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Abstract

Metallic nanoparticles are gradually emerging as important materials because of their
novel shape and size-dependent chemical and physical properties that differ drastically
from their bulk counterparts. The main challenges in the field of nano-chemistry are
the rational control and manipulation of synthesis to derive materials with one of their
dimensions in nanometer regime, and upscale production of nanomaterials for device
fabrication. This chapter reviews the fundamentals of the quantum properties of metals
and quantum mechanical size effects with special focus on clusters of Pd, Pt, Au and Ag.
Effects of reduction in size of metal nanoparticles to nanoscale on their various prop-
erties (structural, thermal, mechanical, chemical, electronic, magnetic and optical) are
reviewed. The chapter concludes with a review of select medical applications of metal
nanoparticles.

Keywords: metal nanoparticles, quantum theory, density functional theory, finite size
effects, vacancies and dislocations, medical applications

1. Introduction

The discovery and development of novel materials has led to rapid industrial and technologi-
cal use of these materials [1]. It has produced synergistic effect between scientific discovery
and astronomical technology growth. More recently, the ability to ‘synthesise-up” nanoscale
architectures and components has given rise to the field of ‘nanochemistry’ the preparation
and manipulation of molecular structures on a length-scale of 0.1-100 nm [2]. This phenome-
nal breakthrough has been achieved by exploiting the properties of materials at the nanoscale
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dimension. As a result, nanoscience is producing in-depth knowledge of the properties of
matter as it transforms from bulk to nano-phase, in which state, most of the properties differ
from the conventional atomic or bulk phase. Meanwhile, it is imperative to understand the
properties of matter as atom, molecule, or crystal in the bulk phase in order to gain an appre-
ciation of the quantum properties of nanomaterials.

The diversity of the physical and chemical properties of inorganic nanoparticles can be attrib-
uted to phase transformation which has significantly affected the arrangement of the con-
stituent atoms in a way that leads to quantization of energy levels. An understanding of this
can be obtained from the chemistry of atomic structure which is discussed in details in many
textbooks on Quantum Mechanics and Quantum Chemistry [3-6].

The ability to synthesise and process nanomaterials or nanostructures is an essential aspect
of nanotechnology. The study of new physical properties and applications of nanomaterials
or nanostructures are possible only when nanostructured materials are made available with
the desired size, morphology and chemical composition. However, nanoparticles