process responsible for

these interactions is the intermicellar exchangeof surfactant ions leading to the

formation of oppositely charged reversedmicelles43.Obviously, the formation

of these clusters strongly inXuence the physico-chemical properties of the

system:mass,moment, and charge transport within a cluster could be strongly

enhanced as compared to a dispersion of randomly distributed micelles.

It is worth noting that, even if solvents hold the secondary role of disper-

sing media of the water containing reversed micelles, some speciWc eVects are
observed by changing it, the most marked being the maximum amount of

water that can be dissolved in the micellar solution at a given temperature.

This behaviour emphasizes the solvent triggering role of the intermicellar

interactions.

1.6.3.2. Solubilization in Solutions of Water Containing Reversed Micelles

The water containing reversed micelles can be employed as suitable nano-

size aggregates to host hydrophilic and amphiphilic substances89–92. The

diVerent location of solubilizates is depicted in Fig. 1.33. It is also empha-

sized the eVect of Wnite amount of solubilizates on the micellar size.

It can be noted that polar substances are entrapped in the aqueous micellar

core, whereas amphiphilic molecules are partitioned between the micellar
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palisade layer and the surrounding medium. Physical and chemical properties

of solubilized species are modiWed by their conWnement. For example, the

enzymatic activity in reversed micelles is signiWcantly enhanced73,93,94.
Of utmost importance is the intermicellar material exchange process

because it allows that hydrophilic reactants can be transported or can

come in contact and react95. This process can be considered the result of

some more elementary steps (see Fig. 1.34):

1. diVusion controlled motion of aggregates in the organic medium

2. intermicellar collisions and possible coalescence between micelles

3. diVusion of solubilizates molecules in the conWned space of the

transient micelle dimer

4. micelle separation

Obviously, the rate of the overall material exchange process is governed by

the slowest of these consecutive steps and strongly depends on the preferred

solubilization site of the exchanged species as well as of its size. Figure. 1.33

emphasizes also that the intermicellar exchange process of amphiphilic

solubilizates occurs by intermicellar hopping or by diVusion through the

solvent medium.

Factors involving a change of the material exchange rate such as tempera-

ture, nature of surfactant and apolar solvent, and composition can be altered

to inXuence the intramicellar conWnement eVect.
From the knowledge of the micellar size, the average number of solubili-

zate molecules in each micelle can be calculated. However, the determination

of their location and how they are distributed among micelles requires

appropriate experimental measurements or a suitable model96.

Several distributionmodels of solubilizate molecules among water contain-

ing reversedmicelles can be hypothesized. At low solubilizate concentration, a

Figure 1.33. Solubilization sites in water containing reversed micelles.
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random distribution is generally proposed. When there is a strong solubili-

zate/solubilizate attractive interaction or the solubilization of the Wrst mol-

ecule makes the micelle more apt to entrap other molecules, they tend to

accumulate within some micelles (attractive distribution). This situation dra-

matically occurs in the case of nanoparticle formation inside reversedmicelles.

On the contrary, if the swelling of the reversed micelle due to solute entrap-

ment is against the solubilization of additional molecules, they tend preferen-

tially to be solubilized in empty micelles (repulsive distribution).

1.6.3.3. Reaction Rates and Mechanisms in Solutions of Water Containing

Reversed Micelles

Reaction rates and mechanisms in solutions of reversed micelles and water

containing reversed micelles have been widely investigated. In addition to

eVects due to enhancement of local concentration, contributions arising

from interfacial interactions, ordered molecular arrangement, and changes

of water activity have been emphasized97,98.

SpeciWc investigations focused on the nanoparticle kinetic growth in re-

versed micellar solutions have been carried out. For example, the study of

the growth rate of silica nanoparticles in tetraethoxysilane (TEOS)/ammo-

nium hydroxide/polyoxyethylene nonylphenylether/cyclohexane system have

emphasized that the process is controlled by the TEOS hydrolysis in the

initial stages of the growth; whereas in the later stages the condensation rate

becomes the rate determining step99.

The inXuence of external parameters on the nanoparticle size has been

carefully scrutinized. Studying the size of silver nanoparticles synthesized in

water containing reversed micelles of an amphiphilic block copolymer dis-

persed in p-xylene, Zhang et al.100 found that the diameter of nanoparticles

increases with the size of the aqueous droplets; this because the average

number of precursors in each micelle increases and the number of nuclei

decreases with micellar size. Moreover, by increasing the reactant concen-

trations, the particle size decreases; this because the nucleation rate and the

number of nuclei increase with the average number of precursors in each

Figure 1.34. Intermicellar exchange processes.
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micelle. In reversed micelles, simulation results lead to the conclusion that

the particle size and their polydispersity increase with the aqueous core

size101.

Schematic representations of nanoparticles stabilized by reversed micelles

and water containing reversed micelles are shown in Figs. 1.35 and 1.36.

1.6.4. Water-in-Oil and Oil-in-Water Microemulsions

In absence of surfactant, water and apolar solvents (generally indicated as

oils) do not mix, forming two separate phases where only very small amounts

of one component are dissolved in the other. As previously stated, the scarce

solubility of oil in water can be rationalized in terms of the entropically

directed hydrophobic hydration, while the scarce solubility of water in oil

can be attributed to the fact that water/water interactions are much stronger

than water/oil ones. This allows to predict, in accordance with the experi-

ment, that solubilization of water in oil is an endothermic process102.

Moreover, in addition to molecular solubilization, also the dispersion as

small droplets of oil in water or water in oil is unfavoured as a consequence

of the relatively high oil/water interfacial tension (about 52mNm�1) involv-

ing a work (W ¼ g4pr2) of 6:510�17 J to form a droplet of one phase in the

other of 100 Å. This value is too large with respect to kT (4:110�21 J) at

room temperature to allow the thermal driven spontaneous dispersion of oil

in water or water in oil droplets.

Figure 1.35. Nanoparticle stabilized by a reversed micelle.

60 1. Structural and Dynamical Properties



Adding a surfactant to the biphasic water/oil system, it can be easily

recognized that it will be partitioned between the aqueous and the oil phases.

Only a small amount will be located at the water/oil interface forming an

oriented monolayer and determining a signiWcant decrease of the interfacial
tension103.

In equilibrium condition and above the critical micellar concentration of

the surfactant in both media, it can be predicted that potentially the surfac-

tant forms direct micelles in water solubilizing in its interior the oil and

reversed micelles in the oil phase entrapping water. However, according to

the surfactant nature, one of the two structures (micelle or reversed micelle)

is preferred so that macroscopically it is observed that the volume of one

phase increases at the expense of the other. This unequal distribution of

surfactant micelles has been widely employed in extraction chemistry. More-

over, these bi-phasic systems have found numerous applications as peculiar

reaction media.

In appropriate conditions determined by the surfactant nature and con-

centration, relative amounts of oil and water, and the presence of suitable

cosurfactants, one phase disappears leading to the formation of systems

called oil-in-water (o/w) or water-in-oil (w/o) microemulsions. It can be

noted that o/w and w/o microemulsions are related to and can be confused

with solutions of normal micelles and reversed micelles solubilizing appro-

priate substances, respectively. However, conceptually the distinguishing

element is that in micelles the emphasis is on the surfactant forming the

aggregate, while in microemulsions the amount of solubilizates compart-

Figure 1.36. Possible locations of nanoparticles stabilized by water containing

reversed micelles.
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mentalized in the micellar core constitutes a relevant part of the entire

aggregate. Generally, this involves some changes: a greater size, a lower

diVusion coeYcient, a variation of the interaggregate interactions, and a

greater persistence in size and shape of the entire aggregate even if each

surfactant molecule retains nearly the same dynamics.

To diVerentiate microemulsions from solutions of direct or reversed mi-

celles, here is made the quite arbitrary convention that microemulsions are at

least quaternary systems composed of signiWcant amounts of water, oil, and

more than one surfactant/cosurfactant. The reason of this choice is that,

while many ternary mixtures composed of water, oil, and surfactant do not

form a monophasic system, the further addition of appropriate amounts of

another surfactant or cosurfactant leads to the formation of a thermo-

dynamically stable monophasic one. This involves some subtle eVects occur-
ring in the presence of more than one amphiphilic molecules, which can be

traced back to a wider spectrum of potential surfactant aggregates charac-

terized by diVerent structure and composition and by a speciWc contribution
to the total free energy of the system.

Microemulsions are thus monophasic liquid systems that are isotropic and

homogeneous on a macroscopic scale but heterogeneous on a molecular

scale as they are divided into water and oil domains separated by a surfac-

tant monolayer. The typical size of these domains is below the wavelength of

visible light and hence these systems appear optically clear. From a molecu-

lar point of view, these systems are characterized by the coexistence of

spatially separated polar and apolar microregions stabilized by a monolayer

of amphiphilic molecules. In the case of water-in-oil (w/o) microemulsions,

the water is dispersed in the oil as nanodroplets whereas in the case of oil-in

water (o/w) microemulsions, the oil is dispersed as nanodroplets in water. In

both cases, a monolayer of opportunely oriented surfactant molecules coat-

ing the droplet (diameter 10–100 Å) leads to an ensemble of thermodynam-

ically stable aggregates dispersed in a bulk phase. These two structures are

schematically represented in Figs. 1.23 and 1.31.

By assuming spherical aggregates and that all the surfactant molecules are

located at the interface, the size (r) of the surfactant-coated water or oil

droplets can be roughly estimated by the equation

r ¼ 3VdR

SS
þ h 1:38

where Vd is the water (oil) molecular volume, SS the surfactant head group

area, R the water (oil) to surfactant molar ratio, and h the surfactant

molecule length. Then, the number of aggregates (Nagg) can be calculated by

Nagg ¼ NSSS

4p(r� h)2
1:39

where Nagg is the number density of surfactant molecules.
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In the literature are also described microemulsions characterized by an

interconnected network of canalicula of indeWnite length, the so-called

bicontinuous microemulsions. It is interesting to note, however, that as a

consequence of the dynamic processes occurring at the molecular level, the

the same system could show diVerent structures when observed at diVerent
time or spatial scales. This is because more or less extended structures may be

viewed as dynamical entities with a characteristic lifetime t. On a timescale

shorter than t, the system appears as a collection of minimal entities under-

going independent diVusive motions and for times longer than t behaves as
an interconnected assemblies of minimal entities. This means that the same

microemulsions can be seen as a bicontinuous structure or a collection of

aggregates depending on the characteristic timescale of the physicochemical

property used to study the system104.

Generally, microemulsions exist as monophasic systems in a limited tem-

perature range. Outside this range, microemulsions separate giving two or

more phases whose compositions depend on the nature and relative amounts

of the components.

Microemulsions as well as all the other microheterogeneous systems can

be used as peculiar solvent and reaction media. A wide variety of apolar,

polar, and amphiphilic substances can be solubilized separately or at the

same time in these systems. Generally, microemulsions show a solubilizing

capability greater than that of micellar solutions. This peculiarity makes

microemulsions a sort of eVective universal solvent media. According to the

nature of the solubilizate, it will be preferentially solubilized in a speciWc
domain of the microemulsions or partitioned among the various microenvir-

onments. On the other hand, the dynamics of these domains and the huge

value of the water/oil interface allow frequent encounters among the solu-

bilizate molecules even if they are located in diVerent nanodomains. The

kinetics of solubilizate exchange among water droplets of water in oil

microemulsions by micellar collision and transient fusion has been widely

investigated52,53,105.

It was observed that the rate constant of the intermicellar exchange of

solubilizates entrapped in the inner part of microemulsion droplets is two to

four orders of magnitude slower than that corresponding to droplet encoun-

ters. This emphasizes the existence of an energy barrier opposing the ex-

change process. Besides, it increases with temperature, the length of the

solvent alkyl chain, the size and the number density of the aqueous droplets,

while it decreases by solubilizing inorganic salts in the aqueous droplets.

The maximum amount of solubilizate that can be dissolved in microemul-

sions depends on its preferential location and speciWc interactions with

surfactant interface106. Depending on the amount and/or size of the solubi-

lizate molecules, more or less marked structural changes can be observed.

Generally, the solubilization of hydrophilic macromolecules involves micel-

lar swelling and, above speciWc threshold values (solubilizate concentration,

temperature, etc.), structural transitions107,108.
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While small hydrophilic polymers are encapsulated inside the aqueous

core of one water/surfactant aggregate, large ones require many aggregates

to avoid polar/apolar contacts. This involves the formation of micellar

clusters joined together by the polymeric chain109.

The structural properties of microemulsions make these systems well

suited for reactions between polar and non-polar reactants. For these species

the reaction occurs at the water/oil interface110. For reactants partitioned

between the aqueous, oil, and interfacial domains, the reaction rates can be

quantitatively described in terms of the separate contributions of each

domain111.

Microemulsions are frequently employed as well-suited media for the

synthesis of a wide variety of nanoparticles112. The kinetics and mechanism

of formation of CdS nanoparticles in water/AOT/n-heptane w/o microemul-

sions has been investigated113. It has been found that the intermicellar

exchange process of nanoparticle precursors is the rate determining step

and that the total concentration of nanoparticles (ct) can be modeled by

the equation

ct ¼ c0

1þ kexc0t
1:40

where c0 is the initial concentration of nanoparticle precursor and kex the

rate constant of the intermicellar precursor exchange. Moreover, the con-

centration of nanoparticles constituted by N precursor monomers is given by

cN ¼ c0(kexc0t)
N�1

(1þ kexc0t)
Nþ1

1:41

and the mean number (N̄) of precursor monomers by

�NN ¼
XNcN

ct
¼ 1þ kexc0t 1:42

1.6.5. Normal and Reversed Vesicles

Surfactant molecules showing a preponderance of the hydrophobic charac-

ter with respect to the hydrophilic one, i.e., characterized by small head

group and/or bulky hydrophobic part (two or more long hydrocarbon

chains, branched chains), are sparingly soluble in aqueous solutions and,

when dispersed in water, they tend to associate as multilamellar or unila-

mellar vesicles. Surfactants able to form vesicles show very small cmc (of the

order 10�5 M or lower) in contrast with the cmc of many micelle forming

surfactants (of the order 10�2 M). The low cmc reXects the poor water

solubility of the vesicle-forming surfactant and it indicates very low ex-

change rate of the surfactant between the aggregate and the surrounding

medium, long mean lifetime of the surfactant molecules in the bilayer, and
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marked kinetic stability of vesicles. The stability and permeability of vesicles

can also be improved using functionalised surfactants able to polymerise,

forming intermolecular covalent bonds.

Multilammellar vesicles are constituted by closed surfactant bilayers

spaced by aqueous layers, whereas unilamellar ones are constituted by

only one aqueous domain entrapped inside a closed bilayer. In the case of

some bipolar surfactants, vesicles constituted by a closed monolayer dis-

persed in water can also be obtained. Typical size and aggregation number

of unilamellar vesicles are 50–200 nm and 104-105 monomers. A schematic

representation of these structures is shown in Fig. 1.37.

Formation of vesicles is preferred with respect to micelles because the

higher curvature radius allows a better accommodation of surfactant mol-

ecules while they are preferred with respect to extended bilayers because of

the closed structure that avoids the existence of hydrophobic sides contact-

ing water and of the greater mixing entropy associated with smaller struc-

tures. On the other hand, the formation of a closed structure involves the

establishing of a mean curvature that can be more or less unfavourable from

the energetic point of view.

According to the general structural symmetry existing among the surfac-

tant aggregates, in addition to direct vesicles, it is also possible to realize

dispersions of reversed vesicles in apolar solvents114. A schematic represen-

tation of a dispersion of reversed vesicles in oil is shown in Fig. 1.38.

In this case, the surfactant molecules are oriented so that the hydrophilic

groups are in contact and the alkyl chains protrude in the oil phase.

Reversed vesicles are preferentially formed by hydrophilic surfactants

with appropriate geometric packing parameters. They are consequently

slightly soluble in apolar media and characterized by surfactant/surfactant

interactions larger than surfactant/apolar solvent ones.

Figure 1.37. Schematic representation of unilamellar vesicles dispersed in water.

1.6 Surfactant Aggregates in Liquid Media 65



Direct and reversed multilamellar vesicles can be prepared by mixing the

components (surfactant, cosurfactant, and water or apolar solvent) in the

appropriate composition or by the injection of an appropriate surfactant

solution through a syringe equipped with a small hole needle. Heating of the

mixture and the use of a low-power ultrasound bath generally allow the

complete mixing of the components in a few minutes. Sonication is generally

employed because it allows to overcome the activation energy barrier needed

to transform extended bilayers in vesicles. The resulting dispersions appear

quite cloudy as a consequence of the signiWcant light scattering due to the

vesicles with a mean size comparable with the visible light wavelength.

Dispersions of unilamellar vesicles are usually obtained using a high-

power ultrasound bath and, being of smaller size, they appear clear with

bluish reXections. Another method to prepare vesicle dispersion is based on

the removal of the hydrophilic surfactant from an aqueous solution of mixed

micelles constituted together with a lipophilic surfactant. The removal of the

hydrophilic surfactant can be accomplished by dialysis.

By applying shear to lamellar structures in controlled conditions, surfac-

tant reorganization into a new phase constituted by multilamellar vesicles

(200–1000 nm), called onions or spherulites, is obtained8. Spherulites are

dense multilamellar aggregates that can solubilize both hydrophilic and

hydrophobic substances and for this reason have found many extended

applications as drug-carriers and encapsulating systems.

Normal vesicles using dihexadecylphosphate or dioctadecyldimethyl am-

monium chloride (DODAC) showing size in the range 150–300 nm can be

formed in aqueous solutions. Particular mention must be devoted to phos-

pholipid-based vesicles, also called liposomes, because they are of great

interest being both biocompatible and stable in physiological environments.

In living organisms, liposomes direct the synthesis (biomineralization) and

Figure 1.38. Schematic representation of a dispersion of reversed vesicles in oil.
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transport of inorganic crystals with controlled size, shape, and structure.

Innovative uses of these aggregates as biomimetic systems, drug-carriers,

and nanoparticle templates have been widely exploited.

Mixed unilamellar vesicles in water can be spontaneously formed by

mixing two micellar solutions containing cetyltrimethylammonium bromide

and dodecylbenzenesulfonic acid, respectively115.

Distinctive properties of vesicles are their Xuidity and selective permeabil-

ity. These properties reXect the intermolecular interactions governing the

aggregate stability and the thermally activated molecular dynamics. The

vesicle dynamics is characterized by translational and rotational movements,

thermally driven shape Xuctuations, the lateral diVusion of surfactant mol-

eculeswithin the layer, and exchanges of surfactantmolecules between the two

leaXets of the bilayer (Xip-Xop). Other properties changing within speciWc
timescales are bilayer local composition and density and membrane asym-

metry. Exchanges of surfactant molecules with the surrounding medium are

generally excluded as a consequence of its very low solubility in the bulk

solvent, while Xip-Xops are rare due to the high energy barrier of the involved

mechanism. Other important processes determined by vesicle dynamics are

their breaking in smaller aggregates and their fusion in larger aggregates.

The thermodynamic stability of solutions of vesicles has been questioned.

This because, in general, vesicles do not form spontaneously, requiring the

input of energy, and that often solutions of vesicles show with time some

changes116. It has been suggested that the existence of repulsive forces such

as those arising from a net charge or a double layer could contribute to the

stability of vesicle dispersions117.

Depending on the speciWc permeability of the surfactant bilayer toward

the species present in the system, concentration gradients between vesicle-

entrapped and bulk water of the less diVusible species can be realized. The

typical characteristic time for the transport of water molecules across the

bilayer is of the order seconds while for large molecules it can be hours or

more. This selective permeability, similar to that of semipermeable mem-

branes, allows the achievement for several hours of an internal pH or ionic

strength diVerent from the exterior or the occurrence of a reaction only

inside the aggregate. Also, vesicle strinkage or swelling can be determined

in the case of an osmolarity gradient between the interior and the external

parts.

1.6.5.1. Solubilization in Dispersions of Normal and Reversed Vesicles

Looking to the typical structure of vesicles, some diVerent solubilization

sites can be devised (see Fig. 1.39)

. the vesicle interior

. the hydrophilic domains constituted by the hydrated surfactant head

groups on both sides of the bilayer

. the hydrophobic domain constituted by the surfactant tails
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. the so-called palisade layer, i.e., the domain between the surfactant head

groups and the Wrst carbon atoms of the alkyl chain

. the external medium

Hydrophilic substances are potentially solubilized in the i, ii, and v domains,

hydrophobic molecules in the iii domain, and amphiphilic are preferentially

located opportunely oriented in the iv domain118.

While hydrophilic and hydrophobic molecules are almost entirely located

in well-deWned domains, the location of amphiphilic molecules is generally

described as a partition equilibrium among all the possible sites. It is worth

noting that, in the case of hydrophilic species showing large characteristic

time of transport across the bilayer and depending on the preparation

procedure of the system, it is possible to realize vesicle dispersions where

the solubilizate is present both inside and ouside the vesicles, only outside or

only inside. These conditions can be realized, i) by dissolving the solubilizate

in the aqueous medium before the surfactant dispersion, ii) performing the

solubilization of the hydrophilic molecules in the vesicle dispersion previ-

ously prepared, iii) starting from the solubilizate/vesicle/water system where

the hydrophilic species is located both inside and outside the vesicles and

removing the molecules located externally by dialysis.

Depending on the nature of the solubilizate and the solubilizate/surfactant

molar ratio, more or less extended modiWcation of the vesicle structure and

dynamics can be expected. For example, the bilayer rigidity can be sign-

iWcantly increased by adding cholesterol. These changes could be more

marked when nanoparticles are entrapped by vesicles.

1.6.5.2. Reaction Rates and Mechanisms in Dispersions of Normal and

Reversed Vesicles

Reaction rates, mechanisms, and stereochemistry can be strongly inXuenced
by the presence of vesicles14. In addition, these eVects are critically depen-

Figure 1.39. Solubilization sites of hydrophilic substances in aqueous vesicles.
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dent on structure and dynamics. The main factor that must be taken into

account is that a solution containing vesicles is characterized, potentially, by

diVerent reaction sites (the inner vesicular core, the internal water/surfactant

head groups interface, the hydrophobic domain constituted by the quite

ordered surfactant alkyl chains, the external water/surfactant head groups

interface, and the external aqueous medium). The following step is the

knowledge of the locations of substrates, their portioning among the various

sites, and their diVusion rates among the various sites. This allows the

determination of the local concentrations of all the substrates at the equi-

librium and during the reaction. Because there is not a theory able to predict

the reaction rate in each site, this information can be obtained by an analysis

of experimental kinetic data through a suitable model that takes into ac-

count local substrate concentrations.

Following this strategy, many investigations have been carried out show-

ing that rate changes can be mainly attributed to variations of local concen-

trations and of the substrate reactivity. As an example, measuring the rate of

alkaline hydrolysis and thiolysis of p-nitrophenyl octanoate in aqueous

dispersions of vesicles, a dependence on the vesicle size attributable to

diVerences in ion dissociation, substrate binding constants, and intrinsic

reactivities was observed119.

Vesicles can play the role of nanoreactors where nanoparticles can be

synthesized through appropriate reactions providing size and shape limits

to their growth, of nanocontainers able to improve their time and chemical

stability, and/or of nanocarriers to allow their transport. The closed struc-

ture of vesicles provides a means to control the precursor concentrations

inside and outside the vesicles thus inXuencing the nucleation and growth of

nanoparticles and representing an obstacle to particle agglomeration. In

turn, this involves a control of the particle size and distribution. The internal

vesicle wall could also inXuence the nucleation and growth rates.
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2

Nucleation, Growth, and Arrested
Growth in ConWned Space

2.1 Introduction

The separation of solid phases from liquid ones is a very old practice and,

at present, it represents a pivotal step involved in many industrial pro-

cesses. The optimization of this step is of utmost importance both for the

quality of the Wnal product, environmental impact, and economic reasons.

To achieve this goal, a wide range of experimental procedures and a

framework of theoretical principles have been exploited. The notions

of solubility, solubility product, the common ion eVect, homogeneous

and heterogeneous nucleation, crystal growth, precipitation and coprecipi-

tation, crystallization, saturation, supersaturation, and Wltration are nor-

mally learned in elementary courses of physical chemistry. The

thermodynamic, kinetic, and statistical aspects of nucleation, crystallization

(slow separation from a liquid phase of a solid compound characterized by

relatively high solubility), and precipitation (fast separation of a solid with

small solubility) have been well established as well as the eVects of tem-

perature, pressure, and additives.

For completeness, it is worth remembering that, in addition to those

occurring in liquid systems, some important processes involving nucleation

and crystal growth are performed in various other environments such as

vapour phases, glass matrices, alloys, solid surfaces, and interfaces. In

addition to the same general criteria, the development of speciWc treatments

is required for the analysis of these phenomena.

Generally, the main requisites requested to a suitable precipitation

protocol in liquid phase are the purity and the recovery of the highest

fraction of the total amount of the product. Moreover, this process

often occurs in homogeneous liquid media. Only seldom the crystallization

or precipitation are performed in microheterogeneous Xuid systems, and

the control of the crystal geometrical parameters is needed. However,

the recent interest to synthesize nanoparticles by bottom-up chemical

methods in conWned space has given rise to the exigency to develop

appropriate theoretical principles and experimental methodologies allowing

the rationale control of their mean size and shape, polydispersity,
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and structure. Obviously, the knowledge of the mechanisms controlling the

formation and stability of nanoparticles in surfactant-containing systems

and of those opposing their unlimited growth is of utmost importance to

plan a successful synthetic route. With this aim, here will be presented a

thermodynamic and kinetic treatment allowing to put into evidence the

phenomena involving signiWcant deviations with respect to precipitation in

homogeneous systems and the processes underlying the formation, growth,

and arrested growth of nanoparticles.

2.1.1. Thermodynamic Considerations

The thermodynamic stability of a substance A in a solution with respect to

the pure crystalline solid phase depends on the diVerence (Dm) between the

chemical potential (mA) of A in both phases

Dm ¼ mA, solid � mA, solution ¼ RT ln
aA, sat solution

aA, solution
2:1

If Dm > 0, i.e., if the activity of species A in the saturated solution

(aA, sat solution) in equilibrium with A pure is greater than that in the actual

solution (aA, solution), the substance will stay entirely and molecularly dis-

persed in the liquid phase. Moreover, the system will be monophasic and

thermodynamically stable. On the other hand, if Dm < 0, a part of A will

form a solid phase moving from the solution to the solid phase until Dm ¼ 0

and a condition of dynamic equilibrium between A in liquid and solid phases

is realized. Given these properties, Dm is also called the driving force for

crystallization. Taking into account the relationship between activity, con-

centration (C), and activity coeYcient (g), the above equation can be rewrit-

ten as

Dm ¼ RT ln
CA, sat solutiongA, sat solution

CA, solutiongA, solution
¼ �RTln

SgA, solution

gA, sat solution
2:2

where S (S ¼ CA, solution

CA, sat solution
) is the supersaturation ratio.

For sparingly soluble solutes, Dm is related to the molar enthalpy (DH)

and entropy (DS) of its transfer from the liquid to the solid phase by the

equation

Dm ¼ DH� TDS 2:3

This equation emphasizes the interplay of energetic and entropic terms as

controlling factors of the crystallization process.

Other thermodynamic equations allow to predict the temperature and

pressure dependence of Dm. Besides, thermodynamics furnishes the rela-

tionships between Dm and the solubility of ionic and non-ionic solutes
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through the knowledge of their activity coeYcients in solid and liquid

phases. The treatment of these aspects is quite cumbersome and out of the

aims of the present book; for these reasons, the reference to standard

physical chemistry textbooks is suggested.

These considerations can be formally extended to microheterogeneous

systems taking into account that, at equilibrium, the chemical potential of

species A in the various microenvironments marked by greek letters is equal

(mA, a ¼ mA, b ¼ etc). Then, each microenvironment can be treated as a

homogeneous system with the provision that the local concentration of the

solute is generally diVerent from the overall.

It is worth noting that, frequently, it occurs that the solute is practically

solubilized only in a speciWc microdomain of the microheterogeneous sys-

tem. In this case, the local concentration can be easily calculated from the

overall without the need of the knowledge of distribution constants.

It must also be stressed that, due to speciWc and conWnement eVects, the
solubility of species A in each domain of microheterogeneous systems can

be found to be strongly diVerent from that in bulk media, involving that the

supersaturation value as well as all the thermodynamic parameters are diVer-
ent from those in homogeneous phase. Such consideration has important

consequences on the thermodynamics and kinetics of nanoparticle formation

in conWned space. However, apart from direct experimental measurements,

little help has been furnished by theory1.

This is all that thermodynamics is capable to predict both for homoge-

neous and microheterogeneous systems. Further considerations require kin-

etic arguments.

2.1.2. Kinetic Considerations

Generally, above the solubility limit, precipitation/crystallization happens

very quickly in the presence of a solid phase constituted by the same (second-

ary nucleation) or diVerent substance (heterogeneous nucleation). The pres-
ence of a solid phase contacting the solution oVers, in fact, sites and/or a

surface on which A molecules could nucleate and grow. In this case, the

factors controlling the rate of the process are i) the arrival of the species to

the surface of the solid phase and vice versa by thermal diVusion, convection
currents, or mechanical agitation, ii) the area and the nature of the solid phase

exposed to the solution, and iii) the incorporation rate of the precursors to the

crystal lattice. The incorporation step includes the adsorption of the pre-

cursors, the partial release of solvating species, and the eVective entrapment

into the lattice. Generally, a more or less marked preference to be entrapped

into certain crystal faces leading to anisotropic morphologies is observed.

However, in the case of homogeneous nucleation, i.e., in absence of a pre-

existing solid phase, for statistical reasons the formation of that phase could

not occur, and the liquid system will be described as kinetically stable. This

because the formation of the crystalline phase is a multistep process requir-
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ing the building up of molecular aggregates of increasing size according to

the scheme:

AN�1 þA.AN

and/or through agglomeration processes:

Ai þAj.Aiþj

At the molecular level, the driving force of these processes is the Brownian

diVusion of species allowing their haphazard encounters.

For this reason, the thermodynamic property that must be considered to

know if the solid phase will be really formed or not from molecular or ionic

precursors is the free energy of formation of a nucleus constituted by N

molecules, DGf, given by:

DGf ¼ NDmþ DGS 2:4

This equation is constituted by the term NDm ¼ NkT ln
aA, sat solution

aA, solution
, which

takes into account the thermodynamic driving force for the aggregate for-

mation, and another one, DGS, due to the formation of an interface between

the aggregate and the surroundings. This last term is given by

DG
S
¼ ANgS

2:5

where AN is the aggregate surface (AN ¼ KNN
2=3) and g

S
is the interfacial

energy per unit surface.

From a molecular point of view, the interfacial energy DG
S
measures

nothing more than the diVerence in the energetic state between species

located in the surface and in the particle interior. This quantity must be

necessarily positive, i.e., the energetic state of a species at the surface should

be higher than that in the bulk, otherwise the interface would increase

indeWnitely leading to a molecular dispersion of the substance in the solu-

tion. In fact, while the time average of the resultant of all the forces acting on

the molecules is zero independently if they are in the bulk or in the surface,

the number and strength of chemical bonds formed by bulk species is larger

than that of surface ones. This is the reason of the higher energy of surface

species and that small-size crystallites (embryos) are thermodynamically

unstable against an unlimited growth.

Here, for simplicity, only two states have been taken into account (surface

and bulk species). However, it must be considered that, when two phases are

in contact, an interfacial and not well-deWned domain where the properties

change proceeding from one region to the other is generated. This implies

the existence of more than two states of species A in the particle.

For super-saturated solutions (aA, solution > aA, sat solution), the Wrst term is

negative while the second is always positive. In such circumstances, the

typical dependence of these contributions and of DGf upon the aggregation

number N is shown in Fig. 2.1.
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The N* value corresponding to the maximum DGf is the critical aggrega-

tion number; when an aggregate of N* molecules is formed, it is equally

probable its growing as a bigger aggregate or decomposition in molecular

precursors. The aggregates with N<N* are called embryos and tend to

decompose because a decrease of N is accompanied by a reduction of the

system free energy. Aggregates with N>N* are called nuclei and tend to

grow spontaneously, because an increase of their size is accompanied by a

decrease of the free energy. The N* value can be calculated by considering

the maximum value of DGf

dDGf

dN
¼ d

dN
(NDmþ KNN

2=3gS) ¼ 0 2:6

i.e.,

N� ¼ � 8K3
Ng

3
S

27Dm3
2:7

It can be noted that by increasing supersaturation, i.e., more negative

Dm value, the N* value decreases while higher interfacial energy per unit
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Figure 2.1. N dependence of the free energy of the formation of a nucleus (DGf),

the bulk crystal (NDm), and the interface (DGS).
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surface shifts N* towards greater aggregates. Moreover, supersaturation

being generally the result of a chemical reaction achieved by mixing

two reactant-containing systems, it can be regulated not only by the initial

reactant concentrations but also by addition and stirring rates of the two

systems.

The corresponding free energy barrier (DGf
�) and the rate J of formation

of aggregates of N* molecules are

DG�
f ¼

4K3
Ng

3
S

27Dm2
2:8

J ¼ V exp
�DG�

f

kT

� �
2:9

where V is a factor correlated to the encounter frequency between the

A molecules and consequently dependent on their diVusion coeYcients2.

In the case of microheterogeneous systems, as a consequence of conWne-
ment eVects, it occurs frequently that the diVusion coeYcients of solutes is

smaller than that in homogeneous solutions (the diVusion coeYcient of a

solute is that of the supramolecular aggregate where it is entrapped) while

the residence time in a certain nano-size domain (cage eVect) is increased.

This involves opposite contributions to theV value. On the other hand, J can

be also inXuenced by speciWc surfactant/nanoparticle interactions involving

changes of the DG�
f value.

It is worth noting that if J is very small, i.e., if the probability of the

formation of a critical aggregate is negligible, the embryos in the systems are

stable in supersaturation conditions against an unlimited growth. This can

be obtained at high DG�
f and/or low V values. A high DG�

f value is charac-

teristic of particles with high interfacial energy and at low supersaturation

levels, whereas small V values imply a low diVusion coeYcient. According to

Eq. 2.9, it is generally believed that a DG�
f value of about 5–10kT represents a

barrier adequate to avoid homogeneous nucleation only permitting the

existence of short-living particles smaller than N*.

On the other hand, if the probability of the formation of critical aggre-

gates is signiWcant, the rate of nuclei formation increases with the precursor

concentration and consequently also the number of crystallites. In contrast,

the induction time (i.e., the time required for the formation of an experi-

mentally detectable solid phase) and the particle size decrease with precursor

concentration3.

The various phases of the precipitation process are shown in Fig. 2.2. It

must be stressed that these steps are not so well-disentangled as represented
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in the Wgure but, depending on the experimental conditions, more or less

marked overlapping between the phases occurs.

2.2 Nanoparticle Growth, Growth Inhibition, and Size
Control

According to the thermodynamic and kinetic premises, above the supersat-

uration threshold the unlimited nanoparticle growth is a spontaneous pro-

cess whose rate can be controlled by altering some external parameters such

as supersaturation degree, temperature, and additive presence. In order to

inhibit this process, additional phenomena must come into play. Then, the

appropriate use of the parameters regulating these phenomena could lead to

the kinetic and/or thermodynamic Wne nanoparticle size control. These

features will be taken into account in the following subsections.

2.2.1. Time Dependence of Nanoparticle Size and Size

Distribution

In supersaturated solutions where the probability of formation of critical

aggregates is signiWcant, the crystal growth in homogeneous conditions can

be described in terms of three distinct processes, i.e., nucleation, normal

growth, and competitive growth. In addition to these processes, sometimes,

other phenomena could occur such as solid-phase transitions, aggregation,
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Figure 2.2. Processes involved during the precipitation process.

2.2 Growth Inhibition and Size Control 81



and recrystallization. All these steps are not well separated in time so that

overlapping zones occur.

The total number of crystals (Nc) formed by nucleation can be estimated

by the equation

Nc ¼ NAve

�3DG�
f

5kT

3X0:2
i Vm

2:10

where Xi is the mole fraction of precursors and Vm their molar volume. By

rearranging this equation, Nc can be directly related to the supersaturation

ratio S by

logNc ¼ A� B

( logS)2
2:11

where A and B are positive constants. It must be noted that, according to

Eq. 2.11, an increase of the supersaturation value, i.e., higher precursor

concentration, leads to a larger number of crystals meaning smaller nano-

particles.

The time dependence of the precursor concentration, C(t) can be evalu-

ated by

C(t) ¼ C0 1� t

t

� �5
2

� �
2:12

where t is the characteristic precipitation time, which can be calculated by

the equation

t ¼ V
2
3
me

2DG�
f

5kT

2DX0:2
i N

2
3

Av

2:13

After the appearance of the Wrst nuclei through the random formation of

embryos of increasing size, their normal growth occurs by means of the

incorporation of molecular precursors reaching the nuclei by diVusion. In
this phase, nuclei agglomeration is neglected because their low concentration

and diVusion rate make the probability of their encounters practically zero.

During normal growth, the time dependence of the mean cluster size (�rr) is
described by the equation

�rr ¼ (2DVmC0)
0:5t0:5 2:14

where C0 is the molar concentration of precursors, and the concentration of

the precursors decreases with time. In stationary state condition, the radius

distribution of nuclei is given by the Gaussian function
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P(r) / e
�K(r�r�)2

kT 2:15

where r* is the critical radius. Generally, a sharp size distribution results

when experimental conditions are set so that agglomeration is prevented and

nucleation and growth are temporally separated processes. This can be

achieved by realizing an initial high supersaturation followed by an inhib-

ition of subsequent nucleation obtained by a dilution at selected time or by a

change of some external parameter (pH, temperature, etc.).

When the precursor concentration becomes negligible, the competitive

growth dominates the entire process. During this stage, a mass transfer

from smaller particles to larger ones occurs, and the time dependence of

the cluster size is described by the equation

�rr / t0:33 2:16

It must be noted that equation 2.16 emphasizes the spontaneous tendency to

an unlimited increase of crystal size.

Generally, when the particle size reaches a system-dependent value as a

consequence of a growing process and/or of association of smaller aggre-

gates, they tend conspicuously to separate from the liquid phase as an eVect
of the gravitational force overwhelming that due to the Brownian move-

ments. In such circumstances, an upper or lower solid phase depending on

the densities of particles and bulk medium is formed. It is also worth noting

that precipitation of scarcely soluble substances from homogeneous solu-

tions generally leads to a broad size distribution due to random crystal

growth. Moreover, after precipitation, secondary processes can occur (re-

crystallization, ageing, aggregation) involving further changes of size, shape,

structure, and defectivity of crystals.

2.2.2. Nanoparticle Growth Inhibition and Size Control

In some cases, the particle growth is arrested as a consequence of the

occurrence of some phenomena. The physico-chemical processes underlying

these phenomena and allowing a size control are

. charging of the nanoparticles

. passivation of the nanoparticle surface by adsorption of suitable species

. compartmentalization of nanoparticles in spatially distinct regions

It must be pointed out that each of these mechanisms has its peculiarity and

limitations that must be taken into account in the selection of the nanopar-

ticle appropriate synthetic method.

A well-known contribution to the stability of particles is given by the

presence of a net charge and/or the formation of an electric double layer

surrounding the particle. This phenomenon is quite frequent in polar solvents

because the particle could adsorb ionic species of the solution and/or species
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laying on the particle surface can dissociate, releasing ions on the surrounding

medium. These processes together with the subsequent electrostatic eVect on
other nearby ionic species generate a double layer surrounding the particle.

Particles carrying the same charge and/or surrounded by an electric

double layer repel due to electrostatic forces. In such conditions, a stable

dispersion occurs when the particle-particle repulsive force arising by electric

charges overcomes the attractive forces (van der Waals interactions, hydro-

gen bonding, etc.). Electrostatic stabilization is strongly sensitive to the

presence of electrolytes, to their concentration and charge, and, generally,

stable dispersions can be obtained at very low concentrations of nanoparti-

cles. In particular, two opposite eVects can be observed, i.e., ions coming

from electrolyte dissociation can be selectively adsorbed, generating a charge

on the nanoparticle surface or neutralizing pre-existent charges.

Moreover, it must be considered that when two particles approach each

other, as a consequence of electrostatic forces and of the charge mobility on

the particle surface and/or on the charged double layer coating the particles,

the charge distribution around each particle is altered. The resulting charge

distribution involves that the repulsive forces are decreased, the particles can

move closer, and other distance-dependent interactions could come into

play. Moreover, at suYciently small distances, additional attractive forces

such as the formation of chemical bonds and capillary forces can become

operative4. For example, it has been observed that negatively charged silica

particles readily deposit in presence of negatively charged polymer latexes5.

electrostatic
stabilization

steric stabilization

stabilization by
segregation

Figure 2.3. Mechanisms allowing nanoparticle size stabilization.
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It is worth noting that not only in aqueous media but also in apolar

solvents the stability of particle dispersions can be governed by the presence

of a net charge on the surface or by double-layer electrostatic repulsions6,7.

It has been suggested that surface charging in solvents with low dielectric

constant could be sustained by speciWc mechanisms such as exchange of

protons between particle surface and surrounding medium8.

Another phenomenon by which particles can be stabilized is the intentional

use of appropriate capping agents. From a molecular point of view, the

capping agents are molecules showing a physical or a chemical aYnity for

the species lying at the nanoparticle surface and forming a protective layer

that makes the nanoparticle surface unreactive against agglomeration or

precursor incorporation. Generally, the action of capping agents is based on

their peculiar structure. In particular, they have amolecularmoiety displaying

an aYnity to the nanoparticle surface and another unreactive moiety extend-

ing towards the environment that sterically prevents nanoparticle coalescence

or precursor adsorption. As a consequence, the stabilization by surface cap-

ping is, generally, not sensitive to the presence of electrolytes and/or other

unreactive additives. Capping with chemically bonded species is often contra-

indicated for nanoparticles to be used as catalysts.

Particles can also be stabilized against an unlimited growth by segrega-

tion or compartmentalization in spatially distinct domains. This strategy is

based on the complete inhibition of nanoparticle encounters or material

exchange process. This can be achieved by chemically anchoring particles

on the surface of a suitable solid substrate or by dispersing them within a

solid matrix. In such conditions, the freezing of the diVusive processes avoids
the particle growth. This strategy is most frequently followed for the prep-

aration of nanomaterials for optical applications or catalysis.

Stabilization of the nanoparticle size can also be achieved by performing

their synthesis in microheterogeneous systems. This strategy has its distinct

features even if it embodies all the above reported mechanisms. Thanks to

the large diVerence of the diVusion coeYcients of precursors and nuclei

in microheterogeneous systems, in general the formation of nanoparticles

occurs through two well-separated steps, i.e., the fast formation of nuclei

and their slow growth. The separation is more evident at high reactant

concentration9,10.

SpeciWc stabilization mechanisms are observed in microheterogeneous

systems. Such systems, in fact, allow the stabilization of nanoparticles

most often because their nanoscopic domains act as a physical boundary

that inhibits precursor and nanoparticle diVusion, encounters, and agglom-

eration. As a consequence, the rate of formation of nanoparticles in micro-

heterogeneous systems is generally slower than it is in homogeneous media.

This strategy is similar to that followed by biological systems to accomplish

the control of mineralization process within small spaces such as biological

membranes or liposomes.
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When the molecular aggregates are conWned in nano-size domains, further

contributions to the stability of the system could arise from:

1. A change of the particle/surrounding medium interfacial energy due to

the adsorption on the aggregate surface of a monolayer of surfactant

molecules. Concerning this point, it must be considered if the aggregate

surface is hydrophilic or liphophilic, because this aspect determines the

orientation of the surfactant or of the micellar aggregate on the

particle surface. If the surface is hydrophilic and the nanoparticle is

dispersed in water, a second layer of surfactant molecules is generally

formed, coating the Wrst layer and forming a bilayer surrounding the

particle.

2. A signiWcant reduction of the encounter frequency due to

the screening eVect of the surfactant layer on the internanoparticle

attractive interactions and to the dispersion of micelles in the solvent

medium.

3. A decrease of the particle growing process due to the drastic reduction

of diVusion rates, which gives enough time to other processes such as

particle coating with speciWc molecules allowing stabilization and con-

trol of small-size particles.

4. An inhibition of the heterogeneous nucleation due to the coating eVect
of a monolayer of surfactant molecules on the possible solid surfaces or

particles in the system.

5. A change of the microscopic processes leading to the formation and

growth of particles.

6. A change of kinetic and thermodynamic parameters in conWned
space.

Concerning point 5, investigations on the growing process of ZnS nanopar-

ticles in AOT reversed micelles allowed to point out that the time depend-

ence of the nanoparticle size can be expressed by a power law whose

exponent (0.074) is much lower than that expected for the same process in

an homogeneous system (0.33)11. This was taken as an indication that the

ZnS nanoparticles in AOT reversed micelles grow following a diVerent
mechanism. In contrast with homogeneous media where the particle growth

is regulated by the diVusion rate of precursors, it has been found that in

reversed micellar systems, the process is controlled by the intermicellar

exchange of material.

From the analysis of the enthalpies of precipitation of calcium carbonate

and calcium Xuoride nanoparticles in various w/o micromeulsions, it was

suggested that their energetic state is strongly diVerent from that in the bulk.

The observed behavior was attributed to smallness of the nanocrystals,

changes of the equilibrium constants, and nanoparticle/surfactant inter-

actions12.

A generally overlooked question of all nanoparticle chemical synthetic

methods is the destiny of secondary products that quite often accompany
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the formation of nanoparticle precursors. Depending on the speciWc
synthetic protocol, these substances could poison or dope the nanoparticle.

This question is more important when the synthesis is carried out in conWned
space.

2.3 Internal and External Parameters Controlling
Nanoparticle Formation and Stability in
Microheterogeneous Systems

2.3.1. General Considerations

Size, shape, and polydispersity of nanoparticles can be regulated by selecting

the appropriate system and experimental conditions. In the best condition,

i.e., when the nanoparticle size and shape is controlled by that characterizing

the structure of the microheterogeneous system, care must be taken for the

suitable composition of the medium allowing selection of the dimensional

parameters of the hosting space. It must be stressed that, in this case,

important contributions to the control of nanoparticle structural parameters

could arise by surfactant adsorption on their surface and strong reduction of

diVusive motions.

More frequently, the size and shape of nanoparticles synthesized in micro-

heterogeneous systems result from a Wne balance between the tendency of the

microdomains to maintain their original structure and that of nanoparticles

to grow indeWnitely. In these cases, the selection of the appropriate precursor

to surfactant molar ratio could play a decisive role for a successful synthetic

route. Because the formation of a nanoparticle requires the accumulation of

precursors in a single nanodomain, the deformability of the surfactant layer,

which controls the material exchange process among nanodomains, plays a

pivotal role in determining the nanoparticle growing rate and its Wnal size
and shape. A lower material exchange rate involves a reduction of the

precursor encounter frequency and consequently the formation of a greater

number of nuclei and smaller nanoparticles.

Generally, the hindering to the diVusion process increases with the particle

size, so that, when the nanoparticle reaches a critical size, it is stably

entrapped in a single domain, and it can grow only by the arrival of further

precursors in the molecular state. When all the precursors have been

depleted, the nanoparticle reaches its Wnal size. The Xexibility of the surfac-

tant layer is also involved if the nanoparticle size becomes comparable with

that of the surfactant nanodomain because further growth requires an

unfavourable swelling of the nanodomain. The Wnal size is also inXuenced
by the number density of nanodomains because an increase of their concen-

tration involves an increase of the number of nuclei and consequently

a smaller nanoparticle size.

2.3 Internal and External Parameters 87



SpeciWc eVects could also arise from the selective adsorption of surfactant

molecules on certain crystallographic facets of the nanoparticles during their

growth. It has been suggested that this phenomenon could signiWcantly
inXuence the nanoparticle shape13.

Sometimes, to enhance the microheterogeneous system capability to in-

hibit the nanoparticle growth and for a better control of their size and

polydispersity, speciWc capping agents are added during the synthesis.

Summing up all the above considerations, the factors inXuencing nano-

particle size and shape are14–16

. structural and dynamical properties of the microheterogeneous system

. structure and composition of the water/oil interface

. surfactant layer Xexibility

. surfactant nature

. size and shape of microdomains

. nature of the reagents and their localization

. distribution law of reactants among nano-size domains

. reagent local and overall concentrations

. diVusion and material exchange rates among microdomains

. reaction rate leading to the formation of nanoparticle precursors

. local solubility of the nanoparticle precursors

. presence of suitable additives such as capping agents or electrolytes

. nature of the solvent medium

. presence of speciWc capping agent

Taking into account the sensitivity of the structure and dynamics of

microheterogeneous systems to the presence and concentration of additives,

it is worth noting that both features must be considered in the presence of

reactants.

According to the above-reported considerations, after choosing the ap-

propriate microheterogeneous system, the most frequently employed exter-

nal parameters to control nanoparticle synthesis are

. the precursor to surfactant molar ratio

. surfactant aggregate concentration

. the nature of the solvent medium

. the temperature

. the addition of speciWc capping agents

2.3.2. Some SpeciWc Examples

Using w/o microemulsions as microheterogeneous medium, it has been

found that, in some conditions, the nanoparticle size is controlled by the

size of the water containing reversed micelle, whereas this does not occur if

the synthesis is performed in diVerent experimental conditions9,17.
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It was suggested that many other factors can inXuence the Wnal nanopar-
ticle size, shape, and their distribution such as the number of reagent

molecules per reversed micelle, the reversed micelle concentration, and the

nature of the solvent medium18. This is because a change of these factors

more or less aVects the intermicellar material exchange, nucleation, and

growth rates. It has also been found that an increase in the reagent concen-

tration leads to an increase of the nanoparticle size.

The eVect of various parameters on the synthesis of silver chloride nano-

particles obtained by adding an aqueous solution of AgNO3 to dioctyldi-

methylammonium chloride/n-decanol/isooctane microemulsions has been

investigated. It was observed that i) an increase of the surfactant or water

concentrations caused an increase of the particle size, ii) an increase of the

silver nitrate concentration led to the formation of more nuclei and conse-

quently smaller nanoparticles, iii) high n-decanol concentration or water to

surfactant molar ratio induced destabilization of reversed micelles and con-

sequently nanoparticle agglomeration and Xocculation19.
The reshaping eVect of silica-core gold-shell nanoparticles dispersed in

aqueous solutions of cetyltrimethylammonium bromide has been investi-

gated. In particular, it has been observed that nearly spherical nanoparticles

are slowly transformed into elongated hollow toroidal gold nanoparticles

with signiWcant etching of the silica core20.

Microheterogeneous systems can also be employed to realize stable dis-

persions of particles. This is achieved by directly suspending Wnely divided

materials. It has been found that the adsorption of the surfactant molecules

at the particle surface plays a key role in the stabilization process. The

dispersion process can be divided in the following steps: i) formation of

suYciently small particles, ii) formation of a compact surfactant layer on the

particle surface, iii) dispersion in the medium21,22.
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3

Physico-chemical Properties of
Nanoparticles Entrapped in
Microheterogeneous Systems

3.1 Introduction

The strict correlation between the number of materials available to human

societies during the various historical periods and their quality of life is well

known. This because the production of materials with suitable properties is

at the basis of the development of technologies leading to the realization of a

wide range of consumer goods and social infrastructures. Nowadays, the

need of novel materials is hugely increased by the widespread possibilities

oVered by scientiWc knowledge.
These considerations are at the basis of the strong technological interest

towards nanoparticles. In fact, by Wnely dividing a solid and controlling its

size, shape, and spatial distribution within a suitable matrix, it is possible to

generate a continuous spectrum of new materials starting from the same sub-

stance. Taking into account that this potentially holds for each solid substance,

the enormous potentials oVered by nanomaterials can be easily understood.

Moreover, nanoparticles are the inevitable answer to miniaturization, i.e., the

buildingupof devices in the nano-scale regimeorwith thehighest concentration

of constituent nanocomponents.

In this context, however, the knowledge of the peculiar properties of

nanoparticles and of the microscopic processes responsible for their behav-

iour must be considered of basic importance not only to exploit their

potential applications but also to plan a suitable synthetic protocol. In

fact, their reactivity poses some limits to the substances employed for the

synthesis of stable nanoparticles, nature of the surrounding medium used to

entrap them, and the energy source at which they can be exposed. Moreover,

their speciWc reactivity must be considered in order to take the necessary

cautions for their manipulation, storage, and transport both in laboratories

and industrial plants. Their size demands some additional requirements for

their employment as building blocks of more or less complex devices. On the

other hand, the knowledge of some of their exotic properties could be useful

because it can suggest appropriate methods that can be applied during the
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various phases of the synthetic process such as nanoparticle stabilization,

extraction, and transfer.

Finally, the exotic properties of nanoparticles are interesting from the

theoretical point of view because the attempt to Wnd explanations of their

peculiar behaviour stimulates signiWcantly the development of the present

theories.

3.1.1. Physico-chemical Properties of Nanoparticles

The reduction of bulk materials to the state of nanoparticles induces size-

dependent eVects arising from

. a signiWcant increase of the surface to volume ratio involving a huge

increase of the interfacial area and of the fraction of species at the

surface

. a change of the physico-chemical properties of the species at the surface

and in the nanoparticle interior with respect to that in the bulk or as

isolated molecules

. changes of the electronic structure of the species composing the nano-

particle and of the nanoparticle as a whole

. changes in the arrangement (lattice structure, interatomic distances) of

the species in the nanoparticle and presence of defects

. conWnement and quantum-size eVects (due to the conWnement of charge

carriers into a particle having a size comparable with the electron or

hole De Broglie length)

These variations do not occur monotonously with the particle size but

become signiWcant by decreasing the particle size below system-speciWc size

thresholds. As a rough reference value, a typical size threshold of 10 nm can

be taken. Moreover, it is worth noting that in practical applications, nano-

particles are always embedded in a surrounding medium and consequently

additional features arise from the speciWcity of contacting and/or adsorbed

species at the nanoparticle surface.

As a consequence of these eVects and being able to control the nanopar-

ticle size and shape, various exotic and sometimes unexpected properties can

be conferred to well-known materials leading to the formation of a continu-

ous spectrum of new materials starting from the same substance. For ex-

ample, superparamagnetism, due to single domain particles, is an interesting

phenomenon that can be observed only in nanoparticles of magnetic sub-

stances1.

The behavior of superparamagnetic materials can be exploited for the

development of many useful applications including ferroXuids, magnetoca-

loric refrigeration, and enhanced contrast in magnetic resonance imaging.

Some additional interesting applications of magnetic nanoparticles in bio-

medicine have been recently reviewed2,3. They are based on the possibility to

manipulate magnetic nanoparticles after their introduction in the human
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body by an external magnetic Weld gradient allowing their transport in

speciWc organs, immobilization, and heating. This gives the opportunity of

novel anti-cancer therapy, drug carrying, and targeting.

Below a critical size, the ionization potential of metal clusters increases by

decreasing the cluster size, involving changes of their chemical properties

(reactivity, catalytic activity, stability). The application of Pd and Pt

nanoparticles for the treatment of car exhaust gas in catalytic muZers4 is

well-kown.

Other chemical applications of metal clusters can be devised by their

photoactivation. For example, Ag nanoparticles under visible laser irradi-

ation act as photoelectron emitters and eVective reducing agents5.

The band gap and the radiative rate of the optical excitations of semicon-

ductors increase by decreasing the size6. For example, the band gap of CdS

can be varied from about 2.5 to 4 eV and the radiative rate from nanosec-

onds to picoseconds. Semiconductor nanoparticles coated with a higher

band gap material are characterized by an enhancement of their photolumi-

nescence due to the inhibition of the nonradiative recombination of the hole/

electron pair at the nanoparticle surface7. These variations are also accom-

panied by color changes.

Interesting application of semiconductor nanoparticles to the photocata-

lytic degradation of a wide variety of organic pollutants has been deeply

investigated8–14. Of particular importance are also the potentialities of semi-

conductor nanoparticles, for solar energy conversion15.

The lattice of small particles (diameter � 10 or smaller) is generally

distorted and the cohesive energy, i.e., the heat of sublimation of bare

nanoparticles, increases with the particle size trending to the bulk value16.

The melting temperature of nanomaterials is inXuenced by the cluster size.

This eVect reXects the modiWcation of the electronic structure of the nano-

particle with respect to the bulk and the presence of a signiWcant fraction of

species at the surface. It has been suggested that the melting temperature

Tm(d) of nanoparticles with a diameter d is given by

Tm(d) ¼ Tm(1) exp
1� a
d
d0
� 1

 !
3:1

where d0 is a critical diameter, Tm(1) the melting temperature of the bulk

material, and a a size-independent parameter that depends on the nature of

the nanoparticle and surrounding medium17. It must be noted that, if

a < 1 , Tm(d) decreases with d while, if a > 1, the opposite behaviour occurs.

Reducing the size of crystals in the nano-size regime leads to an alteration

of the phonon density of states at low energy. In nanocrystals, phonon

modes become discrete because of the reduced number of atoms constituting

the particle. For a bare spherical nanoparticle, it is predicted that internal

vibration modes at frequencies less the Lamb mode (nL) do not occur. nL can

be estimated by the equation
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yL ¼ 2pvT
d

3:2

where vT is the transverse sound velocity and d the nanoparticle diameter. It

follows that physico-chemical properties that depend on the vibrational

spectrum at low energy are aVected by size reduction18.

The equilibrium solubility of nanoparticles changes with the crystal size.

This behavior is well-described by the Gibbs-Thomson equation

ar ¼ a1e
2kaf Vm

3kvnRTr 3:3

where ar and a1 are the activity of the substance in solution in equilibrium

with nanoparticles of size r and size ‘‘inWnite’’, respectively; ka and kv are the

shape factors of nanoparticle area and volume, f is the surface stress, Vm the

molar volume, and n the number of ions arising from the substance disso-

ciation19. According to equation 3.3, the equilibrium solubility increases

with the decrease of the particle size, and this eVect becomes markedly

signiWcant in the nano-size regime. For very small particles, it has been

found that also the surface energy increases with the size19.

Also the chemical reactivity of bulk materials can be strongly enhanced by

reducing them to the state of nanoparticles. This eVect results from the mere

increase of the fraction of species at the surface that are ready to react with

incoming reactants as well as from changes of the nanoparticle electronic

structure. An enhancement of their reactivity is of great interest in the Welds of
catalysis, sensors, material processing, and in novel solid-solid reactions20–23.

The huge value of the surface to volume ratio of nanoparticles leads to the

production of nanomaterial showing enhanced adsorption of speciWc sub-

stances. This behavior can be exploited for several technological applications

such as hydrogen storage systems24,25.

Nanoparticle coating could inXuence their physico-chemical properties.

For example, it has been shown that the blocking temperature of surfactant

coated superparamagnetic iron nanoparticles is strongly inXuenced by the

nature of the surfactant functional group26.

The dispersion of nanoparticles in a suitable substrate could generate

other interesting physical phenomena such as dielectric conWnement arising

when the refractive index of nanoparticles is higher than that of the sur-

rounding matrix. Under exposure of light, the local enhancement of the Weld
intensity compared to that of the incident radiation leads to interesting

photophysical properties of the composite.

Another well-known optical property is the absence of scattering of the

light if the particle size is less than its wavelength, leading to transparent and

optically homogeneous media.

In suitable conditions, polarisable nanoparticles suspended in apolar solv-

ent media give the electrorheologic eVect, i.e., a sudden and reversible
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marked increase of the system viscosity due to the establishment of strong

electric Welds. This behavior can be exploited in the realization of interesting

electromechanical devices27.

It has been reported that the thermal conductivity of particle dispersion in

liquid systems increases steeply with decreasing their size in the nano-regime.

The peculiar mechanism of heat transport in nanoparticles and their cluster-

ing allowing the formation of local percolated paths with high thermal

conductivity have been considered responsible for the observed enhanced

thermal conductivity of these dispersions (nanoXuids)28.
SpeciWc eVects are observed by dispersing nanoparticles in the typical

structure characterizing microheterogeneous systems29.

Nanoparticle containing microheterogeneous systems can be used as special-

ized reaction media in which nanoparticles carry out the role of catalysts30.

Nanoparticles are also interesting as building blocks of geometric arrange-

ments on suitable matrices showing interesting collective properties or of

ultra-miniaturized devices. A potential application of nanoparticles is the

construction of biomachines or devices based on quantum eVects. A thor-

ough overview of the complex nanostructures that can be formed by nano-

particle assembling can be found in the book of J. Zhang et al.31 In

particular, the rich variety of self-assembled structures formed by nano-

spheres, nanorods, nanocubes, and nanoplates functionalized with oligo-

meric tethers attached to speciWc positions of the nanoparticle surface has

been emphasized32.

Dispersion of nanoparticles on a suitable matrix could lead to the realiza-

tion of nanomaterials with enhanced mechanical properties with respect to

that of the components33. An interesting example of this potential applica-

tion is oVered by natural biological composites such as sea shells, bones, and

teeth. These nanomaterials are in fact characterized by a complex micro-

structure constituted by inorganic nanoparticles embedded in a protein

matrix34.

Biological applications of nanoparticles have also been devised based on

their ability to inactivate bacteria and viruses, suggesting their use as anti-

microbial agents35,36. For example, the antimicrobial activity of silver nano-

particles against E. coli was investigated. It was found that these

nanoparticles are an eVective bactericide37.
The reduction of slightly water soluble drugs to the nanometer size could

improve their bioavailability through the increase of the total surface area of

the particles involving an increase of the dissolution rate. Lipid nanoparti-

cles have been suggested as improved drug delivery systems for the admin-

istration of biologically active substances. Their employment could allow

chemical protection, controlled release, and targeting of drugs38,39. The

potential of nanoparticles in anti-cancer therapy and diagnosis has also

been highlighted40.
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Interesting applications of biomaterials as bionanomotors, bionanochips,

biological sensors, and drug delivery systems have been thoroughly treated

by Cui et al.41

Together with the beneWts that can be obtained by the exploitation of

nanoparticle properties, it is helpful to mention also the potential risks for

living beings arising from their introduction in the environment. Being so

small, nanoparticles can easily penetrate through the skin and the lungs,

reaching the internal organs of living beings where, being so reactive, they

could trigger oV very dangerous reactions. For example, it has been ascer-

tained that liver and kidney granulomatosis can be caused by non-bio-

degradable nanoparticles of some inorganic materials, such as porcelains

and alumina, generally considered inert, non-toxic, and biocompatible sub-

stances. This involves the necessity to revise the deWnition of biocompatible

materials to take into account not only their chemical composition but also

the particle size42.

Other potential health risks, including asthma, chronic bronchitis, and

ischemic heart diseases, can be originated by atmospheric nanoparticles.

Moreover, these nanoparticles could act as photocatalysts enhancing the

ozone production in the atmosphere or acting as carriers of toxic substances43.

Cultural heritages and ecosystems could also be severely damaged by

uncontrolled nanoparticle dispersion in the environment.

Many human activities are responsible for nanoparticle introduction in

the environment. For example, nanoparticle emissions determined by

vehicular traYc and their impact on air quality have been thoroughly

investigated44.

The particular physico-chemical properties conferred to nanomaterials are

also dependent on the kind of dimensional restriction. The size of a bulk

material can be restricted along one dimension giving a bi-dimensional

structure (quantum well), along two dimensions leading to a mono-dimen-

sional structure (quantum wire), and Wnally along three dimensions forming

the so-called quantum dot. According to their three-dimensional arrange-

ment, quantum wells and quantum wires extending along the three dimen-

sions can give a wide variety of interesting three-dimensional nanostructures

(see Fig. 3.1).

The restriction of the nanoparticle dimensionalities involves some changes

in the energy (E) and density (r(E) ) of electronic and phononic states and of

the mechanism and rate of the electron-hole recombination. By the simple

particle in a box model, the E dependence of r(E) for each electronic band

can be predicted (see Fig. 3.2).

It can be expressed in the form r(E) / E
d
2
�1, where d(d ¼ 1, 2, 3) is the

dimensionality of the nanomaterial and E is relative to the bottom of the

electronic band. In the three-dimensional case, r(E) changes with E1=2

whereas for d ¼ 2 and 1 the band can be considered composed by some

subbands and the previous equation describes the density of states within

each subband. For d ¼ 0, a number of discrete states is obtained.
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quantum dots quantum wires quantum wells

3D dots 3D wires 3D wells

Figure 3.1. 0D, 1D, 2D, and 3D nanostructures.
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Figure 3.2. Density of electronic states from 00 to 30 nanostructures.

3.1 Introduction 97



3.2 Quantum Size Effects

Quantum size eVects originate from the progressive variation of the energy

and density of the electronic levels with reducing the system size. Taking into

account that quite all physico-chemical properties are strongly impacted by

the electronic state, this involves the capability to tune the behaviour of a

material by simply changing its degree of subdivision.

These eVects are more often observed in solids characterized by strong

interatomic interactions such as metals and semiconductors where the over-

lap of atomic orbitals is more eYcient, while they are usually considered

negligible in molecular solids where the properties are mainly those of the

single molecules more or less perturbed by relatively weak intermolecular

forces. However, it must be stressed that also nanoparticles of molecular

solids could display exotic properties as a consequence of conWnement,

structural and interfacial eVects45.
As a general trend, below a substance-speciWc threshold, a decrease of the

number of atoms composing the nanoparticle involves a lower density of

electronic energy levels, narrower band widths, and larger interband energy

gaps. These changes in turn inXuence the electronic distribution among the

energy levels of the nanoparticle in the fundamental state as well as the

energies required for their excitations. These eVects become signiWcant when
the nanoparticle size is smaller than the Bohr exciton radius (RB) given by

RB ¼ e0eh
2

pme2
3:4

where e0 and e are the permittivities of vacuum and nanomaterial, m is the

reduced mass of the electron/hole couple (m ¼ memh=(me þmh)), and e is

the electronic charge. For many substances, the Bohr radius is of the order a

few nanometers.

Using the Schrödinger equation, the electronic structure of a solid system

could be calculated exactly including the terms due to the kinetic energy of

every electron and nucleus and the potential energy arising from the elec-

tron-electron, electron-nucleus, and nucleus-nucleus interactions. However,

being impossible to solve this equation even for the simplest case, approxi-

mate methods have been developed to Wnd reasonable wavefunctions and

energy values.

Considering that nuclei are heavier than electrons, the Schrödinger equa-

tion can be split in two equations: one for a system of motionless nuclei

and moving electrons and another for a system of moving nuclei and

smeared electrons (Born-Hoppenheimer approximation). Because the elec-

tronic properties of solids are mainly determined by the valence electrons, a

second approximation allows to rewrite the electronic part of the Schrö-

dinger equation for a system of external electrons and motionless
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nucleiþinternal smeared electrons. Within the Hartree-Fock MO-LCAO

treatment, these approximations lead to the secular determinant

jhfijHjfji � Ehfijfjij ¼ 0 3:5

where E is the electronic energy, f is the shared atomic orbital, and the

indexes i and j run over these atomic orbitals. Finally, considering a uni-

dimensional solid formed by atoms sharing only one atomic orbital and that

only interactions among Wrst neighbour atoms are signiWcant (Hückel ap-

proximation), the following eigenvalues are obtained by solving Eq. 3.5:

Ek ¼ aþ 2b cos
kp

N þ 1

� �
3:6

where 1#k#N and N is at the same time the number of atoms, atomic

orbitals, and eigenvalues. E takes the maximum value (Emax) when k ¼ 1 and

the minimum one (Emin) when k ¼ N; so that the quantity DE ¼ Emax � Emin

is the band width. Looking to Eq. 3.6, it can be noted that the band width

is a independent and, as shown in Fig. 3.3a, it increases with N, tending to

4b for N ! 1. Besides, the mean density of electronic level (N=DE) and
their mean separation are N, i.e., size dependent (see Fig. 3.3b).

It must be noted that higher b values involve wider band width and more

marked N dependence of the band width, electronic level density, and mean

separation. b being a measure of the strength of interaction among Wrst
neighbour atoms, it can be argued that more marked quantum size eVects
are observed for systems composed by strongly interacting species.

More generally, it must also be considered that each atom has more than

one atomic orbital that can be combined with other atomic ones. There are

thus various basis sets {fgi leading to various energy bands, as many as the

number of ffgi. The N evolution of the electronic structure of two bands of

a ‘‘unidimensional’’ solid formed by a single atomic species arising from the

overlap between orbitals with energies E1 and E2 is shown in Fig. 3.4.

For a three-dimensional solid system, the number of Wrst neighbours of
each atom is regulated by the crystal lattice. The treatment becomes formally

more complex than that above reported, but qualitatively the same conclu-

sions still hold.

Of utmost importance is the fact that the physico-chemical properties

of the material are strictly correlated to the electronic level energies of

each band, the energy gaps between neighbouring bands, and the degree

of band electronic occupancy. The relationship between the occupancy of

electronic states and some well-known properties describing the electronic

behaviour of metals, semiconductors, and insulators is shown in Fig. 3.5

and Fig. 3.6.

It can be noted that metals are characterized by a partially Wlled highest

energy band (conduction band) leading to easily accessible electronic states,

i.e., easily excitable conduction electrons. In such conditions, some electrons
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Figure 3.3. Size dependence of the band width (a) and mean density of electronic

states (b).
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Figure 3.4. N evolution of the electronic structure of two bands of a unidimensional

solid.
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are delocalized and behave like molecules in the liquid state. On the other

hand, at 0 K, semiconductors and insulating substances are characterized by

the energy gap value between the totally unoccupied lowest energy conduc-

tion band and the underlying totally Wlled (valence) band. Now, all electrons

are localized like molecules in the solid state. In contrast with insulating

materials, semiconductors are characterized by relatively small energy gaps.

This involves that, by increasing the temperature of semiconductors, an

increasing number of electrons are promoted to the conduction band, leav-

ing positive holes in the valence band. The mobility of these charge carriers is

E=0

N=5
E2

E1

electronic affinity

energy gap

ionization potential

Partial filling of the electronic energy levels
within a band (metal case)

Figure 3.5. Electronic structure of two bands of a unidimensional solid (metal

case).

N=5

electronic affinity

ionization potential

energy gap

Complete filling of the electronic band
(semiconductor and insulator case)

E=0

E2

E1

Figure 3.6. Electronic structure of two bands for a unidimensional solid (semicon-

ductor and insulator case).
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substantially larger than that of many conductors. As a consequence of both

eVects, the semiconductor conductivity shows a peculiar increase with tem-

perature. The changes of the electronic structure of a 3D solid due to size

restriction are shown in Fig. 3.7.

The most evident eVects of the changes in the structure of the electronic

bands determined by a decrease of the nanoparticle size can be observed in

the optical absorption or emission spectra. In the case of colloidal metals,

absorption bands arise from the excitation of collective oscillations of con-

duction electrons (plasmons) or interband electronic transitions driven by

the external electromagnetic Weld. The absorbance (A) is related to the

number (N) of the nanoparticles by the equation

A ¼ CNl

2:303
3:7

where C is their absorption cross-section and l the optical pathlength.

According to the Mie theory with a good approximation, the absorption

cross-section of spherical nanoparticles is given by

C ¼ 18pe2V

l[(e1 þ 2)2 þ e22]
3:8

where l is the radiation wavelength, V the nanoparticle volume, and e1 and
e2 are the real and imaginary parts of the metal permittivity relative to that

of the surroundings46.

The above equation is applicable when the interparticle distance is larger

than l and the nanoparticle size is smaller than l=2p. According to Eq.

(3.8), the absorption coeYcient shows a maximum whose position and width

are determined by the frequency dependence of e1 and e2. Below a nano-

particle size threshold, a broadening and blue shift of the absorption band is

observed. These deviations from the Mie theory predictions have been

Metal

Semiconductor

E

ρ(E)

Bulk

Bulk

Nanoparticle

Nanoparticle

Figure 3.7. Changes in the electronic band structure of 3D metals and semicon-

ductors due to size restriction.
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accounted in terms of size dependence of metal nanoparticle permittivity.

Further deviations arise from speciWc physical and chemical interactions

between nanoparticles and surrounding medium, determining eVects often

larger than that due to nanoparticle size47.

In the case of semiconductor nanoparticles, absorption of a photon with

energy equal to or higher than its band gap promotes an electron from the

valence to the conduction band, leaving a positive hole. Because the photon

wave vector is small, the momentum conservation law leads to the selection

rule of these electronic transitions, i.e., the electron wave vector k

(k ¼ 2p=l) should be conserved. Direct band gap semiconductors are char-

acterized by transitions with conservation of k and large absorption coeY-
cients, whereas indirect band gap ones are characterized by transitions with

large change of the electron wave vector and low absorption coeYcients.

The absorption of a photon of suitable energy can lead to the generation

of a bound electron-hole pair (Wannier exciton). When these species are

conWned within a nanoparticle, their interaction is strongly nanoparticle size

dependent and so is also the energy needed for the excitation (excitonic

energy, Eg). A simple model leads to the equation

Eg ¼ Eg(bulk) þ h�2p2

2R2

1

m�
e

þ 1

m�
h

� �
� 1:8e2

eR
þ ERydberg 3:9

where R is the nanoparticle radius, and m�
e and m�

h are the eVective masses of

the electron and hole, respectively, « is the nanoparticle dielectric constant,

and ERydberg is a substance-speciWc constant48.
However, recent experimental observations have put into evidence i) the

validity of a more simple relationship between the energy gap and nanopar-

ticle size (Eg ¼ ARB) and ii) that the energy gap does not uniquely depend

on the nanoparticle size20,49,50.

Due to increasing overlapping of the wave functions of electron and hole,

the absorption coeYcient increases by decreasing the nanoparticle size51.

Moreover, using a tight-binding model, it has been predicted that

shape changes of semiconductor nanoparticles have modest eVects on energy

gap. On the other hand, the oscillator strengths and consequently the inten-

sity of optical spectra are strongly inXuenced by changes in nanoparticle

morphology52.

Experimentally the excitonic energy, i.e., the energy gap of the nanoparti-

cle, can be found by an analysis of the absorption band through the equation

shn ¼ A(hn� Eg)
1=2 3:10

where s is the molar absorption coeYcient and hn the photon energy.

After photoexcitation, the annihilation of the electron/hole couple can

occur by radiative or nonradiative processes. The lifetime of the couple, its

redox potential, and the fraction of nonradiative recombinations are mainly

triggered by the nanoparticle size and the existence of surface or internal
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defects acting as charge carrier traps53,54. In particular, the increase of the

band gap energy by decreasing the nanoparticle size involves more negative

redox potential (Ee) for the electrons and a more positive one (Eh) for holes.

These changes can be assessed by31

DEe ¼ Eg � Eg(1)

1þ m�
e

m�
h

3:11

and

DEh ¼ Eg � Eg(1) � DEe 3:12

The number of trap states for each nanoparticle is strongly sensitive to

experimental conditions of the synthetic procedure55.

The radiative electron/hole couple recombination leads to photon emis-

sion whereas nonradiative processes lead to the energy transfer to lattice

vibrational motions and to redox reactions with electron donor or acceptor

species adsorbed at the nanoparticle surface. As a consequence of the higher

lifetime of trapped electrons and holes, reactions are due to these species

rather than free charge carriers56. The various processes following the pho-

ton capture from a nanoparticle are shown in Fig. 3.8.

The change of the band gap energy of semiconductors with size

involves also a change of their electron/hole conductivity (s) according to

the equation

s ¼ s0e
�Eg

kT 3:13

It can be noted that an increase of the band energy gap determines a decrease

of the conductivity.

3.3 Surface Effects

In addition to speciWc eVect on the electronic structure arising from the

nanoparticle small size, further eVects could derive from the huge surface to

volume ratio, shape, and surface topology such as corners, edges, and surface

defects. Taking into account that surface atoms as well as those contained in

an underlying thin layer are embedded in a force Weld diVerent from that

sensed by bulk ones, they are in a diVerent energetic state and so they

contribute diVerently to the total energy and free energy of the particle.

Moreover, the position of surface atoms and their dangling bonds allow

them to interact with the surrounding species, establishing speciWc physical

or chemical interactions. Bare nanoparticles, in fact, can be obtained as dilute

dispersion in high vacuum and after elimination of surface adsorbed species,

i.e., in a very physically unusual condition. It follows that normally, nano-

particle size and shape as well as the surfacial shell composition are not well-
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deWned quantities. In addition to the well-known correlation between surface

nature and catalytic eYciency, all these features cause changes in the thermo-

dynamic properties of the material such as surface tension, melting tempera-

ture57, solid-solid phase transition pressure58, and magnetic properties59.

Another property particularly sensitive to surface modiWcations is the Xuor-
escence yield60.

Obviously, the atom fraction at the surface of bulk materials is negligible

so that all the properties resulting from the mean behaviour of all the species

composing the sample are determined by those lying in the inside. This

situation, however, changes in a typical way by decreasing the particle size,

and the observed trend can be semiquantitatively described by making some

very simple geometrical considerations.

Let us consider the partitioning of a cube having a volume of 1 cm3 and a

surface area of 6 cm2 in N smaller cubes of identical size L, volume L3, and

surface area 6L2. Taking into account that subdivision does not involve a

change of the overall volume, it follows that the total surface and the surface

to volume ratio (S/V) of the smaller cube ensemble are given by 6L�1. Thus

for example, if L ¼ 100 Å, the total surface area increases by 106 times,

becoming 6�106 cm. Similar results are obtained by considering particle

shapes diVerent from the cubic one.

outcoming photon due to electron-hole
recombination

oxidation processincoming photon

reduction process

Figure 3.8. Radiative excitation and radiative or nonradiative processes of

nanoparticles.
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The L dependence of S/V in the range 0–100 Å is shown in Fig. 3.9. It can

be noted that S/V changes little in a wide L region while, below a threshold L

value, S/V rapidly increases with increasing the degree of subdivision. This

feature is at the basis of the employment of small particles in the Weld of

catalysis or enhanced adsorption because the number of active sites increases

as S/V.

Another interesting aspect connected with the subdivision of matter as

small particles can be perceived by considering that each cube could consti-

tute a bit of information in a data storage system. For bidimensional devices

of area 1 cm2 storing information on a surface subdivided in N square

elements of area L2, the number of information elements is L�2. So, the

most recent information density of about 10Gbit cm�2, implying a bit size

of approximately 100 nm, can be enhanced to 1Tbit cm�2 for a bit size of

10 nm and even to 100Tbit cm�2 if a bit size of 1 nm could be exploited.

Furthermore, realizing three-dimensional devices as data-storage systems,

the data density is even more strongly dependent upon the bit size, being

equal to L�3 and reaching 109 Tbit cm�3 for a bit size of 1 nm. This empha-

sizes the importance of miniaturisation to increase the information density

and the potentials of nanoparticles as building blocks of data storage sys-

tems. In recent years, bits of information formed by less than 100 atoms have

been deposited on appropriate matrices by an atomic force microscope.

On the other hand, if nanoparticles are considered as building blocks of

complex devices and machines, the possibility to concentrate so big an

amount of constitutive elements in a reasonable volume suggests that a lot

of astonishing applications can be addressed in the future.
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Figure 3.9. Size dependence of the surface to volume ratio (S/V).
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Additional features are related to the nanoparticle shape. In fact, for a

hypothetical spherical particle, all the atoms at the surface are in an identical

topological and energetic state. On the other hand, this does not occur for

particles having a diVerent shape such as parallelepipeds, pyramids, or

cubes. In order to put into evidence these features, here we consider the

simplest case, i.e, cubic particles.

Considering a cubic lattice composed of atoms of size L0 forming a cubic

nanoparticle of size L in the vacuum, it can be observed that internal and

surface atoms are surrounded by a diVerent number of next neighbours. In

particular, atoms can be divided into four classes according to their speciWc
location: atoms at corners, edges, Xat surfaces, and internal. It can be noted

that these classes are characterized by a diVerent number of next neighbours

or coordination number (c.n.). In particular,

1. Atoms at corners with c.n.¼3 and 3 dangling bonds

2. Atoms at edges with c.n.¼4 and 2 dangling bonds

3. Atoms at Xat surfaces with c.n.¼5 and one dangling bond

4. Internal atoms with c.n.¼6 and 0 dangling bonds

with f3, f4, f5 and f6 being the fractions of atoms with c.n. of 3, 4, 5, and 6,

respectively, and from simple geometrical considerations it follows:

f3 ¼ 8

L
L0

� �3 3:14

f4 ¼ 12

L�2L0

L0

L
L0

� �3 3:15

f5 ¼
6 L�2L0

L0

� �2
L
L0

� �3 3:16

It is worth noting that as a consequence of the diVerent topological and

energetic states of these surface species, they give a distinct contribution to

the surfacial and overall nanoparticle properties. The size dependence of the

total fraction of surface atoms fsur

fsur ¼ f3 þ f4 þ f5 ¼ 6 L0=Lð Þ � 12 L0=Lð Þ2þ8 L0=Lð Þ3 3:17

together with the single contributions f3, f4, f5 is shown in Fig. 3.10.

Looking at Fig. 3.10, it can be observed that the fraction of surface atoms is

negligible for particles larger than 100 nm, while below this threshold value,

by decreasing the nanoparticle size, it increases steeply with an increasing
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preference for the species with lower coordination number. This means that

the decrease of the nanoparticle size leads also a change of the relative

proportions of the various surface atoms involving additional eVects. This is
summarized in Fig. 3.11, where themean coordination number c.n. calculated

by

c:n: ¼ 3f3 þ 4f4 þ 5f5 þ 6f6 3:18

is shown as a function of size.

All these argumentations are based on the simplifying assumption that the

nanoparticle can be considered composed of only two species: internal and

surfacial ones. However, it must be stressed that this clear-cut view is not

real and the local properties change smoothly proceeding from the external

to the internal. Moreover, the assumption of perfectly cubic or spherical

nanoparticles is not generally true: it has been argued that nanoparticle

surface is not quite smooth, possessing a fractal-like structure49.

The presence of irregularities increases the surface-to-volume ratio and

the fraction of atom at the surface, enhancing the nanoparticle exotic char-

acter. Moreover, surface species, and in particular surface defects, as well as

internal vacancies could add additional features by modifying the nanopar-

ticle electronic structure thus altering their overall properties. On the other

hand, driven by the reduction of the nanoparticle free energy, surfacial and

internal atoms can rearrange or migrate leading to a decrease of the surface-

to-volume ratio, number of defects, and/or to a structural change. The

energy barriers to these processes are smaller than in the bulk61.
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Figure 3.10. Size dependence of f3, f4, f5, and fsur.
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Surface plays an important role both for the optical and chemical prop-

erties of nanoparticles. First of all, surface species and defects can act as

stabilizing traps for the photogenerated electron-hole pair so increasing their

lifetime and lowering the molar extinction coeYcient. In particular, Wang

and Herron showed that nanoparticles cannot absorb additional photons

until the electron-hole pair annihilates48.

Moreover, because the energetic state of surface atoms is consistently

diVerent from bulk ones, their orbitals can less eYciently mix with those of

the internal atoms. As a consequence, electronic states with energy com-

posed between the conduction and the valence bands known as surface levels

occur. The existence of these intermediate energetic levels involves some

changes on the nanoparticle physical and chemical properties. In particular,

the optical absorption and emission properties are inXuenced as a conse-

quence of the increased number of possible electronic transitions62–64.

It must be pointed out that surface is also the place on which eventual

excess charges are accumulated and reactive processes could happen. The

charging of nanoparticles can be due to several phenomena such as non-

stoichiometric composition, release of charged species to the surrounding

medium, or adsorption of ions coming from the surrounding medium.

Charge accumulation involves nanoparticle-nanoparticle repulsion and elec-

trostatic stabilization of nanoparticle against agglomeration. On the other

hand, the enhancement of reactive processes at the nanoparticle surface is at

the basis of their employment as catalysts or as reactants for fast solid-solid

reactions21.
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Figure 3.11. Size dependence of the mean coordination number c.n.
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The thermodynamic instability of nanoparticles toward an unlimited

growth is determined by the tendency of surface atoms to saturate their

dangling bonds. This phenomenon can take place through several diVerent
mechanisms19,65 but it can be expected that the more eYcient is the satur-

ation of surface dangling bonds by growing, the more powerful is the driving

force of the nanoparticle growth process. The variation of the number of

surface atoms with increasing the particles size is given by the derivative of

Eq. (3.17):

dfsur

d L=L0ð Þ ¼ �6 L=L0ð Þ�2þ24 L=L0ð Þ�3�24 L=L0ð Þ�4
3:19

This curve is shown in Fig. 3.12, and it clearly shows that the driving force

diminishes very rapidly with size.

It follows that nanoparticles are thermodynamically unstable against an

unlimited growth and that a synthetic protocol to be eYcient in the nano-size

regime should inhibit eVectively the nanoparticle growth to allow the size

control. As previously stated, this can be achieved by:

. compartmentalization in distinct domains, so nanoparticles cannot

come into contact to aggregate

. charging of nanoparticles, so that they cannot aggregate owing to the

repulsive inter-particle forces

. adsorption of suitable molecules at the nanoparticle surface.
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Figure 3.12. Size dependence of dfsur=d(L=L0).
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It is worth noting that all these processes are mainly controlled by molecular

events occurring at the nanoparticle surface. Of course, the control of the

microscopic processes enabling growth inhibition are of utmost importance

in determining the microscopic structure of the nanoparticles and, conse-

quently, their properties. The choice of the synthetic method must therefore

take it into account and be Wnalised to the subsequent use of the nanopar-

ticles. In fact, the manipulation of nanoparticles without changing their

properties after preparation remains a challenging question.

In conclusion, the reduced size of semiconductors and metals leads dir-

ectly to changes of the physico-chemical properties with respect to the bulk

solid while, for molecular solids or liquids, it is mainly the interaction with

surrounding molecules inducing changes in the physico-chemical properties.

Moreover, the entrapment within microheterogeneous systems can inXuence
the physico-chemical properties of nanoparticles as a consequence of speciWc
surfactant/nanoparticle interactions. The speciWc synthetic method leads to

dangling bonds, adsorbed species, and surface roughness, which could pro-

duce electron and hole traps signiWcantly inXuencing their lifetimes and

radiative/nonradiative recombinations.
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4

Methods of Nanoparticle Synthesis in
Microheterogeneous Systems

4.1 Introduction

The production of systems consisting of nanoparticles entrapped in micro-

heterogeneous systems is of great interest because of their potential techno-

logical and biotechnological applications. This is because in addition to the

quantum size eVects and the huge surface to volume ratio characterizing the

nanoparticle properties, new distinct features and functionalities can be

conferred by their conWnement, adsorption of surfactant molecules at the

nanoparticle surface, and more or less ordered dispersion in the typical

structure of microheterogeneous systems. As examples, the coating of the

nanoparticle surface with a speciWc surfactant could inhibit the recombin-

ation of photogenerated electron/hole couples of semiconductor nanoparti-

cles, increasing their mean life time and consequently the charge transfer at

the nanoparticle/surrounding interface, and solid lipid nanoparticles have

been suggested as suitable drug carrier systems aVording a controlled and

localized release of active drugs1.

Often, the entire nanoparticle containing microheterogeneous system con-

stitutes the Wnal product of the preparation. For example, some nanoparticle

containing microheterogeneous systems have been suggested as interesting

nanoXuids having peculiar magnetic, electric, wetting, and lubricating be-

havior that can be exploited for practical applications. Nanoparticle/surfac-

tant composites are of special interest thanks to the long-time stability of

their physical and chemical properties, the surfactant matrix being poten-

tially able to prevent nanoparticle oxidation and coalescence. By varying

the nanoparticle volume fraction, systems ranging from noninteracting to

interacting nanoparticles can be realized, i.e., from a dilute dispersion of

nanoparticles to an inWnite extended network of interconnected particles

and/or to a nanoparticle ordered array. Interesting physical phenomena

such as insulator to metal transition can be observed especially in the

threshold zone where percolation generally occurs.

The synthetic methods based on the use of microheterogeneous systems

(liquid crystals, gels, solutions of micelles and vesicles, microemulsions,

mono- and multi-layers) to manipulate matter at the molecular level are

typical bottom-up techniques. They all are generally rapid and low-cost
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methods and potentially allow the synthesis of a wide range of nanosized

inorganic materials such as metals, oxides, sulphides, water-insoluble sub-

stances, and, quite recently, also water-soluble inorganic and organic sub-

stances2,3.

The synthesis can be easily directed to form mixed nanoparticles (core-

shell, doped, sandwich, hollow)4. ConWnement of small organic molecules as

well as polymers has been also achieved.

Generally, the synthesis can be carried out at room temperature and by

performing very simple laboratory procedures, allowing a Wne size and

polydispersity control and the preparation of 1D, 2D, and 3D nanoparticle

arrays. The nanoparticle size usually being less than 100 nm, these systems

are optically clear and suitable for UV-vis and IR absorption investigations.

Moreover, because this approach works at the atomic/molecular level, it is

possible to coat or dope nanoparticles with other materials or, by a suitable

selection of the microheterogeneous system, a control of the nanoparticle

shape can be achieved.

The templating eVect of microheterogeneous systems is based on the

existence of a peculiar fragile structure, which can be easily permeated by

appropriate species leading to their solubilization and, on the other hand,

allowing their local non-homogeneous distribution in the dynamic nano-

scopic domains. It is worth noting that, as a consequence of its fragility, the

structure of some microheterogeneous systems can be drastically modiWed
by applying constant or variable external forces such as electric and mag-

netic Welds and shear giving the opportunity to have with the same system

diVerent synthetic routes. According to the nature of the system and the

speciWc synthetic procedure, the resulting nanomaterial can retain the same

order pre-existing before synthesis or be a cast of it or could show a new

order.

An inspection of the literature in this speciWc research Weld puts into

evidence a huge number of contributions and a wide variety of synthetic

protocols used to produce nanoparticles and nanomaterials. This makes

impracticable the attempt to give an account of all the innovative methods

and to classify them in a reasonable and clear-cut number of diVerent
synthetic strategies. The way out is the presentation of a panoramic view

of the Weld and the introduction of some arbitrary generalizations and rough

approximations. Besides, I have chosen to report on the most recent litera-

ture aiming to show the actual state of the art and the tendency to prepare

more and more complex nanoparticle containing microheterogeneous sys-

tems.

It is worth noting that the best conditions to obtain the desired nanoma-

terial can be generally found performing direct experiments by changing

some external parameters or adjusting the procedure coupled with the check

of the physico-chemical properties of the Wnal product. This because a

general theory allowing to select a priori the optimal conditions for the

synthesis of a given nanomaterial by microheterogeneous systems with the
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wanted properties has not yet been produced and there are reasonable

argumentations suggesting that this will never be obtained. Long life to the

experimentalists!

A block diagram showing the steps of the most frequent synthetic pro-

cedures of nanoparticles in microheterogeneous systems is shown in Fig. 4.1.

In this scheme, it is emphasized the need to i) select the microheterogeneous

system appropriate for the wanted nanomaterial, ii) inspect its structure

after the solubilization of reactants, and iii) characterize the physico-chem-

ical properties of the system resulting from the mixing process and their time

dependence.

All the information collected during steps ii) and iii) and their analysis are

pivotal to minimize the number of experiments necessary to Wnd the optimal

synthetic protocol. In particular, even if frequently neglected, the study of

the time dependence of the nanomaterial physico-chemical properties is of

utmost importance to establish its chemical and temporal stability.

Obviously, each physico-chemical property furnishes a window to get

information on the molecular picture of the system. However, the most

frequently employed techniques to characterize the nanomaterials are the

microscopic (TEM, SEM, AFM) and scattering (SAXS, SANS, light scat-

tering) ones allowing to state the structural properties of the nanocompo-

sites. Further characterization of the nanoparticle properties is achieved by

the use of quite all the physico-chemical techniques. Among these, a relevant

Selection of the appropriate microheterogeneous system

Preparation of the microheterogeneous system

Inspection of the microheterogeneous system structure

Mixing of the two solubilizate containing systems

Physico-chemical characterization of the resulting nanosystem

Solubilization of reagent A Solubilization of reagent B

Figure 4.1. Block diagram of nanoparticle synthetic procedures.
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place is occupied by spectroscopic methods and investigations on the chem-

ical reactivity.

In the following parts, the various recipes taken from the literature have

been distinguished according to the kind of microheterogeneous system

employed to emphasize the structural peculiarities conferred to nanoparti-

cles by a speciWc surfactant self-assembling. Within such partition, they have

been in turn subdivided according to the kind of substance composing the

nanoparticles, as metals, semiconductors, magnetic materials, and miscel-

laneous nanoparticles. This partitioning is dictated by the fact that each class

of substance includes nanoparticles with common potential applications.

Metal and semiconductor nanoparticles, in fact, are widely investigated

because of their potentials in catalysis, photoreactions, sensors, and as

components of optical and electronic devices. Magnetic nanoparticles, on

the other hand, Wnd interesting applications just for their sensitivity to

magnetic Welds as ferroXuids and building blocks of magnetic devices.

Finally, miscellaneous nanoparticles include many diVerent classes of sub-

stances such as polymers and biomaterials.

All the below reported recipes can be simply used in a pure imitative way

allowing the synthesis of the same or similar nanomaterial. However, the

hope is that their critical reading together with the considerations reported in

the other parts of this book could stimulate the conception of novel synthetic

procedures. In particular, quite unexplored routes are those directed to the

self-assembling of multicomponent nanoarchitectures.

4.2 Nanoparticle Synthesis in Liquid Crystals

The geometric arrangement of nanoparticles on suitable matrices determines

interesting collective properties. Thus, it is of utmost importance not only

the control of the nanoparticle size and shape but also that of their spatial

distribution. Liquid crystals possess the suitable structural and dynamical

properties for this purpose. Looking to the typical structures of liquid

crystals and taking into account that nanoparticles are selectively conWned
into the hydrophilic or hydrophobic domains, it can be argued that the

potential nanomaterials that can be obtained are a random or ordered

three-dimensional distribution of nanoparticles conWned in the polar or

apolar domains, bidimensional wells in the case of lamellar structures, and

unidimensional wires for liquid crystals characterized by an hexagonal

structure. A schematic representation of the nanoparticle synthesis in liquid

crystals and one of the possible Wnal structures is shown in Fig. 4.2.

Moreover, organic and inorganic mesoporous materials characterized by

canalicula with nano-size cross section can be, in principle, prepared using

liquid crystals as templates. This can be achieved by selecting precursors

preferentially solubilized in the apolar or polar domain. After the synthesis

of the mesoporous solid material, the surfactant can be easily removed by
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washing with the appropriate solvent. The most frequent problem arises

from the mechanical constraints introduced by the progressive aggregation

of precursors leading to the destruction of the local structure and the

vanishing of the template eVect. As a general rule, the successful synthesis

can be achieved by the patient research of the appropriate experimental

conditions.

4.2.1. Synthesis of Metallic Nanoparticles in Liquid

Crystals

Silver nanoparticles were introduced in the lamellar phase formed by water/

sodium dodecylsulfate/hexanol/dodecane liquid crystals using the following

procedure. Negatively charged surfactant coated hydrophilic silver nanopar-

ticles were synthesized by mixing aqueous silver nitrate with aqueous sodium

borohydride and sodium oleate. On the other hand, by adding aqueous

H3PO4 and dodecane or cyclohexane, hydrophobic silver nanoparticles

were obtained in the organic phase. Coated nanoparticles were subsequently

introduced in liquid crystals by adding the silver hydrosol or the silver

organosol to the water/sodium dodecylsulfate/hexanol/dodecane system.

As expected, it was found that the silver hydrosol is mainly solubilized in

the aqueous layers whereas the silver organosol in the organic layers. In both

cases, only an increase of the interlamellar distance was observed without

variation of the basic structure of the liquid crystals5.

Silver nanostructures were synthesized in the lamellar phase formed by

tetraethylene glycol monododecylether C12E4 (Brij 30) by adding an 0.02 M

aqueous solution of AgNO3 to the pure surfactant. The solubilization of

water among the surfactant layers allowed the contemporaneous entrapment

of Agþ and NO�
3 ions. On the other hand, the formation of silver nanopar-

ticles resulted from the reducing action of the oxyethylene groups of C12E4.

TEM investigation indicated a bimodal particle size distribution constituted

A B+

Figure 4.2. Schematic representation of nanoparticles synthesis in liquid crystals.
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by a larger proportion of smaller nanoparticles with a size in the range 2–

3 nm and a smaller proportion of larger particles. The smaller nanoparticles

were found to be arranged roughly close packed, forming very wide and long

ribbons. The observed clustering of these particles revealed long-range

nanoparticle/nanoparticle attractive interactions, whereas the partial inhib-

ition of nanoparticle coalescence indicated a surface poisoning of the nano-

particle due to the surfactant hydroxyl groups. On the other hand, ribbons

formation was dictated by the bidimensional domain characterizing the

surfactant lamellar structure. By increasing the thickness of the hydrophilic

domain of the lamellar structure, the size of the smaller nanoparticles was

found unchanged whereas that of the larger particles and/or their amount

was increased. Ageing of silver/C12E4 nanocomposites involved an increase

of the larger particle proportion6.

Macroscopically aligned silver nanoparticles have been obtained using as

template the reverse hexagonal liquid crystal phase formed by poly(ethyle-

neoxide)-block-poly(propyleneoxide)-block-poly(ethyleneoxide) with the

composition EO20PO70EO20 (Pluronic P123). The synthesis strategy is

based in the insertion of a silver nitrate solution in the hydrophilic core of

the surfactant hexagonal structure and the slow reduction of the silver ions

by means of the reducing ethyleneoxide groups. In particular, the procedure

consisted in the mixing of Pluronic 123 with butyl acetate and a 1% aqueous

solution of silver nitrate in the weight ratio 10:7:3. The resulting mixture was

a clear and highly viscous gel. To allow the complete reduction of silver ions,

the gel was maintained for six months in a covered glass beaker at room

temperature. In such conditions, the formation of silver/liquid crystal com-

posite Wbers of several millimeters constituted by 3 nm silver nanoparticles

in length was achieved. The authors reported that the formation of silver

nanoparticles is accompanied by the partial destruction of the reverse hex-

agonal structure resulting from the contemporaneous oxidation of the EO

groups. This eVect most probably could be minimized by reducing the silver-

to-surfactant molar ratio leading to a less marked composition and struc-

tural change of the template7.

By reduction of hexachloroplatinic acid dissolved in the aqueous domain

of the hexagonal phase formed by some oligoethylene oxide nonionic sur-

factants, mesoporous metallic platinum with pores disposed on a hexagonal

lattice has been obtained. It can be argued that the application of this

method to appropriate substances should allow the realization of mechan-

ically robust mesoporous metals with interesting applications as catalysts,

specialized electrodes, and semipermeable and robust Wlters with enhanced

selectivity8.

High concentrations of pure metallic copper nanoparticles with fcc struc-

ture have been synthesized in aqueous solutions of cetyltrimethylammonium

bromide and ammonia by reduction of cupric chloride with hydrazine. The

synthesis of metallic Cu nanoparticles was performed in a capped bottle by

mixing two aqueous solutions of CTAB, one containing cupric chloride plus
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ammonia and the other hydrazine. From the analysis of TEM data, it was

ascertained that, after an initial decrease, the mean diameter of Cu nano-

particles approaches a constant value with the increase of hydrazine concen-

tration. It was suggested that the formation of a bilayer structure of CTAB

molecules prevents the particle agglomeration and precipitation9.

4.2.2. Synthesis of Semiconductor Nanoparticles in Liquid

Crystals

Cadmium sulWde nanoparticles were synthesized using as templating med-

ium the lyotropic liquid crystals formed by cholesteryl oligo(ethylene oxide).

The synthesis was carried out by adding an aqueous solution of cadmium

nitrate to the pure surfactant. Then, the mixture was homogenized by

shaking and heating and successively placed in contact with gaseous H2S.

After reaction, the samples were washed and centrifuged. Lamellar or hex-

agonal CdS nanoparticles embedded in the organic matrix were obtained by

changing the structure of the surfactant mesophase. This was accomplished

by varying the number of methylene oxide units of the amphiphile10.

Zinc sulWde nanoparticles were synthesized by mixing two water/Triton X-

100/n-decanol lamellar liquid crystals containing Zn(CH3COO)2 and Na2S,

respectively. The size of nearly spherical ZnS nanoparticles was about 10 nm

and mainly controlled by the thickness of the hydrophilic layer. It was

observed that the presence of ZnS nanoparticles inXuences the anti-wear

properties of the bare liquid crystal11.

Stable lead sulphide nanoparticles were synthesized in the bicontinuous

cubic phase formed by sodium bis(2-ethylhexyl)sulfosuccinate (AOT)/water/

Na2S liquid crystals by contacting with an aqueous solution of Pb(NO3)2.

The nanoparticles were subsequently stabilized by n-dodecanethiol as cap-

ping agent. The size of nanoparticle (4–14 nm) was controlled by changing

the initial Na2S concentration in the liquid crystals12.

PbS nanoparticles with size in the range 10–15 nm were synthesized by

directly mixing solid Pb(CH3COO)2 � 3H2O with a mixture of Na2S � 9H2O

and polyoxyethylene 10 stearyl ether. The resulting product was isolated by

washing with water and ethanol and Wnally dried13.

Hexagonal mesoporous silica layers were synthesized by hydrolysis of

tetraethoxysilane (TEOS) in alkyltrimethylammonium bromides liquid crys-

tals as templating phases. Initially a mixture of TEOS, ethanol, and water

was aged and then water and surfactant were added. In some samples, silica

nanoparticles were introduced as seeds. Subsequently, the samples were

deposited on glass or silicon slides and thermally treated. The resulting

surfactant-free silica layers showed a well-ordered structure with a preferen-

tial orientation induced by the air/solution and solution/slide interfaces. This

preferential orientation was absent in the samples obtained by adding silica

nanoparticle seeds. The eVect of the structural order on the layer permea-

bility was investigated14.
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It has been reported that transition metal aquo-complexes of nitrates and

perchlorates form 2D and 3D hexagonal and cubic liquid crystals when

solubilized in some alkyl oligo(ethylene oxide) non-ionic surfactants. By

reaction with H2S gas, the [Cd(H2O)4(NO3)2]/surfactant liquid crystals pro-

duce CdS spherical nanoparticles. For the synthesis, thin Wlms of the liquid

crystalline phase were deposited on quartz windows and then exposed to

H2S gas leading to a fast nanoparticle formation15.

Cu2O nanowires were obtained by electrodeposition through two nar-

rowly spaced electrodes from reversed hexagonal liquid crystalline phases

composed of sodium bis(2-ethylhexyl)sulfosuccinate (AOT), p-xylene,

CuCl2, and water. It was observed that the alignment of the liquid crystalline

phase could be enhanced by controlling the electrode distance. It was em-

phasized that this method can be easily exploited for the synthesis of many

metal, semoconductor, and polymer nanowires16.

4.2.3. Synthesis of Magnetic Nanoparticles in Liquid

Crystals

g-Fe2O3 nanoparticles were obtained by addition of alkali to an aqueous

solution of Fe(III) and Fe(II) salts followed by acidiWcation and oxidation

with ferric nitrate. After dialysis, the resulting magnetic Xuid was mixed with

solid dodecyldimethylammonium bromide (DDAB) and the mixture was

homogenized by centrifugation. This procedure allowed to obtain a disper-

sion of g-Fe2O3 nanoparticles in the lyotropic lamellar phase formed by

DDAB17.

Positively charged ferrite nanoparticles were introduced in potassium

laurate/1-decanol/water liquid crystals leading to the formation of stable

ionic ferroXuids. Magnetic nanoparticles (g-Fe2O3) were synthesized by

adding alkali to an aqueous solution containing a mixture of ferric and

ferrous salts. The resulting colloidal dispersion was subsequently added to

potassium laurate/1-decanol/water liquid crystals previously prepared.

These ferromagnetic systems appear to be viscous and birefringent Xuids,
which under the application of a low magnetic Weld display a reversible

orientational transition. ModiWcations of the phase diagram of the liquid

crystalline system due to the nanoparticle presence were observed18,19.

4.2.4. Synthesis of Miscellaneous Nanoparticles in Liquid

Crystals

Calcium carbonate was synthesized in hexagonal and reversed hexagonal

liquid crystals formed by triblock copolymers (Pluronics). The liquid crys-

talline phases obtained by mixing an aqueous solution of CaCl2 with the

copolymer were exposed to carbon dioxide. It was observed that the result-

ing CaCO3 crystals were located in the aqueous nanoregions. CaCO3 with
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vaterite structure was obtained at low CaCl2 concentrations while calcite

resulted at high salt concentrations20.

By photopolymerization of metal p-styryloctadecanoate inverted hex-

agonal liquid crystals, polymeric networks with the same structural features

were obtained. The feasibility of the templated synthesis of CdS nanoparti-

cles within the hydrophilic nanochannels of these polymerized phases was

also ascertained21.

Polymeric nanoparticles were synthesized by free radical polymerization

of divinylbenzene and styrene in the reversed hexagonal liquid crystals

formed by sodium bis(2-ethylhexyl)sulfosuccinate. After mechanical stirring

and centrifugation of surfactant and water, the divinylbenzene or styrene

monomers were added together with the initiator, potassium peroxodisulfate

and 2,2’ azobis(2-methylproprionitrile). Polymerization was carried out at

608C for 24 h. The formation of extended layers arising from the alignment

of polymeric nanospheres into parallel linear chains was observed22.

By ultrasound, an orientationally ordered dispersion of carbon nano-

tubes in a liquid crystal formed 4’-pentyl-4-cyanobiphenyl has been

obtained. Moreover, it has been observed that their preferential orientation

can be driven by applying external forces such as magnetic and electric

Welds23.
Nanostructured polyacrylamide was synthesized in lyotropic liquid crys-

tals formed by Brij-58 and Brij-56 by photopolymerization of monomeric

acrylamide. As photoinitiator, Irgacure-2959 was used in the presence of

bisacrylamide. The polymerization rate resulted to be signiWcantly increased

in such microheterogeneous systems. Structural eVects on polyacrylamide

nanoparticles due to diVusional constraints, segregation, and ordering phe-

nomena was observed24.

4.3 Nanoparticle Synthesis in Mono- and Multilayers

The growth of crystallites governed by mono- and multilayers allows the

formation of random or ordered dispersion of 0D and 1D nanoparticles in

thin layers and bidimensional inorganic or organic 2D nanoparticles placed

on suitable supports25,26.

The possibility to control Wnely the thickness of the surfactant layer and

the low cost of the methodology make it a very interesting method for many

technological applications. Moreover, this synthetic strategy can be consid-

ered an ideal method to mime the biomineralization processes occurrring at

the surface of cell membranes. Various methods can be used to prepare

nanoparticle containing Wlms:

. binding of nanoparticles to layers

. synthesis in situ of nanoparticles

. growth in situ of nanoparticles
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. by deposition of nanoparticle containing microheterogeneous system

on appropriate surfaces

A panoramic view of various nanomaterials that can be obtained using

surfactant mono- and multilayers has been reported by Stine et al. and

Tieke et al.27,28

4.3.1. Synthesis of Metallic Nanoparticles in Mono- and

Multilayers

Gold nanoparticles stabilized by sodium 3-mercaptopropionate (NaMP)

were produced by the simultaneous addition of NaMP and sodium citrate to

an aqueous solution of HAuCl4. The particle size was easily controlled by

changing theNaMP=HAuCl4 ratio. Nanoparticle electrostatic stabilization is

provided by the formation of a chemically bonded coat of oriented negatively

charged MP� ions. Then, these gold nanoparticles were introduced in the

interlayer of N-[p-trimethylammonium hexyloxybenzoyl-O-O ’ -ditetradecyl-
(l)-glutamate] bromide anchored on poly(tetraXuoroethylene) Wlms by im-

mersing the Wlm into the aqueous dispersion of gold nanoparticles29.

A stable suspension of gold nanoparticles was prepared by chemical

reduction of aqueous HAuCl4 with sodium borohydride. Subsequently, a

solution of laurylamine in chloroform was added, and the two-phase mix-

ture was vigorously shaken, leading to the complete transfer of laurylamine-

capped gold nanoparticles in the organic medium. Then, the hydrophobized

nanoparticles were extracted, washed, and dried. Finally, stable Langmuir-

Blodgett Wlms were obtained by spreading a mixture of coated gold nano-

particles and octadecanol in chloroform on water30.

Gold nanoparticles synthesized in water were transferred into octadecy-

lamine (ODA) monolayers lying at the air-water interface. The driving force

of the transfer process was the chemical binding of ODA to the particles.

Gold nanoparticles were obtained by chemical reduction of chloroaurate

ions with glucose, and the octadecylamine monolayers were formed by

spreading a ODA/chloroform solution on the surface of the aqueous disper-

sion of colloidal gold31.

Pd and Au nanoparticles entrapped in a two-dimensional Langmuir

monolayer were synthesized by in situ chemical reduction. In particular,

solutions of the water-insoluble Pd3(CH3COO)6 or Au(P(C6H5)3)Cl and

arachid acid or octadecylamine in chloroform were spreaded on the surface

of an aqueous solution of sodium borohydride. After evaporation of the

organic solvent, nanoparticle containing monolayers were transferred onto

solid substrates by the conventional dipping method. Size and shape of the

nanoparticles were found to be dependent on the monolayer composition32.

Silver nanoparticles coated by a monolayer of tri-n-octylphosphine oxide

(TOPO) and self-assembled into multilayer Wlms have been prepared. The

synthesis of silver nanoparticles was carried out by chemical reduction of
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aqueous AgNO3 with sodium borohydride. Then, the colloidal suspension

was mixed with a TOPO solution in toluene under vigorous stirring; this

allowed nanoparticle coating and transfer into the organic phase. The result-

ing suspension of coated nanoparticles showed long-term stability of its

optical properties. By immersing glass-slides in this suspension, a mirrorlike

Wlm of self-assembled silver nanoparticles is spontaneously formed. The

nanoparticle binding was improved by thorough cleaning of the glass-slide

surface. The Wlm thickness was about 10 nm, and the absorption peak due to

strong surface plasmon resonance was signiWcantly red-shifted with respect

to that of isolated nanoparticles in toluene. This Wnding was attributed to the

close packing of silver nanoparticles resulting in an increase of the permit-

tivity of the surrounding medium33.

Capped platinum nanoparticles have been synthesized by chemical reduc-

tion of chloroplatinate ions in 4-hexadecylaniline Langmuir monolayers.

Initially a solution of 4-hexadecylaniline in chloroform was spread on the

surface of an aqueous solution of H2PtCl6. In such conditions, a monolayer

of oriented surfactant molecules is formed at the air-water interface and at

the same time the reduction of [PtCl6]
2� ions and the capping of resulting Pt

nanoparticles is achieved. Nanoparticle containing monolayers were subse-

quently transferred onto various substrates (gold-coated quartz crystals,

carbon-coated copper grids, and silicon). The aggregation of 4-hexadecyla-

niline-capped Pt nanoparticles and the formation of nearly linear super-

structures was observed34.

4.3.2. Synthesis of Semiconductor Nanoparticles in Mono-

and Multilayers

The epitaxial growth of PbS nanoparticles was carried out in mixed mono-

layers of arachidic acid and octadecylamine as a function of the monolayer

composition. The synthesis was performed by sending gaseous H2S over an

aqueous Pb(NO3)2 solution whose surface was antecedently coated by the

surfactant mixture monolayer35.

Thin layers of CuS were formed by exposing monolayers of copper

stearate to an atmosphere of H2S. These monolayers were obtained by

dipping glass plates in a solution of CuSO4 in water where a layer of stearic

acid was previously deposited36.

Cadmium sulWde nanoparticles were synthesized under monolayers of

arachidic acid deposited on an aqueous CdCl2 solution ([CdCl2] ¼ 10�3M)

by addition of gaseous H2S. The monolayer was realized by dispersing an

appropriate amount of a 10�3 M solution of arachidic acid in chloroform

and allowing the complete evaporation of chloroform. The resulting nano-

particles were rod-like with widths of 5–15 nm and lengths of 50–300 nm37.

By the hydrolysis of titanium tetraisopropoxide in a chloroform/1-propa-

nol mixture containing hexadecyltrimethylammonium bromide (CTAB) and
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tetramethylammonium hydroxide (TMAH), stable dispersions of TiO2

nanoparticles (18–22 Å) were obtained. In such conditions, TMAH acts as

catalyst and CTAB as coating agent. The formation of a stable coat was

attributed to the binding of the cationic CTAB surfactant at the negatively

charged TiO2 particle surface. By spreading these dispersions on water

surface, Wlms of coated nanoparticles were obtained. It was found that the

interparticle distance can be controlled by a heating treatment of the disper-

sion. This Wnding was attributed to some changes of the TiO2 nanoparticle

surface leading to a variation of the surfactant coat thickness38.

Small-size CdS nanoparticles were synthesized in Langmuir-Blodgett Wlms

of stearic acid and tetra-tertoctyl-calix[4]arene-carboxyl acid. After solubil-

ization of a cadmium salt, CdS nanoparticles were formed by exposing the

LB Wlms to H2S gas. The time dependence of the nanoparticle size was

explained in terms of a two-dimensional diVusion model39.

Surfactant-coated CdS nanoparticles were spread on water surface to

form Langmuir-Blodgett Wlms. After preparation of CdS sols in aqueous

solutions of sodium hexametaphosphate, the semiconductor nanoparticles

were coated with dioctadecyldimethylammonium bromide and cetyltri-

methylammonium chloride and extracted in chloroform and hexane. The

role of sodium hexametaphosphate is to electrically passivate the nanopar-

ticle surface. Subsequently, size-selective separation of surfactant-capped

CdS nanoparticles was performed by adding increasing amounts of metha-

nol or pyridine to the dispersions and centrifugation. By spreading the

chloroform dispersions on water surface, Langmuir-Blodgett Wlms were

obtained. The Xuorescence spectrum of these Wlms showed sharp excitonic

emission bands40.

CdS nanoparticles were synthesized at the toluene/water interface contain-

ing an increasing amount of oriented cetyltrimethylammonium bromide

molecules. The aqueous sub-phase contained [CdEDTA]2� while gaseous

H2S was produced by an aqueous Na2S solution and directed toward the oil/

water interface. After the reaction, toluene was evaporated and the Wlms

were transferred onto amorphous carbon. It was observed that, at low

surfacial concentration of the surfactant, only single CdS nanoparticles are

formed. However, as a result of the templating eVect of the dish-like hemi-

micelles formed at higher surfactant concentration, disk-like aggregates of

CdS nanoparticles were obtained by increasing the surfacial concentration

of CTAB41.

CdS and HgS nanoparticles have been synthesized in Langmuir-Blodgett

Wlms formed by behenic acid and deposited in quartz substrates. Initially, a

solution of behenic acid in chloroform was spread on an aqueous subphase

containing Cd2þ or Hg2þ or Cd2þ þHg2þ ions. Then, the monolayer was

transferred on quartz plate hydrophobed with dodecanol and exposed to

gaseous H2S
42.
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4.3.3. Synthesis of Magnetic Nanoparticles in Mono- and

Multilayers

The synthesis of amorphous iron-containing magnetic nanoparticles con-

trolled by applying electric and magnetic Welds was carried out in a Lang-

muir monolayer by photocatalytical decomposition of iron pentacarbonyl.

The Langmuir monolayer was prepared by spreading a chloroform solution

of the iron compound and stearic acid on the water surface while the

decomposition reaction was achieved by UV irradiation. By imposing mag-

netic and electric Welds, marked increase of the size and shape anisotropy of

nanoparticles was observed43.

Magnetite nanoparticles coated by surfactant monolayer have been pre-

pared by chemical co-precipitation method44.

By chemical decomposition of Co2(CO)8 in toluene, cobalt oxide nano-

particles were prepared. AOT was used as stabilizing agent, and Wne size

control was achieved by varying the Co2(CO)8 to AOT molar ratio. Then,

monolayer and multilayers of self-assembled nanoparticles coated by sur-

factant molecules were simply obtained by deposition of a drop of the

nanoparticle containing solution on an amorphous carbon Wlm controlling

the solvent evaporation rate45.

g-Fe2O3 nanoparticles of about 8.3 nm were synthesized in aqueous solu-

tions of FeCl3 and NaOH. Nanoparticles were precipitated by a magnetic

Weld and separated by decantation. After repeated washing steps, nanopar-

ticles were treated with an aqueous solution of HCl leading to a clear

hydrosol of g-Fe2O3 that was used as subphase of Langmuir monolayers

of arachidic acid. It was observed the formation of L-B Wlms exhibiting

superparamagnetic properties composed by a stable complex between ara-

chidic acid and g-Fe2O3 nanoparticles
46.

4.3.4. Synthesis of Miscellaneous Nanoparticles in Mono-

and Multilayers

Ananocomposite constituted by 2D layers of decatungstate ions entrapped in

dioctadecyldimethylammonium bromide (DODMA) bilayers has been syn-

thesized. The experimental procedure consists in the mixing of two aqueous

solutions containing Na2WO4 and DODMA, respectively. The precipitate

was Wltered, washed, and dried under vacuum. An analogous nanocomposite

was prepared by substituting Na2WO4 with potassium hexachloroplatinate.

From this composite, by reduction of Pt(IV), a system constituted by Pt

nanoparticlesdispersed inDODMAbilayerswasprepared.Finally, nanocom-

posites formed byDODMA,W10O
4�
34 , and Pt nanoparticles were prepared by

simply mixing two dispersions of W10O
4�
34 =DODMA and Pt/DODMA in
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chloroform followed by the evaporation of the solvent under vacuum. It was

observed that the W10O
4�
34 =DODMA composite dispersed in 2-propanol

photocatalyzes the dehydrogenation of 2-propanol in acetone in presence of

oxygen without hydrogen evolution. When the Pt=W10O
4�
34 =DODMA com-

posite was utilized, the same reaction occurred in absence of oxygen with

hydrogen evolution. It is suggested that Pt allows the reoxidation of the

protonated H2W10O
4�
34 toW10O

4�
34 with H2 evolution

47.

Stable Langmuir Wlms were formed by spreading a perylene-3,4,9,10-

tetracarboxylic acid solution in dimethylsulfoxide/toluene onto the surface

of an aqueous subphase containing copper (II) acetate. The Wlms were

transferred on solid substrates (quartz, CaF2, mica) and investigated. It

was found that they are formed by small nanoparticles arising from the

aggregation of Cu(II)/perylene-3,4,9,10-tetracarboxylic acid complex mol-

ecules48.

Thin Wlms of mesostructured silica on silicon wafers were prepared by

inWltration of vapour of tetraethoxysilane (TEOS) into a surfactant layer

constituted by poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene

oxide) triblock copolymer acting as a templating agent. The silicon wafers

were covered with a surfactant Wlm by spin-coating with a solution of

Pluronic F127 in water/ethanol while the TEOS vapour inWltration was

achieved by placing the wafers in a closed vessel saturated with TEOS

vapour. Finally, total removal of surfactant molecules was obtained by

calcinations at 400 8C leading to the formation of stable mesostructured

silica Wlms49.

4.4 Nanoparticle Synthesis in Direct Micelles

Historically, the formation of colloidal aqueous solutions is probably the

oldest method to prepare stable nanoparticle dispersions. However, the

occurrence of this phenomenon was most often considered an unwanted

nuisance, and some procedures were exploited in the past to force the colloid

separation from the liquid phase (heating, addition of electrolytes, etc.). The

investigations directed to understand the microscopic processes responsible

for the colloid formation have emphasized the role of the absorption of some

species at the surface of the colloidal particles leading to their charging and/

or to the saturation of their surface dangling bonds. Nowadays, the point of

view being changed, these species are intentionally added to stabilize aque-

ous nanoparticle dispersions leading to the establishment of a lot of synthetic

protocols in aqueous media50. Besides, the recognition that surfactant mol-

ecules are ideal stabilizing agents of small particles has suggested their

employment for the same purpose. This idea has been conWrmed by experi-

mental observation so allowing to greatly increase the number of stable

nanomaterials obtainable in aqueous solutions.
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Micellar aqueous solutions are generally characterized by a low viscosity,

which allows an easy homogenisation of the system and relatively more

quick diVusion controlled reactions. After nanoparticle synthesis, the result-

ing solutions can be used for many interesting applications such as antiwear

agents, photochemical systems, or specialized pseudohomogeneous catalytic

or reaction media.

The microscopic processes involved in the synthesis of nanoparticles in

micellar solutions are shown in Fig. 4.3.

It is worth noting that the stabilization eVect resides in the oriented

surfactant adsorption on the nanoparticle surface and in the hydrophiliza-

tion of the entire aggregate. In some cases, the coating of the nanoparticles is

intentionally directed to their separation from the aqueous medium through

the formation of a hydrophobic shell covering the nanoparticle.

4.4.1. Synthesis of Metal Nanoparticles in Aqueous

Micellar Solutions

Stable gold nanoparticles of various sizes and shapes have been synthesized

in aqueous micellar solutions of Triton X-100 by UV photoactivation of

HAuCl4. Triton X-100 was chosen because it executes the dual role of

reductant and stabilizer. By increasing the Triton X-100 concentration at

Wxed HAuCl4 concentration, the Au nanoparticle mean size decreases sign-

iWcantly revealing the surfactant stabilizing eVect. More recently, gold nano-

particles were obtained by UV irradiation of an aqueous micellar solution

containing HAuCl4, cetyltrimethylammonium chloride, sodium citrate, and

NaOH. In such method, the citrate ions act as reducing agent at room

temperature51,52.

Pd and Au nanoparticles have been synthesized in aqueous micellar

solutions of poly(2-vinylpyridine)-poly(ethylene oxide) (P2VP-b-PEO)

diblock copolymers. Solid salts were Wrstly solubilized in the micellar

A B+

+

Figure 4.3. Microscopic processes involved in the nanoparticle synthesis in micel-

lar solutions.
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solutions by vigorous stirring. It was noted that the presence of the salt ions

induces some changes in the structure of the micelles. Then, metal ions were

reduced by adding an excess of a freshly prepared aqueous solution of

sodium borohydride. The size and stability of nanoparticles was found to

be inXuenced by the metal concentration and micellar structure. For both

metals, it was observed the formation of two distinct populations that were

attributed to diVerent nucleation sites, i.e., the micellar core and the micellar

periphery. It was hypothesized that the larger nanoparticles nucleate on the

micellar periphery and their growth is sustained by metal ions exchange

between neighbouring micelles53.

Colloidal solutions of nanoparticles can be used as suitable media to build

up organized assemblies of nanosized particle materials. CTAB-stabilized

silver nanoparticles were synthesized in aqueous solution by NaBH4 reduc-

tion. A monolayer of these nanoparticles was self-assembled on 3-mercap-

topropionic acid (MPA) modiWed gold electrode by contacting the modiWed
gold electrode with the silver colloidal aqueous solution for 24 h54.

Au nanoparticles coated by an interdigitated bilayer constituted by a

dodecylamine monolayer chemisorbed on the nanoparticle surface and a

secondary layer of cetyltrimethylammonium bromide have been synthesized.

Such particles can be easily dispersed in water, forming stable systems even

at high particle concentration or in presence of electrolytes. Dodecylamine-

capped Au nanoparticles were prepared by contacting a solution of dodecy-

lamine in chloroform with a suspension of Au nanoparticles, obtained by

reduction of chloroauric acid with NaBH4. Vigorous shaking of this two

biphasic system allowed the rapid transfer of Au nanoparticles to the or-

ganic phase. By solvent evaporation, the dodecylamine-capped gold nano-

particles were isolated and then washed with ethanol and redispersed in

chloroform. Finally, the nanoparticles dispersed in the apolar solvent were

transferred to an aqueous solution of cetyltrimethylammonium bromide by

contacting and shaking the two immiscible phases55.

Another synthetic strategy is based on the use of surfactants as surface

stabilizers and controllers of the growth and shape of the particles. Gold

nanorods capped with cationic bilayers and dispersed in water have been

synthesized by an electrochemical method using as electrolyte a surfactant

mixture constituted by cetyltrimethylammonium bromide and tetraoctylam-

monium bromide56.

Elongated copper nanoparticles (about 50 nm in width and 500 nm in

length) stabilized by an oriented monolayer of the zwitterionic surfactant,

cetyltrimethylammonium p-toluene sulfonate, have been prepared by sono-

chemical decomposition of copper hydrazine carboxylate in surfactant/water

solutions. The copper nanoparticle shape and morphology is attributed to

the templating eVect of the interconnected network of rod-like micelles

formed by the surfactant57.

High concentrations of pure metallic Cu nanoparticles with fcc structure

have been synthesized in aqueous solutions of cetyltrimethylammonium
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bromide and ammonia by reduction of cupric chloride with hydrazine. The

synthesis of metallic Cu nanoparticles was performed in a capped bottle by

mixing two aqueous solutions of CTAB, one containing cupric chloride plus

ammonia and the other hydrazine. From the analysis of TEM data, it was

ascertained that, after an initial decrease, the mean diameter of Cu nano-

particles approaches a constant value with the increase of hydrazine concen-

tration. It was suggested that the formation of a bilayer structure of CTAB

molecules prevents the particle agglomeration and precipitation58.

Silver and gold nanoparticles stabilized by a double layer of sodium

dodecylsulfate have been produced by laser ablation of a metal foil dipped

in a SDS micellar solution. It was observed that nanoparticle size decreases

with the surfactant concentration and by decreasing the laser power. The

experimental Wndings were rationalized in terms of the rapid formation of

nuclei from the dense cloud of atoms in proximity of the metal foil generated

by the laser light followed by their growing process due to the residual metal

atoms and/or by their coating with SDS molecules. Then, the Wnal nanopar-
ticle size resulted from the competition between these two last processes both

sustained by the slow diVusion within the liquid medium. Advantages of this

method are the easy size control by laser power and/or surfactant concen-

tration and the absence in the Wnal system of side products such as these

occurring in chemical reduction of metal ions59,60.

Gold nanoparticles were obtained by laser ablation of a gold metal plate

immersed in an aqueous solution of sodium dodecylsulfate. The subsequent

irradiation of the suspension with a laser at 532 nm allowed the controlled

size-reduction of gold nanoparticles. This is because, when the laser wave-

length coincides with that of a strong absorption band of the nanoparticles,

the photon energy absorbed is signiWcantly converted as thermal motion of

the nanoparticle lattice leading to its fragmentation61.

Bimetallic gold/palladium nanoparticles were prepared by ultrasound ir-

radiation of an aqueous solution of sodium tetrachloroaurate (III) and so-

dium tetrachloropalladate (II) in the presence of sodium dodecylsulfate. It

was suggested that the surfactant holds the double role of enhancher of the

reduction rate of metallic ions and stabilizer of the bimetallic nanoparticles62.

A stable aqueous dispersion of Ag nanoparticles coated by sodium oleate

was prepared by chemical reduction of AgNO3 with NaBH4. After contact-

ing the aqueous dispersion with toluene and by adding NaH2PO4, these

nanoparticles were transferred at the water/toluene interface. At higher

sodium oleate concentration, the surfactant coat makes Ag nanoparticles

hydrophobic so that they are totally transferred in the organic phase. By

immersing a hydrophilic slide in the two-phase system, it was observed that

Ag nanoparticles spontaneously climb up the surface, forming a thin layer63.

Silver, gold, and silver-coated gold nanoparticles have been synthesized by

an electrochemical method in aqueous micellar solutions. The electrolytic

cell was constituted by a gold electrode working as anode and a platinum

plate as cathode. The solutions employed were obtained by dissolving
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AgNO3, CH3 COCH3, C32H68BrN; and [CH3(CH2)15]N(CH3]3Br in water.

The electrolysis was carried out under ultrasound irradiation and at constant

temperature64.

4.4.2. Synthesis of Semiconductor Nanoparticles in

Aqueous Micellar Solutions

A wide range of stabilizers is intentionally introduced in some reacting

systems to improve nanoparticle stability in aqueous media or to confer

speciWc properties, and their choice is based on their binding eYciency

toward the surface atoms. For example, undoped ZnS nanoparticles have

been synthesized by dropwise addition of an aqueous solution of Na2S to

aqueous solutions of zinc chloride and mercaptoethanol. The precipitate

constituted by mercaptoethanol-capped Zn nanoparticles was washed and

dried. It was found that the nanoparticle size can be regulated by varying the

initial concentrations of ZnCl2, Na2S, and mercaptoethanol. Doped ZnS

nanoparticles were simply obtained by adding NiCl2 or FeCl3 to the

ZnCl2þ mercaptoethanol solution. It was observed that the intense blue

emission of undoped ZnS nanoparticles can be progressively quenched by

increasing the amount of iron and nickel doping65.

ZnS nanotubes (diameter 37–52 nm, length up to 3mm) were synthesized

by mixing an aqueous solution of zinc acetate with an aqueous solution

containing Triton-X100, NH4OH, and CS2. After reaction, the precipitate

was Wltered and washed with water and ethanol. It was observed that the

ZnS nanotube formation is aVected by the surfactant concentration and

aging time66.

Tin oxide nanoparticles in the size range of 2–3 nm were prepared by

pulsed laser ablation of tin metal plate in aqueous solutions of sodium

dodecylsulfate leading to stable nanoparticle dispersions. It was suggested

that tin oxide would be formed by the reaction between ablated tin species

and water molecules while aggregation and growth of nanoparticles is

assisted by surfactant molecules67.

SnO2 nanoparticles were prepared by mixing an aqueous solution of

cetyltrimethylammonium bromide and NH3 with an aqueous solution of

SnCl4. The resulting precipitate was separated, washed, and dried. By cal-

cination, the amorphous SnO2 was transformed into highly crystalline tin

dioxide nanoparticles68.

Size-controlled trigonal tellurium nanorods were synthesized in aqueous

micellar systems containing (NH4)2TeS4 by adding dropwise a sodium sulWte
solution in water. As surfactants, sodium benzenesulfonate, sodium dodecyl-

sulfate, sodium stearate, and sodium laurate were employed. It was suggested

that the formation of nanorods is a consequence of the preferential adsorption

of the surfactant for some crystal planes of the nanoparticles. Diameter and

length of the nanorods was controlled by changing the nature of the surfac-
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tant. It was observed, in fact, that an increase of the surfactant alkyl chain and

head group polarity leads to a decrease of the diameter and length of the

nanorods. It was also observed that tellurium nanorods of uniform size are

able to self-assemble forming extended smectic-like arrays69.

4.4.3. Synthesis of Magnetic Nanoparticles in Aqueous

Micellar Solutions

Stable CoxFe3�xO4 nanoparticles (0:4#X#1) having size varying from 6.3 to

10.5 nm have been synthesized by adding Fe(NO3)3 and Co(NO3)2 to an

aqueous solution of sodium dodecylsulfate followed by NaOH addition70.

CoCrFeO4 nanoparticles have been synthesized by Wrst mixing aqueous

solutions containing CoCl2, CrCl3, and Fe(NO3)3, respectively. Then, an

aqueous solution of sodium dodecylsulfate was added and the mixture was

stirred continuously. Finally, as capping agent, methylamine was added. The

size (8–16 nm) of CoCrFeO4 nanoparticles was controlled by changing the

temperature71.

Nearly spherical Fe3O4 nanoparticles (mean size 9.3 nm) entrapped in

bilayers of n-alkanoic acids dispersed in water have been synthesized.

After coprecipitation of Fe(II) and Fe(III) ions by NH4OH within an

aqueous solution and addition of a fatty acid, the suspension was precipi-

tated with acetone and methanol. This procedure allowed the preparation of

Fe3O4 nanoparticles coated by a monolayer of surfactant molecules oriented

so that the acidic group is chemisorbed to the nanoparticle surface and the

alkyl chain protrudes toward the surroundings. In such condition, the

nanoparticles become hydrophobic and are prevented against agglomer-

ation. After careful washing, the precipitate was suspended in an aqueous

solution of the ammonium salt of a fatty acid and vigorously stirred until a

stable suspension was obtained. This step allowed to build up a second layer

of surfactant molecules oriented so that the particle becomes hydrophilic

leading to stable dispersions. It is worth noting that the two-step synthetic

strategy permits to select separately the surfactant pair forming the primary

and the secondary layers so that the control of the nanoparticle surface

properties and of the stability of the aqueous suspensions can be achieved72.

Superparamagnetic iron oxide nanoparticles with a size of few nanometers

were synthesized by adding an aqueous mixture of ferric and ferrous salts to

an aqueous NaOH solution. The product was separated from the solvent

medium by a magnetic Weld and decantation. Subsequently, the nanomater-

ial was treated with an aqueous solution of sodium oleate to form stable

surfactant-coated iron oxide nanoparticles73.

Magnetite nanoparticles were synthesized by alkalinization of an

aqueous mixture of ferrous sulphate and ferric chloride. By adding the

surfactant N-oleylsarcosine, it was observed that at a surfactant to Fe3O4

molar ratio lower than 0.22 and pH in the range 5–9.5, only a monolayer

of oriented surfactant molecules is adsorbed at the nanoparticle surface.
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In such conditions, nanoparticles are hydrophobized and Xocculate. On the

other hand, at a molar ratio greater than 0.37 and pH in the range 6–8.5, a

bilayer of surfactant molecules is formed. This involves that the nanoparti-

cles are hydrophilic and the nanoparticle suspensions are stable74.

Iron oxide and silver nanoparticles coated by oleic acid were synthesized

by thermal treatment of iron pentacarbonyl and silver triXuoroacetate in the

presence of oleic acid. Subsequently, the stable suspensions of these nano-

particles in n-hexane were mixed under stirring with an equal volume of an

aqueous solution of a-cyclodextrin. In such circumstances, the complete

transfer of capped nanoparticles in the aqueous phase was achieved. This

phenomenon was attributed to the formation of an inclusion complex be-

tween surfactant molecules linked to the nanoparticle surface and a-cyclo-
dextrin. It was also observed that the nanoparticles can be precipitated from

the aqueous suspensions by salt addition75.

A stable suspension ofFe3O4 nanoparticles coated by an inner hydrophobic

layer of poly(propylene oxide) and an outer hydrophilic layer of poly(ethylene

oxide) have been synthesized in aqueous solutions containing iron (III) and

iron (II) chlorides, ammonium hydroxide, and a graft copolymer. The graft

copolymer was prepared through the reaction between poly( acrylic acid) and

amine-terminated poly(propylene oxide) and poly( ethylene oxide). The bind-

ing of the copolymer and magnetite growth inhibition was attributed to the

formation of chemical bonds between carboxylic acid groups of the copoly-

mer and the nanoparticle surfacial species76.

Phosphorylcholine-coated iron oxide nanoparticles were synthesized by

injecting aqueous solutions of FeCl2 and FeCl3 in tetramethylammonium

hydroxide micellar solutions. Coating was achieved by mixing the nanopar-

ticle suspension with PEG400 and phosphorylcholine. Phosphorylcholine

was previously treated with a mixture of acidic and basic exchange resins

to obtain a stable nanoparticle dispersion77.

4.4.4. Synthesis of Miscellaneous Nanoparticles in Aqueous

Micellar Solutions

Highly stable mesoporous metal oxides (zirconia, vanadia, and titania) were

synthesized in aqueous solutions of hybrid Gemini surfactants. The synthesis

was carried out by mixing under vigorous stirring an aqueous solution of the

metal salt (zirconium sulphate, vanadyl sulphate, titanium sulphate) with an

aqueous solution of Gemini surfactant characterized by the presence in its

molecule of a siloxane moiety. Reactions led to the formation of precipitates

that were Wltered, washed, and calcinated. It was suggested that the silox-

ane moiety plays a pivotal role in determining the Wnal structure of the

mesoporous metal oxides78.

Nanoparticles of vanadium (IV) oxo(phthalocyaninato) were obtained

by laser irradiation of an aqueous solution of this substance. In the

presence of some surfactants, an increase of the number and stability of
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nanoparticlesand a decrease of their mean size was observed. It was also

noted that the intensity of the irradiation needed to obtain nanoparticles is

lowered. All these eVects were attributed to an inhibition of the association

tendency of the organic nanoparticles79.

Functionalized silica-shell Fe2O3 þ dye core nanoparticles have been syn-

thesized in aqueous micellar solution. Initially, iron dodecylsulfate and

methylamine were dissolved in water followed by the addition of the ASPI-

SH Xuorophore to the ferroXuid. To coat the Fe2O3 þ dye nanoparticles with

a silica layer, the suspension was treated with sodium silicate and, after

puriWcation, with tetraethylorthosilicate and NH4OH. Finally, nanoparticles

were functionalised by reaction with triethoxysilylpropyl-carbamoyl butyric

acid. The selective uptake of these nanoparticles by speciWc cancer cells was
ascertained80.

Mesoporous silica particles were synthesized by spray drying aqueous

solutions containing HCl, cetyltrimethylammonium chloride, and tetra-

ethoxysilane. During solvent drying, silica and surfactant self-assemble

forming well-ordered mesoporous materials. By changing composition and

outlet temperature of the employed spray dryer, hollow spherical particles or

spheres with the walls collapsed were obtained81.

Boehmite (AlOOH) nanoWbers were prepared by adding freshly prepared

aluminium hydrate solution to the nonionic surfactant poly(ethylene oxide)

(C12---14H25---29O(CH2CH2O)7H). The aluminium hydrate was prepared by

dropwise addition of an aqueous solution of NaAlO2 to an acetic acid

solution under vigorous stirring; then it was separated and washed. Subse-

quently, the freshly prepared aluminium hydrate was mixed with poly(ethyl-

ene oxide) and then maintained at 373 K. It was found that the surfactant

plays a pivotal role in the nanoWber growth: the surfactant micelles interact

with the hydroxyl groups on the surface of the bohemite nanoparticles

through the formation of hydrogen bonds; so directing the uniaxial nanoW-
ber growth82.

Anthracene nanoparticles dispersed in water have been prepared by a novel

sonicationmethod. In a typical procedure, a solution of anthracene in acetone

was injected inwater or aqueous surfactant solutions during sonication. It was

observed that in the presence of cetyltrimethylammonium bromide, sodium

bis(2-ethylhexyl)sulfosuccinate, sodium dodecylsulfonate, and polyvinylpyr-

rolidone, a better control of nanoparticle size, morphology, and stability is

reached. In particular, nanoparticles become smaller andmore uniform in the

presence of surfactants due to adsorption of micelles on the nanoparticle

surface leading to inhibition of the nanoparticle-nanoparticle aggregation

process. It was also found that as a consequence of surface eVects, anthracene
nanoparticles exhibit enhanced optical properties83.

Electroconductive polyaniline nanoparticles were synthesized in

aqueous micellar solutions of dodecylbenzene sulfonic acid (DBSA) by

chemical oxidative polymerization of aniline. In particular, after

solubilization of monomeric aniline in DBSA aqueous solution,
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ammonium peroxydisulfate was added as initiator. The polymerization was

stopped by adding methanol, leading to precipitation of polyaniline nano-

particles. It was observed that the electrical conductivity of the resulting

nanomaterial varied with the initial DBSA to aniline molar ratio. A similar

procedure was followed to synthesize poly(3,4-ethylene dioxythiofene) nano-

particles showing enhanced processability84,85.

Hollow spherical polystyrene nanoparticles with a diameter of 15–30 nm

and thickness of about 2–5 nm in poly(oxyethylene)-poly(oxypropylene)-

poly(oxyethylene) triblock copolymer/water micellar solutions have been

synthesized. The strategy of the synthesis consists in the formation, by

in situ two-step polymerization, of polymethylmethacrylate/polystyrene

core/shell nanoparticles conWned in the micellar cores. Then, the polymethyl-

methacrylate cores were removed by using as etching solvent methylene

chloride. Hollow nanospheres were separated from the reaction mixture by

ethanol addition86.

Nanoparticles of some electroconductive polymers (polyaniline, poly(3,4-

ethylenedioxythiophene), showing enhanced conductivity, were prepared

successfully in sodium dodecylsulfate and dodecylbenzene sulfonic acid

micellar solutions87.

4.5 Nanoparticle Synthesis in Reversed Micelles

Reversed micelles represent one of the most interesting structures able to

synthesize and host nanoparticles, and for this reason a lot of diVerent
protocols based on these systems are reported in the literature. Solutions

of reversed micelles have also been frequently employed as templates for

nanoparticle and mesoporous materials88.

The mechanism of formation of nanoparticles occurs by diVusion of the

reversed micelles containing the reactants, collisions, and intermicellar fu-

sions. This last step allows mass transfer, contact between reactants, and the

formation of products (nanoparticle precursors). Only a fraction of all the

intermicellar collisions leads to micellar fusion and material exchange pro-

cess. This involves that the rate of precursor formation is controlled by the

reversed micelle diVusion triggered by the fraction of the intermicellar

collisions followed by an exchange event.

With the same mechanism, precursors are continuosly exchanged among

micelles, but showing a strong tendency to aggregate, they progressively

accumulate in some ‘‘lucky’’ micelles. This is because, as precursors accu-

mulate within a micelle, the size of the precursor aggregate increases, making

increasingly diYcult their exchange with neighboring micelles. Above a

threshold size, the precursor aggregates cannot be transferred among mi-

celles. Obviously the growth of these aggregates stops when all the pre-

cursors have been incorporated in all the nanoparticles.
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Some additional phenomena can change this mechanism. Adsorption of

surfactant molecules on the nanoparticle surface and nanoparticle surface

poisoning could inihibit the nanoparticle growth and lead to smaller nano-

particles. A schematic representation of the formation of nanoparticles in

solutions of reversed micelles is shown in Fig. 4.4.

Many factors contribute to the control of the particle size, polydispersity,

and dispersion stability in reversed micellar systems. Some leading factors

are the size of reversed micelles and their concentration, the mean number of

reactant molecules for each micelle, and the rate of the intermicellar material

exchange process. As external parameters, the water to surfactant molar

ratio, the nature and concentration of the surfactant, and temperature can

be identiWed.

4.5.1. Synthesis of Metal Nanoparticles in Reversed

Micelles

Copper nanoparticles with size in the range 10-120 Å were obtained by

mixing solutions of AOT reversed micelles containing copper bis(2-ethylhex-

yl)sulfosuccinate with an aqueous solution of hydrazine. An increase of the

size and polydispersity was observed by increasing the water content.

Besides, the size increased by increasing the copper concentration or by

decreasing the surfactant concentration. It was also observed that at a water

to AOT molar ratio greater than 3, the formation of copper oxide occurs89.

Silver nanoparticles were synthesized by mixing two solutions of AOT

reversed micelles containing AgNO3 and NaBH4, respectively. In order to

investigate the eVect of the intermicellar exchange rate on the nanoparticle

size, the organic solvent (cyclohexane, heptane, and decane) was changed

or various additives (benzyl alcohol and toluene) and surfactants (SDS,

A B P

P P

Figure 4.4. Nanoparticle formation mechanism in reversed micelles.
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DTAB, NP-5) were added. It was observed that an increase of the inter-

micellar exchange rate promotes the formation of a greater number of

nuclei giving smaller nanoparticles90.

Silver nanoparticles were produced in silver nitrate containing water-AOT

reversed micelles dispersed in compressed propane by reduction with

NaBH4. To recover nanoparticles from the high-pressure vessel, the content

was directly transferred to a normal liquid micellar solution or after removal

of the supercritical Xuid depressurizing the reaction chamber and then

collecting the resulting nanoparticle/surfactant composite91.

Gold nanoparticles stabilized by a monolayer of cetyltrimethylammonium

bromide were prepared by mixing under stirring a solution of CTAB in

toluene with an aqueous solution of hydrogen tetrachloroaurate. The com-

plexation of tetrachloroaurate anions with CTAB cations allowed the trans-

fer of the metal from the aqueous solution to toluene where the surfactant

forms reversed micelles. Then, an aqueous solution of sodium borohydride

was added to the toluene solution leading to the formation of surfactant

coated gold nanoparticles. By toluene evaporation, 2D and 3D networks of

gold nanoparticles were obtained92.

Silver nanoparticles were synthesized in solutions of reversed micelles

formed by an amphiphilic block copolymer (L92, (EO)8(PO)50(EO)8) in p-

xylene. The size of nanoparticles was varied in the range 3–14 nm by

changing the experimental conditions. The synthesis was carried out by

mixing two reversed micelle solutions containing an aqueous solution of

AgNO3 and an aqueous solution of KBH4, respectively. After the synthesis,

Ag nanoparticles were recovered by increasing the system temperature. The

separation is due to the sharp increase of the surfactant critical micellar

concentration with temperature leading to reversed micelle breakage and

nanoparticle precipitation while the surfactant remains in the organic

phase93.

Ag nanoparticles have been synthesized in solutions of AOT reversed

micelles in isooctane by mixing two micellar solutions containing AgNO3

and KBH4, respectively. The application of ultrasound immediately after the

mixing process led to the formation of needle-like and wire-like Ag nano-

particles while in absence of ultrasound nearly spherical ones were

obtained94.

Pd nanoparticles were synthesized in solutions of reversed micelles by

reduction of hexachloroplatinic acid with hydrazine monohydrate. Then,

Al2O3 powder was added to the nanoparticle dispersion under vigorous

stirring. The complete transfer of the Pd nanoparticles on Al2O3 surface

was achieved by the addition of tetrahydrofurane95.

Cobalt nanoparticles, synthesized by the thermolysis of Co2(CO)8 in C-

undecylcalix[4]resorcinarene tetraphosphate/toluene solutions, self-assemble

forming chains and rings when re-dispersed in the presence of undecylca-

lix[4]resorcinarene. Chain and ring formation is due to magnetic interactions

among Co nanoparticles96.
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Fe/Pt nanoparticles coated by a chemically bonded surfactant layer were

synthesized by reaction between iron pentacarbonyl and platinum (II) acet-

ylacetonate using as solvent medium a solution of oleic acid and oleylamine

in dioctylether. After reaction, nanoparticles were separated from the solu-

tion by adding ethanol and centrifugation. It was found that the surfactant

coated Fe/Pt nanoparticles can be dispersed in pure hexane97.

Pt-core Co-shell nanoparticles were prepared by chemical reduction of

cobalt acetate tetrahydrate and platinum (II) acetylacetonate with 1, 2

hexadecandiol dissolved in dioctylether. As nanoparticle stabilizers, oleic

acid and lauric acid were added. The chemical reaction was carried out at

about 3008C under stirring and in a nitrogen atmosphere. The resulting

powder was washed and dried. It was observed that such nanoparticles

form self-assembled spherical superaggregates and that the oxidation of

the external cobalt layer is limited by the surfactant coating98.

4.5.2. Synthesis of Semiconductor Nanoparticles in

Reversed Micelles

CdS nanoparticles have been synthesized by adding tetrabutylammonium

hydrogen sulphite to water/AOT/n-heptane solutions containing CdSO4.

Analysis of UV-vis absorption spectra recorded as a function of time indi-

cated that an initial rapid formation of CdS nanoparticles is followed by a

very slow growth process. This growth process was totally inhibited by the

addition of bis(2-ethylhexyl)amine (BEA) leading to the formation of stable

nanosized CdS nanoparticles coated by an oriented monolayer of chemically

bonded BEA molecules. Depending on the BEA addition time, the growth

inhibition can be achieved at any moment of the process leading to an easy

and Wne size control. Another advantage of this method is that BEA-coated

CdS nanoparticles can be easily separated from the reaction medium and

dispersed in a nonpolar media such as heptane and in polar media such as an

aqueous surfactant solution99.

Metal sulWde nanoparticles (CdS, ZnS, mixed CdS-ZnS, ZnS-coated CdS)

have been synthesized in AOT reversed micelles. Then by in situ polymer-

ization of diisocyanates, these nanoparticles were immobilized in polyurea

particles. The resulting nanoparticle/polyurea composites were collected by

centrifugation and tested as photocatalysts for the generation of H2 from 2-

propanol aqueous solutions or to produce nanoparticle containing transpar-

ent Wlms100.

CdS nanoparticles were prepared in self-reproducing reversed micelles

dispersed in isooctane-octanol mixtures. The self-replication process is

based on the hydrolysis of octyloctanoate catalyzed by lithium hydroxide

conWned in the aqueous core of sodium octanoate reversed micelles while

that leading to CdS nanoparticles is the reaction of Cd2þ ions with H2S

occurring in the micellar conWned space. The CdS were subsequently capped
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with mercaptopropionic acid and separated by Wltration. These coated

nanoparticles resulted to be fully dispersible in water101.

CdyZn1�yS mixed nanoparticles have been prepared by mixing three

solutions of reversed micelles with the same water content and sodium (2-

ethylhexyl)sulfosuccinate concentration (0.1 M) but containing

Na2S , Zn(AOT)2, and Cd(AOT)2, respectively. The formation of nanopar-

ticles, ascertained by UV-vis spectroscopy, was emphasized by an absorption

band occurring in the 250-450 nm range. The presence of a well-developed

excitonic peak suggested that nanoparticle with a low size distribution are

synthesized. Due to the rapid intermicellar material exchange process, the

formation of nanoparticles occurs in a few seconds. It was also observed a

progressive red shift with time suggesting a slow growing process of nano-

particles. However, by adding benzene thiol or dodecane thiol, this growing

process was completely inhibited. This was attributed to the chemical reac-

tion between thio-compounds and nanoparticle cations. It was also ascer-

tained that, independently on the y value, the CdyZn1�yS nanoparticles size

(15–30 Å) is controlled by the size of the aqueous micellar core102.

Solutions of reversed micelles can be used as useful media to insert

nanoparticles in mesoporous materials giving quite ordered nanostructures.

Nanosize CdS particles synthesized in AOT reversed micelles dispersed in n-

octanewere conWned in siliceousMCM-41nanochannels by simply contacting

the nanoparticle containing micellar system with the mesoporous material103.

Depending on the nature of surfactant and experimental conditions,

diVerent nanosystems are obtained. ZnS nanowires with diameters of 40–

80 nm and lengths up to tens of microns were prepared by mixing at room

temperature equal volumes of two solutions of polyoxyethylene (9) dodecy-

lether (C12E9) reversed micelles in cyclohexane containing zinc and sulWde
ions, respectively104.

It has been found that mixing two liquid solutions containing nanoparti-

cles of opportunely chosen water-soluble materials allows the formation of

the insoluble salt via a solid-solid reaction between nanoparticles. For

instance, the blending of two AOT/n-heptane solutions containing Na2S

and ZnSO4 nanoparticles, respectively, leads to the formation of ultra-

small (diameter #1 nm) ZnS surfactant-coated nanoparticles at relatively

high concentration105.

Even if tests on the extensibility of this synthetic route to other substances

are currently being carried out, this method seems to be quite general and

has speciWc advantages:

. nanoparticle size is generally very small

. nanoparticle concentration is very high

. because nanoparticles are formed by a fast solid-state reaction, they

can have a structure very diVerent from that of the nanoparticles

synthesised so far, thus exhibiting exotic behaviour and enhanced

photophysical properties.
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For instance, AgCl and AgBr nanoparticles synthesised by this method

showed marked quantum size eVects and an unexpected lightfastness106.

Superparamagnetic ferrite nanoparticles and semiconductor CdS nano-

particles have been trapped in the gel strands of the p-chlorophenol/AOT/

CCl4 organogel system. Because a trace of water inhibits the organogel

formation, after the classic nanoparticle synthesis in the water/AOT/CCl4
systems, the system was dried by evaporation of the volatile components and

then the original concentration of the organic solvent was restored. Finally,

by adding p-chlorophenol, the anhydrous micellar systems were transformed

in a nanoparticle containing highly viscous organogels107.

Silica nanoparticles have been synthesized by the hydrolysis of tetraethox-

ysilane (TEOS) in presence ammonium hydroxide occurring in the conWned
space of water containing AOT reversed micelles dispersed in n-decane. The

surfactant concentration was in the range 0.1–0.24 M, the water to TEOS

ratio 18.5, and the water to surfactant ratio R in the range 2–9.5. It was

observed that below R ¼ 4 no particles are formed. This indicated that the

water present in the system is totally engaged in the solvation of sodium

counterions and surfactant head groups and it is not available for TEOS

hydrolysis. In the range 5 < R < 9:5, spherical nanoparticles of mean size

(100–350 Å) increasing with R and showing a broad size distribution were

obtained. It must be noted that nanoparticle size exceeds signiWcantly that of
reversed micelles, emphasizing the dynamic nature of these aggregates.

Finally, it was observed that the nanoparticle size increases with time and

consequently the dispersions are not stable with time, leading eventually to

the formation of gel-like precipitates. This is a drawback arising from the

contemporaneous hydrolysis of AOT in presence of hydroxyl ions resulting

in the formation of sodium carboxylate and 2-ethylhexanol108.

Silica-network structure was formed by hydrolysis of tetraethoxysilane

(TEOS) in solutions of reversed micelles composed by didodecyldimethy-

lammonium bromide (DDAB), cyclohexane, and aqueous solution of HCl.

Initially, an aqueous solution of HCl was dissolved in DDAB/cyclohexane

solution followed by TEOS addition to the micellar system. Then,

appropriate amounts of aqueous NaOH were added to neutralize HCl.

The formation of spherical silica particles was observed, which, through a

clustering process, were converted into an interconnected silica rod network

upon HCl neutralization. Macroscopically, the network formation is

accompanied by the system transition from a Xuid sol to a highly viscous

transparent gel109.

By solubilizing titanium isopropoxide in solutions of water containing

Triton X-100 or AOT reversed micelles, the formation of gels was ob-

served. Gelling was attributed to the hydrolysis of titanium isopropoxide

leading to an extended -O-Ti-O-Ti-network. These gels can be easily depos-

ited on glass slides as thin and transparent TiO2/surfactant Wlms. It was

suggested that TiO2/Triton-X 100 composites are constituted by spherical

TiO2 nanoparticles coated by a surfactant layer while TiO2=AOT ones are
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characterized by an ordered array of surfactant capped cylindrical TiO2

nanoparticles. Finally by heating at suYciently high temperature these

Wlms, the surfactant was removed, obtaining interesting mesoporous Wlms110.

Nanoparticles of AgCl, AgI, Ag2S, and silver tetraphenylborate have been

synthesized in water containing AOT reversed micelles by mixing two micel-

lar solutions at the same AOT concentration, one containing silver nitrate

and the other NaCl, KI, (NH4)2S, or Na(C6H5)4B. By calorimetric meas-

urements, it was shown that the molar enthalpies of nanoparticle formation

are independent of the surfactant concentration but are dependent on the

reagent salt concentrations and the R value. Moreover, the molar enthalpies

for the same processes in bulk water are not approached even at the highest

R value. This behavior was attributed to the smalleness of the nanoparticles

and to interactions between ions and the micellar interface111.

4.5.3. Synthesis of Magnetic Nanoparticles in Reversed

Micelles

Fe3O4 nanoparticles were prepared by mixing two water/AOT/isooctane

micellar solutions containing FeSO4 and NH4OH, respectively. The size of

nanoparticles was modulated by changing the solution composition. To

prepare mixed ferrites, the metal containing micellar system is obtained by

adding to the AOT/isooctane solution an aqueous solution containing

FeSO4 and MnSO4 or CoSO4. The use of a third micellar solution contain-

ing hydrogen peroxide allowing the total oxidation of Fe2þ to Fe3þ led to the

synthesis of g-Fe2O3
112.

Stable superparamagnetic surfactant-coated Fe2O3 nanoparticles of 5–

16 nm in diameter have been synthesized in surfactant/decane solutions by

sonochemical decomposition of Fe(CO)5. Size control and nanoparticle

stabilization was attributed to the formation of strong ionic bonds between

the surfactants (11-undecenoic acid, dodecylsulfonic acid, and octyl phos-

phonic acid) and the Fe3þ ions at the nanoparticle surface113.

Fe2O3 nanoparticles coated by sodium dodecylbenzene sulphonate were

prepared by adding the surfactant to a two-phase system constituted by an

aqueous FeCl3 solution and toluene. Then, an aqueous solution of NaOH

was added under stirring to the system. Fe2O3 nanoparticles of about 5 nm

stabilized by a surfactant monolayer were found in the upper organic

layer114.

Pt=Fe2O3 core-shell nanoparticles have been synthesized in a mixture

composed by 1,2 hexadecanediol, oleic acid, oleylamine, and octylether.

Initially, a solution of platinum acetylacetonate in octyl ether was added to

the mixture at 2908C. In such conditions, the formation of Pd nanoparticles

was observed. Then, iron pentacarbonyl was added, and the mixture was

reXuxed for a certain period of time. Pt=Fe2O3 core-shell nanoparticles were

washed with hexane and ethanol and separated by centrifugation. It was

observed that nanoparticles can be dispersed in dilute solution of oleic acid
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in hexane. By changing the experimental conditions, a control of the thick-

ness of the Fe2O3 shell was achieved
115.

Superparamagnetic MnFe2O4 nanoparticles in the size range 4–14 nm

were prepared in water containing dodecylbenzene sulfonate reversed mi-

celles dispersed in toluene. The synthesis was carried out by mixing aqueous

solutions of Mn(NO3)2 and dodecylbenzene sulfonate followed by the

toluene addition. Then, to the clear reversed micelle solution, an aqueous

solution of NaOH was added under vigorous stirring. The size of MnFe2O4

nanoparticles was controlled by changing the water to toluene ratio116,117.

Nanosized Fe3O4 nanoparticles were synthesized in petroleum ether Iso-

par M solution of the surfactant TEGO EBE45 consisting of a polystyrene

block and a poly(ethylene oxide) block. The synthesis was carried out by

dispersing under ultrasound irradiation a concentrated solution of

FeSO4 þHCl in TEGO EBE45/Isopar M solution. During this step, N2

was bubbled to avoid total oxidation of Fe(II). The, methoxyethylamine

was added to allow the formation of Fe3O4 nanoparticles
118.

Magnetic MnFe2O4 and ZnFe2O4 nanoparticles were prepared in water

and then capped and transferred in toluene by the coupled action of two

surfactants. In particular, MFe2O4(M ¼ Mn or Zn) nanoparticles were syn-

thesized by dissolving in water MCl2 � 4H2O and FeCl3 � 6H2O. Then, a

micellar solution of cetyltrimethylammonium bromide was added, maintain-

ing the system temperature at 708C. This treatment was followed by the

addition of an aqueous solution of NaOH to reach a pH value of 12. The

precipitate was washed with water and dried. Finally, a stable dispersion of

capped MFe2O4 nanoparticles was obtained by dissolving the precipitate in

a n-octylamine/toluene solution. It was observed that the nanoparticles can

be precipitated by adding 2-propanol119.

Cobalt nanoparticles coated by a chemically bonded oleic acid monolayer

were synthesized in apolar media leading to magnetic particles with en-

hanced stability. Co(CH3COO)2 4H2O, oleic acid, 1,2 dodecanediol, and

trioctylphosphine were dissolved in diphenyl ether and heated at 250 8C.
After reaction, cobalt nanoparticles were precipitated and washed several

times with ethanol120.

4.5.4. Synthesis of Miscellaneous Nanoparticles in Reversed

Micelles

MgO nanoparticles were prepared by hydrolysis of magnesium methylate in

water/methanol/toluene mixtures and thermally treated under pressure.

After solvent evaporation, MgO nanoparticles were suspended in AOT/

pentane or dodecyltrimethylammonium bromide/toluene solutions for

20 h. In such conditions, surfactant molecules are Wrmly adsorbed on the

nanoparticle surface. It was found that, after nanoparticle surface modiWca-
tion, the dispersion capability of nanosized MgO is improved while its
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reactivity is reduced due to steric hindrance and/or inhibition of Lewis acid

sites121,122.

Linear chains, rectangular superlattices, and long Wlaments constituted by

barium chromate nanoparticles have been synthesized by mixing a solution

of barium bis(2-ethylhexyl)sulfosuccinate with a solution of Na2CrO4 con-

taining AOT reversed micelles. These diVerent aggregation patterns have

been obtained by changing the reactant molar ratio and has been attributed

to the interdigitation of the surfactant monolayers coating adjacent nano-

particles123.

Micrometer-long BaSO4 nanowire has been synthesized by mixing a

solution of Ba(AOT)2 with a solution of AOT reversed micelles containing

sodium sulfate. The proposed mechanism for the nanowire synthesis is based

on the formation of nanoparticles inside reversed micelles followed by their

fusion as surfactant-coated nanowires124.

ZrO2 nanoparticles have been synthesized in solutions of carbon nano-

tubes containing AOT reversed micelles. After dispersion of carbon nano-

tubes in AOT/cyclohexane solution, it was dropwise added under stirring a

ZrOCl2 aqueous solution and then an ammonium hydroxide one. Left to

stand, the mixture formed two phases: an upper apolar phase containing

ZrO2 nanoparticles coated by AOT and carbon nanotubes and a lower

aqueous phase. ZrO2 nanoparticles were collected from the organic layer

and thermally treated. It was ascertained that carbon nanotubes eVectively
inhibited nanoparticle coalescence and stabilized cubic ZrO2

125.

Polyacrylamide nanoparticles conWned in water containing reversed mi-

celles dispersed in toluene have been prepared by in situ polymerization.

Starting from a water/acrylamide/AOT/toluene system, after addition of

azobisisobutyronitrile (AIBN), the reaction was initiated by the thermal or

UV activation of AIBN. At the end of the process, a bimodal particle size

distribution was found consisting of stable polymerþwater and water con-

taining AOT reversed micelles. It was proposed that the growth of poly-

acrylamide particles occurs by the monomer diVusion through the bulk

apolar medium and by intermicellar exchanges126.

Practically, nanoparticles of quite all water-soluble inorganic salts can be

obtained using water containing reversed micelles by the following simple

route. Starting from salt containing water/surfactant/organic medium re-

versed micellar systems, after evaporation of the volatile components

(water and apolar solvent), the resulting salt/surfactant composite is resus-

pended in a dry organic solvent. Both in composites and resuspended

composites, the presence of nanoparticles of the salt was observed. Follow-

ing this route, nanoparticles of CaCl2, Na2HPO4, Cu(NO3)2, ZnSO4, Na2S,

Co(NO3)2, AgNO3, KCl, and KBr have been synthesized2,105,106, 127,128.

By changing the experimental conditions (system composition, tempera-

ture, etc.), a Wne size control can be reached.

Small size nanoparticles of strongly hydrophilic substances can be

prepared by their direct solubilization in dry reversed micelle solutions.

144 4. Methods of Nanoparticle Synthesis



Following this route, nanoparticles of urea, acetamide, and n-methylurea

have been synthesized3,129–134.

Reversed micelles encapsulated in a polymer matrix were obtained by

radical polymerizations of styrene and divinylbenzene containing AOT re-

versed micelles entrapping in their interior water or formamide. The study of

the lifetime of Xuorescence emission of tris(22’-bipyridyl)dichlororuthenium
(II) conWned in the reversed micelles showed that in the polymerized

samples, AOT aggregates retain a liquid-like core135.

Trypsin nanoparticles with size in the range 3–15 nm were obtained by

precipitation from a water/AOT/decane system applying compressed CO2 at

appropriate pressure. It was observed that the amount of precipitated pro-

tein increases with the CO2 pressure and decreases by decreasing the water-

to-AOT molar ratio. Moreover, larger nanoparticles are obtained by in-

creasing the initial trypsin concentration136.

4.6 Nanoparticle Synthesis in Microemulsions

Microemulsions have been widely employed for the synthesis of nanoparti-

cles137,138. Their advantage is the possibility to solubilize a relevant amount

of nanoparticle precursors within the typical nanoscopic domains character-

izing these systems. This is because the size of the aggregates dispersed in the

bulk medium is generally higher than that realized in direct and reversed

micellar systems.

The nanoparticle synthesis is generally performed by mixing two water in

oil (or oil in water) microemulsions containing the reactants conWned in the

aqueous (or apolar) cores of the aggregates. The interaggregate exchange of

materials, occurring on a timescale of milliseconds, allows the reactants to

come in contact and react, thus forming nuclei within the aqueous (or

apolar) cores of the aggregates. The continuous interaggregate exchange of

material fulWls the spontaneous nanocrystal tendency to unlimitedly grow,

but their entrapment in the conWned space and the surfactant adsorption at

the nanoparticle surface could hinder the growth process. These processes as

well as the conditions in which nucleation and growth take place are all

factors governing Wnal nanoparticle size and structure so that they allow to

prepare nanoparticles with desired structural characteristics. The interaggre-

gate exchange rate is found to be an important factor aVecting size and

growing rate of nanoparticles. A fast exchange rate leads to smaller nano-

particles and higher growing rates139–141.

Nanoparticles of a wide range of materials with a Wne size and polydis-

persity control have been synthesized using this technique142.

A thorough review of the preparation of nano-size catalysts from micro-

emulsions and their applications in heterogeneous catalysis has been

reported143.
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Moreover, the high monodispersity that can be obtained through this

route allowed study of the correlation between size/structure and physical

properties, thus permitting to achieve further insights in quantum conWne-
ment eVects144. Another advantage is the possibility of preparing doped,

solid solution nanoparticles and nanocomposites with desired composition

and structure102. For example, onion-like nanoparticles constituted by layers

of diVerent materials can be easily prepared by successive mixing of diVerent
microemulsions145.

4.6.1. Synthesis of Metal Nanoparticles in Microemulsions

In order to protect nanoparticles of metallic Fe, Co, and their alloys from

oxidation, the possibility to coat them with a layer of a noble metal has been

explored. Fe/Au core-shell nanoparticles have been successfully synthesized

using cetyltrimethylammonium bromide/butanol/water/octane w/o microe-

mulsions as solvent media both for the metal salts and the reducing agent

(NaBH4). The gold shell was obtained by the successive addition of the

appropriate amount of the aqueous gold salt146.

Silver nanoparticles were synthesized by mixing two w/o water/Pluronic

L92/p-xylene microemulsions containing AgNO3 and KBH4, respectively.

This method possesses the peculiarity to allow the recovery of the silver

nanoparticles by simply increasing the temperature. This is because the cmc

of Pluronic L92 in p-xylene increases dramatically with the temperature,

leading to destabilization of the surfactant aggregates and consequently to

nanoparticle precipitation93.

Silver and copper nanoparticles were synthesized in w/o microemulsions

composed by water, sodium bis(2-ethylhexyl) sulfosuccinate, perXuoropo-
lyether phosphate, and supercritical carbon dioxide. As reducing agents of

silver or copper nitrate dissolved in the aqueous core of the microemulsions,

sodium cyanoborohydride (NaBH3CN) and N,N,N’,N’-tetramethyl-p-

phenylenediamine (TMPD) were used. Metal reduction was accomplished

by adding an ethanolic solution of NaBH3CN or pure TMPD147.

Gold nanoparticles in the size range 10–100 nm were synthesized by

mixing two w/o microemulsions composed of water, tetraethyleneglycoldo-

decyl ether (Brij30) or ammonium laurate and hexane, one containing

tetrachloroauric acid and the other containing hydrazine. After reaction,

the colloidal dispersions were sprayed into an air/acetylene Xame allowing

for complete combustion of the organic components and low-cost produc-

tion of considerable amounts of gold-based nanomaterials148.

Platinum nanoparticles have been synthesized by chemical reduction of

PtCl4 conWned in water/AOT/cyclohexane microemulsions by dropwise add-

ition of an excess of hydrazine. After addition of alumina and tetrahydro-

furan, it was observed that platinum nanoparticles are quickly adsorbed at

the alumina surface. The catalytic eYciency of the resulting nanocomposites

was found to reach a maximum at a speciWc nanoparticle size149.
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Nearly monodisperse mixed platinum-ruthenium nanoparticles with a

mean size in the range 2.5–4.6 nm and enhanced catalytic activity were

synthesized by mixing two water/TRITON-X100/2-propanol/cyclohexane

microemulsions, one containing dihydrogen hexachloroplatinate (IV) and

ruthenium (III) chloride and the other containing hydrazine. The compos-

ition of the bimetallic Pt/Ru nanoparticles was regulated by changing the

relative amounts of the two metal salts dissolved in the microemulsions,

while their size can be reduced by decreasing salt concentration. It was

observed that, at low precursor concentration, the nanoparticle size is con-

trolled by nucleation, whereas at higher precursor concentration by inter-

aggregate collisions150.

Au-core Pt-shell nanoparticles with the diameter in the range 3–4.5 nm

were synthesized by chemical reduction of chloroauric and chloroplatinic

acid in water/AOT/isooctane microemulsions. The reduction reaction was

performed by mixing two w/o microemulsions containing the metallic spe-

cies and hydrazine, respectively. The structure of nanoparticles was deter-

mined by the fact that the nucleation rate of Au is faster than that of Pt. It

was found that the size of nanoparticles is regulated by the number of nuclei

initially formed, and it increases with the water-to-surfactant molar

ratio151,152.

Silica-coated rhodium nanoparticles have been synthesized using w/o

microemulsions composed of water, polyoxyethylene (15) cetyl ether, and

cyclohexane as reaction media. After solubilization of rhodium trichloride

into the microemulsion, it was added in successive steps: i) hydrazine hy-

drate, ii) tetraethylorthosilicate and NaOH solutions. Nanoparticles were

separated from bulk medium by adding propanol and by centrifugation.

After washing and drying, coated nanoparticles were calcined and reduced

with H2
153.

Metal (Pt, Pd, Pt/Ag)-core inorganic aerogel (silica, ceria)-shell nanopar-

ticles were synthesized in w/o microemulsions composed of water, cetyltri-

methylammonium bromide, and toluene. After addition of the aqueous

metal salt and NaOH solution to CTAB/toluene systems, chemical reduction

of the metal was accomplished by dropwise addition of an excess of hydra-

zine hydrate. Subsequently, tetraethylorthosilicate was added to the col-

loidal solution and, after ageing, it was centrifuged and Wltered. Surfactant
was removed by washing the precipitate, and nanocomposites were chem-

ically anchored to alumina, silica, or carbon by thermal treatment. The

formation of a thin and porous layer of silica coating the nanoparticles

allowing facile access to the internal metal core was ascertained154.

Bismuth nanoparticles (about 20 nm) were prepared by mixing two micro-

emulsions composed of poly(oxyethylene)9 nonyl phenol ether, and

poly(oxyethylene)5 nonyl phenol ether in petroleum ether, one containing

an aqueous solution of sodium borohydride and ammonia and the other an

aqueous solution of bismuth citrate. The bismuth nanoparticles were separ-

ated by centrifugation and washed with ethanol155.
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4.6.2. Synthesis of Semiconductor Nanoparticles in

Microemulsions

Star-shaped CdS nanoparticles in the size range 150–200 nm were prepared

by mixing an aqueous solution of CdCl2 and ethylendiamine with a solution

of CS2 and arachidic acid in benzene. The product was washed with ethanol

and water and then dried under vacuum156.

Monodisperse silica-cadmium sulWde nanoparticles were synthesized in w/

o microemulsions by the controlled hydrolysis of tetraethylene ortosilicate

(TEOS) in the aqueous micellar core and the addition of cadmium nitrate

and ammonium sulWde. Initially, liquid TEOS is added to a stirred w/o

microemulsion composed of IgepalCO-520 or Triton N-101 as nonionic

surfactants, water, hexanol (in the case of Triton N-101), and NH4OH.

The TEOS hydrolysis is a slow process requiring a period of 24 h for the

complete formation of SiO2 nanoparticles, while the addition of w/o micro-

emulsions containing cadmium nitrate and ammonium sulWde leads to the

fast production of CdS. In such conditions, by changing the order and the

timing of injection of reactants, nanoparticles with diVerent spatial compos-

ition can be obtained157.

CdS and ZnS nanoparticles were synthesized by mixing two water/Xuori-
nated AOT/supercritical CO2 microemulsions at the same water content, one

containing Na2S and the other CdNO3 or ZnNO3. The size of nanoparticles

is controlled by the water-to-surfactant molar ratio158.

TiO2 nanoparticles were synthesized by the hydrolysis of titanium tetraiso-

propoxide in w/o microemulsions formed by water, toluene, and a mixture of

dodecylbenzenesulfonate and sodium dodecylsulfate. After the synthesis,

TiO2 was separated from the reaction medium by centrifugation, washed to

remove traces of surfactants and toluene from the nanoparticle surface, and

dried.These nanoparticles showedagoodphotocatalytic activity, allowing the

decomposition of dodecylbenzene sulfonate and sodium dodecylsulfate159.

Nearly monodisperse and spherical NiS nanoparticles in the range

3–12 nm were synthesized by mixing two w/o microemulsions composed of

water, 1-butanol, the nonionic, biodegradable and nontoxic sucrose fatty

acid monoester (S-1170), tetradecane and Ni(NO3)2 or Na2S, respectively.

By centrifugation, a Wne powder was obtained that was washed and dried

before nanoparticle characterization. The size of NiS nanocrystals and the

width of their size distribution was found to increase with the initial con-

centration of the reactants160.

4.6.3. Synthesis of Magnetic Nanoparticles in

Microemulsions

Iron oxide-doped alumina nanoparticles were synthesized in water-in-oil

microemulsions formed by Igepal Co520 in cyclohexane. Microemulsions

were prepared by adding to the micellar system an aqueous solution of
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aluminium and iron nitrates. The hydrolysis of the metal salts was achieved

by addition of an aqueous solution of ammonium hydroxide. The extraction

of nanoparticles from the microemulsion was carried out by further addition

of ethanol and centrifugation161.

CoFe2O4- and MnFe2O4-core silica-shell nanoparticles have been synthe-

sized in w/o microemulsions. After the preparation of the bare CoFe2O4 and

MnFe2O4 nanoparticles, the respective powders were mixed with appropri-

ate amounts of aqueous NH4OH and polyoxyethylene(5)nonylphenyl ether

(Igepal CO-520)/cyclohexane solution. To the resulting system, tetraethylene

orthosilicate (TEOS) was added under stirring, and the core-shell nano-

particles were collected by a magnet162.

Size-controlled polymer-coated iron oxide nanoparticles were synthesized

by w/o microemulsions composed of water, AOT, and toluene. Firstly,

aqueous dispersions of iron oxide were obtained by adding a concentrated

solution of NaOH to a mixture of FeCl2 and FeCl3. After the addition of

trisodium citrate solution, the magnetic particles were precipitated with

acetone, and the precipitate was re-dispersed in water and dialyzed. Then,

monomeric acrylamide and N,N’-methylene bis(acrylamide) were dissolved

in the iron oxide aqueous suspension, and the total mixture was solubilized

in AOT/toluene solution. The acrylamide polymerization was performed at

60 8C using 2,2’-azobis(isobutyronitrile) or 2,2’-azobis(2-amidopropane)

dihydrochloride as initiators. After polymerization, aqueous dispersions of

the magnetic polymeric nanoparticles were obtained by precipitation-redis-

persion or phase inversion. It was found that the particle size is controlled by

the cross-linker concentration and surfactant to water ratio163.

Silica-coated iron oxide nanoparticles have been synthesized by mixing

under ultrasound irradiation two microemulsions, one containing FeSO4

and FeCl3 and the other tetraethylorthosilicate and NaOH or NH3. Iron

oxide is formed by the coprecipitation reaction of Fe(II) and Fe(III) ions

with inorganic bases whereas the silica coating by the slow base-catalyzed

hydrolysis of the tetraethylorthosilicate, leading to the formation of silicic

acid polymer. After reaction, the resulting mixture was centrifuged and the

precipitate washed several times with ethanol. To test the eVect of

surfactant nature on particle size, crystallinity, and magnetic properties,

three diVerent non-ionic surfactants were employed (Triton X-100, Igepal

CO-520, Brij-97). It was suggested that, by adsorption of biomolecules

(enzymes, antibodies, DNA, dextrans, starch, albumin) on the silica surface

of these nanoparticles, some specialized biomedical application can be

exploited164.

Superparamagnetic nickel nanoparticles were synthesized by chemical

reduction of nickel chloride with hydrazine in water/cetyltrimethylammo-

nium bromide (CTAB)/n-hexanol microemulsions. Reaction was carried out

at about 738C by mixing two w/o microemulsions solubilizing NiCl2 and

N2H4 þNH3, respectively. It was found that smaller nanoparticles can be

obtained at high CTAB to hexanol ratio, as this involves a more rigid
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interface. Moreover, it was observed that, at Wxed concentration of the metal

ions, the nanoparticle size decreases with the hydrazine concentration trend-

ing to a plateau value at high hydrazine to NiCl2 ratio
165.

Nearly monodisperse magnetic MnZn-ferrite nanoparticles were synthe-

sized in water-cetyltrimethylammonium bromide-hexanol microemulsions

by in situ coprecipitation of the hydroxides of Mn2þ, Zn2þ, and Fe2þ

followed by the oxidation of Fe(II) hydroxide. Initially, two water-CTAB-

hexanol microemulsions, one containing tetramethylammonium hydroxide

and the other FeSO4, MnSO4, and ZnSO4, were mixed. Then, a third

microemulsion containing H2O2 was added. It was found that the nanopar-

ticle size can be controlled by selecting the appropriate microemulsion

composition and reactant concentrations166.

4.6.4. Synthesis of Miscellaneous Nanoparticles in

Microemulsions

Nanosized cerium-terbium mixed oxides were prepared by mixing under

stirring two w/o microemulsions formed by water, Triton X-100, n-hexanol,

and n-heptane containing Ce(III) and Tb(III) nitrates and an alkali solution,

respectively. After reaction, the resulting mixture was centrifuged, and the

solid phase was separated by decantation, washed with methanol, dried, and

calcinated. In such conditions, the formation of high-surface-area nanoma-

terials with average size in the 5–7 nm range and interesting catatlytic

properties was ascertained167.

Metal oxide nanoparticles were synthesized in w/o microemulsions com-

posed by water, Triton X-100, n-hexanol, and n-hexane by adding under

stirring functionalyzed metal alkoxides. The metal alkoxides were modiWed
to obtain nanoparticles showing on their surface polymerizable groups.

Subsequently, these nanoparticles were employed as initiators for radical

polymerization using methyl methacrylate and styrene as monomers. This

procedure allowed the preparation of amorphous metal-oxide-core polymer-

shell nanoparticles of titanium, zirconium, tantalium, yttrium, and van-

adium, showing good control of composition and morphology of the result-

ing nanomaterials168.

Barium hexaaluminate nanoparticles were synthesized by mixing a solu-

tion of barium and aluminium alkoxides (Ba(OC3H7)2;Al(OC3H7)3) in iso-

octane with a w/o microemulsion composed of water, polyethylene adducts,

linear alcohols, and iso-octane. The microemulsion allowed the hydrolysis of

the alkoxides and condensation in conWned space so providing nanoparticle

size control. In order to coat barium hexaaluminate nanoparticles with rare-

earth and transition-metal oxides, nitrate or acetate salts of the desired metal

were added to the reacting mixture 12–24 h after the mixing process. Nano-

particles were recovered by freeze drying and calcinated. It was found that

nanoparticle morphology reXects that of the hydrophilic nanodomains char-

acterizing the structure of microemulsion169.
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Cu2O hollow nanoparticles of about 22 nm were synthesized using an o/w/

o emulsion as a template. Initially, aqueous solutions of potassium sodium

tartrate (C4H4O6KNa), CuSO4, NaOH, and dextrose were mixed and added

to a solution of polyvinylpyrolidone in heptane. This led to the formation of

a microemulsion. Then, the microemulsion was added to a solution of

lauryl-polyoxyethylene (7) ether (C12H25O(CH2CH2O)7) in order to obtain

o/w/o multiple emulsion and was heated in a microwave oven. The precipi-

tated nanomaterial was separated by centrifugation, washed, and dried170.

Polyaniline nanoparticles were synthesized in w/o microemulsions

through conWned polymerization of aniline induced by ultrasound irradi-

ation. The microemulsions were prepared by mixing cetyltrimethylammo-

nium bromide, n-hexanol, and a concentrated aqueous solution of HCl.

Then, an aniline/n-hexanol solution was added under ultrasound irradiation

and polyaniline was precipitated by induced separation using ethanol. The

resulting polyaniline nanoparticles are quite monodisperse, spherical, and

their size was controlled by that of the microemulsion droplets171.

Poly(methylmetacrylate) (PMMA) nanoparticles were synthesized in o/w

microemulsions composed of methylmetacrylate, sodium bis(2-ethylhexyl)-

sulfosuccinate and water. The polymerization was carried out at 608C using

potassium persulfate as initiator. The resulting latex was added to an acry-

lamide and N, N’-methylenebisacrylamide aqueous solution and polymer-

ized to obtain microstructured hydrogels. In such conditions, the

polymerization of acrylamide leads to the formation of a dendritic network

that incorporates the PMMA nanoparticles. These structures showed en-

hanced water uptake and mechanical properties172.

Stable nanoparticles of the organic compounds cholesterol, Rhovanil, and

Rhodiarome with a size of about 5–7 nm have been produced using water/

AOT/n-heptane, water/Triton/decanol, and water/CTAB/hexanol w/o

microemulsions. The method consisted in the dropwise addition of a solu-

tion of the organic compound in an organic solvent (acetone, ether, ethanol,

chloroform) to the microemulsion, and then the resulting mixture was

homogenized by ultrasound or by a magnetic stirrer. The formation of

nanoparticles was assured by TEM. The mechanism hypothesized to explain

nanoparticle formation is constituted by the following steps: i) the solution

of the organic compound penetrates in the micellar core. In this step, the

nature of the solvent inXuences the transport of the coumpound across the

surfactant monolayer surrounding the water droplet. ii) The accumulation

of the solute in the micellar core, the equilibration of the solvent concentra-

tion in the system and the intermicellar material exchange process determine

the nanoparticle formation. DiVerent hypotheses have been advanced to

explain nanoparticle stability: a) the nanoparticles are stabilized by a mono-

layer of surfactant molecules oriented so that the alkyl chains point toward

the bulk medium; b) the nanoparticles are surrounded by water and then by

opportunely oriented surfactant molecules; c) nanoparticles are surrounded

by a surfactant bilayer173.
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Cu2[Fe(CN)6] nanoparticles have been synthesized by dropwise addition

of a water/AOT/n-heptane microemulsion containing CuSO4 to another one

containing K4[Fe(CN)6]. It was observed that, following the inverse proced-

ure, i.e., the addition of the K4[Fe(CN)6] containing microemulsion to that

containing CuSO4, resulted in bulk precipitation174.

4.7 Nanoparticle Synthesis in Vesicles

The resemblance of vesicles and liposomes to cell membranes has driven

many researchers to use them as systems to model and/or to mimic the

mineralization processes occurring in the more complex biomembranes.

Moreover, many novel nanomaterials have been synthesized by vesicular

dispersions. On the other hand, investigations on the molecular mechanisms

underlying nuclei formation and growth in the vescicular space are of

theoretical interest. A schematic representation of nanoparticle formation

inside vesicles is shown in Fig. 4.5.

Two reaction domains can be recognized in the vesicles. The Wrst is the

vesicle inside where the growing nanoparticle will be conWned, the second is

the outer leaXet of the vesicle bilayer where the precursors can accumulate,

forming quite spherical nanoparticles or as hollow particles. Many nanopar-

ticles have been synthesized in direct vesicles. In the case of ionic surfactants,

the dissociation leads to the formation of an electric double layer and ion

accumulation, which could stabilize nuclei. Moreover, speciWc eVect and

molecular recognition between embryos and vesicle surface could favour

nanoparticle formation.

4.7.1. Synthesis of Metal Nanoparticles in Vesicle

Dispersions

2D and 3D platinum nanostructures have been obtained by chemical reduc-

tion of platinum salt with ascorbic acid in aqueous surfactant solutions. The

control of the resulting nanostructures was achieved using Sn(IV) octaethyl

porphyrin dichloride (SnOEP), allowing the initial formation of a large

number of Pt nuclei. In particular, after solubilization of SnOEP in aqueous

dispersions of 1,2 dioctadecanoyl-sn-glycero-3-phosphocholine and choles-

A B+

Figure 4.5. Nanoparticle synthesis in dispersions of vesicles.
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terol liposomes and dropwise addition of aqueous solutions of Pt salt and

ascorbic acid, the resulting mixture was irradiated with incandescent light.

Similar protocols were followed but using sodium dodecylsulfate or poly-

oxyethylene (23) lauryl ether (Brij-35) as surfactant solutions175.

Nano-size gold nanocrystallites were entrapped within multilamellar

phosphatidylcholine vesicles by in situ reduction of HAuCl4 due to the

lipid itself176.

Silver nanoparticles have been synthesized within the multilamellar ve-

sicles formed by Genamin T020. Multilamellar vesicles were obtained by

manual shearing of the surfactant with water followed by their dispersion in

water by mechanical stirring. The subsequent addition of an aqueous solu-

tion of AgNO3 led to the formation of Ag nanoparticles due to silver ions

diVusion through the lamellae and their reduction assisted by Genamin

T020. As an alternative procedure, the surfactant was directly sheared with

the aqueous solution of AgNO3, and the resulting multilamellar vesicles

were dispersed in water. The two procedures determined signiWcant diVer-
ences in the nanoparticle growth rate and structural properties177.

Stable polymerized diacetylene-coated silver nanoparticles have been syn-

thesized by simultaneous silver photoreduction and diacetylene monomer

photopolymerization under UV irradiation. Initially, an ethanolic solution

of 10,12-pentacosadiynoic acid was mixed with aqueous silver nitrate and

treated with ultrasound to allow the formation of diacetylene vesicles coated

by silver ions on both internal and external bilayer surfaces. The binding of

silver ions was attributed to chemical bonding with the carboxylic groups of

diacetylene. Subsequently, the mixture was exposed to UV radiation to allow

diacetylene photopolymerization and silver reduction178.

4.7.2. Synthesis of Semiconductor Nanoparticles in Vesicle

Dispersions

Nearly spherical CdS nanoparticles have been synthesized in aqueous

suspensions of monolamellar lecithin vesicles. The size of CdS nanoparticles

and their initial growing rate are regulatedby thepHof the vesicle suspensions,

presence of membrane modiWers, and Cd2þ ligands. By changing the prep-

aration procedure, nanoparticles were located to the inner and/or outer

surface of the lecithin vesicles179.

Crystalline silicon nanoparticles coated by a chemically bonded mono-

layer of octanol molecules were successfully incorporated into phospholipid

unilamellar vesicles dispersed in water. The capped nanoparticles were syn-

thesized by decomposition of phenylsilane in supercritical octanol/hexane

mixtures, allowing to obtain lipophilic particles stabilized against coalscence

and oxidation of the nanoparticle surface180.

Hollow nanoparticles of CdSe with size 100–200 nm in an aqueous dis-

persion of sodium dodecylsulfate (SDS) vesicles have been synthesized. An

aqueous solution of CdCl2 and SDS was exposed to low-intensity ultra-
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sound. In this step, SDS micelles are transformed in vesicles and Cd2þ ions

are absorbed on their surface. Then, a Na2SeSO3 aqueous solution was

gradually added. During the reaction, the resulting mixture was irradi-

ated with ultrasound probably to maintain SDS in the vesicular state. The

resulting yellow precipitate was collected, washed, and dried under vacuum.

To search for the best experimental conditions, the eVect of surfactant

concentration and temperature changes has been investigated181.

Size-quantized CdS nanoparticles showing a very low polydispersity were

synthesized in phosphatidylcholine vesicles dispersed in water. Higly mono-

disperse CdCl2 containing vesicles were prepared by dialysis of an aqueous

solution of phosphatidylcholine/n-hexyl-b-d-glucopyranoside mixed mi-

celles and cadmium chloride. Residual cadmium ions external to the vesicles

were eliminated eVectively by a cation exchange column. Then, stable and

monodisperse CdS nanoparticles entrapped in the vesicles were obtained by

adding ammonium sulWte to the vesicle dispersion under vigorous stirring. It

was found that CdS nanoparticle size is determined by the amount of

cadmium ions initially entrapped in the vesicles182.

Indium-tin hydroxide nanoparticles were formed by mixing two water/

AOT lamellar liquid crystals, one containing indium nitrate and tin chloride

and the other ammonium hydroxide. The application of shear force to the

mixture caused the formation of spherical multilamellar vesicles (spherulites,

diameter 300–10,000 nm) where the reaction took place, leading to small-

size indium-tin hydroxide particles183.

Multilamellar silica vesicles have been synthesized by hydrolysis of tetra-

ethoxysilane in water/cetyltrimethylammonium bromide/diethylether sys-

tems. After solubilization of CTAB in aqueous ammonia solution,

diethylether and TEOS was added under stirring. The precipitated matter

was Wltered, washed, and dried. By changing the diethylether concentration,

as a consequence of the templating eVect of the surfactant aggregates, star-
like or bowl-like silica vesicles were obtained184.

4.7.3. Synthesis of Magnetic Nanoparticles in Vesicle

Dispersions

Iron oxide nanoparticles entrapped in aqueous vesicles formed by the photo-

chromic amphiphilic spiropyran were obtained by mixing the vesicular

dispersion with commercially available magnetic Xuid. Such Xuid was com-

posed by surfactant-coated, nearly monodisperse iron oxide nanoparticles

with a size of 10 nm. The resulting magnetic vesicles showed superparamag-

netic properties at room temperature185.

Monodisperse g-Fe2O3 nanoparticles were entrapped in egg phosphati-

dylcholine liposomes by mixing the surfactant with a maghemite nanocrystal

aqueous suspension followed by repeated extrusion through polycarbonate

Wlters. Then, by gel exclusion chromatography, Fe2O3 nanoparticles lying in
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the bulk aqueous medium were removed. It was observed that the permea-

bility of liposomes can be altered by addition of the non-ionic surfactant

octyl-b-d-glucopyranoside, leading to signiWcant leakage of the magnetic

nanoparticles186.

Superparamagnetic monocrystalline magnetite nanoparticles have been

synthesized in aqueous solution of unilamellar vesicles formed by cetyltri-

methylammonium bromide (CTAB) and dodecylbenzenesulfonic acid. Ini-

tially, to an aqueous micellar solution of CTAB containing ferrous chloride,

an aqueous solution of dodecylbenzenesulfonic acid was added dropwise

leading to the formation of unilamellar vesicles entrapping ferrous ions.

External metal ions replaced with sodium ions by gel permeation and

subsequently sodium hydroxide was added to the vesicular solution. The

permeation of OH� ions across the bilayer allowed the formation of mag-

netite nanoparticles inside the vesicles. The existence of disordered surface

layer involving interplanar spacings larger than those in the interior was

observed187.

Aqueous dispersions of superparamagnetic Fe3O4 nanoparticles encapsu-

lated in phospholipid vesicles have been synthesized. Firstly, aqueous mag-

netite nanoparticle suspensions were prepared by dropwise addition of NH3

solution to FeCl3 and FeCl2 solution in water. After addition of lauric acid,

the resulting suspension was dialyzed with phospholipidic vesicular solution

composed of dimyristoyl-phosphatidyl-choline and dimyristoyl-phosphati-

dyl-glycerol, leading to the formation of Fe3O4 nanoparticles stabilized by a

phospholipid bilayer. Subsequently, poly(ethyleneglycol) derivatized dipal-

mitoyl-phosphatidyl-ethanolamine was introduced in the magneto-liposome

bilayer by incubation with the corresponding vesicles188.

4.7.4. Synthesis of Miscellaneous Nanoparticles in Vesicle

Dispersions

Reduction of copper (II) ions encapsulated into spherulites of Genamin

TO20 (R-N[(C2O4O)x-X)][(C2O4O)y-X)], where xþ y ¼ 2) by hydrazine

led to the formation of Cu2O nanoparticles (10–30 nm). The suspension of

nanoparticles entrapped in spherulites was found to be stable. Lamellar

phases composed of water/CuSO4/Genamin TO20 were prepared by adding

pure surfactant to copper sulfate aqueous solutions. To allow spherulites

formation, the samples were placed in a plate-plate cell made of two parallel

glass plates separated by a distance of 0.5 mm, and the shear was applied by

rotating the lower plate at a controlled constant angular rate189.

AgBr nanoparticles have been synthesized in unilamellar vesicles of dio-

leoylphosphatidylcholine by the reaction of Agþ ions conWned inside the

vesicles and Br� ions placed in the bulk medium. Contacts between these

reactants was provided by the application of a high-voltage electric Weld
pulse to the aqueous suspension, which are able to produce the reversible

and transient opening of pores in the vesicle bilayer190.
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Mixed electrolytes (aluminium/magnesium, aluminium/calcium, alumin-

ium/barium chloride) dissolved in the aqueous core of unilamellar vesicles of

phosphatidylcholine were made to react with hydroxyl ions coming from the

extravescicular space and diVusing into the interior through the vesicle walls.

It was suggested that nucleation occurs preferentially at the internal wall

of vesicles, leading to the formation of nearly spherical and stable oxide

nanoparticles191.

4.8 Biological Microheterogeneous Systems

Cells and bacteria can be considered as natural occurring highly complex

microheterogeneous systems. Their structural features can be exploited to set

up additional innovative methods to synthesize nanoparticles. An advantage

of this strategy is the production of nanoparticles by an eco-compatible

process that does not require the use of toxic chemicals192.

The idea to employ biological systems to synthesize nanoparticles must

not be surprising, because it is routinely done by human cells, e.g., in the

biosynthesis of bones and teeth.

The processes at the basis of nanoparticle synthesis by many bacteria and

microorganisms are often functional to their defence mechanisms against the

toxicity of many metal ions, consisting in changing its redox state and/or

precipitating it intracellularly. This behaviour can be exploited by using

microorganisms in processes as bioleaching, microbial corrosion, and nano-

particle synthesis. Actually, both prokaryotic and eukaryotic cells have

proved to be able to synthesize nanosized particles of semiconductors (CdS

and ZnS)193–195 and metals (Au, Ag).196,197

Although biological systems are not widely exploited for nanoparticle

synthesis, it looks a very simple and promising approach that deserves to

be further investigated.

4.9 Final Remarks

In the past decades, many attempts to synthesize nanoparticles by micro-

heterogeneous systems have been carried out, showing the relevant poten-

tials of this methodology. The examples reported in this book should be

convincing. From these examples in a pure imitative way, a lot of successful

synthetic protocols can be derived. These protocols can be performed with-

out expensive apparatus, and the control of the Wnal structure of the nano-

materials can be achieved by the knowledge of some easy to understand

theoretical principles and using a molecular picture of the employed systems.

The characterization of the resulting nanomaterials has shown

that the conWnement of nanoparticles in microheterogeneous systems

confers to them peculiar physico-chemical properties. Synthesis in
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microheterogeneous systems is not only an alternative route to other

methods, but also it shows speciWc advantages, and sometimes it represents

the unique way for nanoparticle preparation. Moreover, the investigations

performed so far conWrm that microheterogeneous systems are the right

answer to the building of ordered 1D, 2D, and 3D architectures of nano-

particles embedded in a surfactant matrix with important chemical, optical,

biotechnological, and microelectronic applications.

Being a typical bottom-up method, the synthesis by microheterogeneous

systems can be directed to prepare nanoparticles of quite all the substances

by simply changing the nature of the reacting species, i.e., it is potentially of

general applicability. It can be expected that the extension to novel com-

pounds could lead to the preparation of new and interesting nanomaterials.

Future research should be focused on the selection of new microheteroge-

neous systems with improved or speciWc potentials for nanoparticle synthesis
and the establishment of new synthetic routes.

Obviously, further eVorts directed to a better understanding of the micro-

scopic processes underlying the synthesis of nanoparticles in microheteroge-

neous systems and controlling their Wnal structure and spatial distribution

should lead to widely increase the number of nanomaterials of industrial

interest that can be realized by microheterogeneous systems. Many novel

nanoparticle containing microheterogeneous systems wait to be prepared

and characterized in order to Wnd nanomaterials for relevant applications

in many Welds.
The attempt to mimie biological systems by nanoparticle containing

microheterogeneous systems should lead to the realization of ‘‘artiWcial’’
counterparts with increasing complexity, tending to reproduce many of

their functionalities including evolution.
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59. F. Mafunè, J. Kohno, T. Kondow, H. Sawabe, J. Phys. Chem. B 104, 8333–8337

(2000)
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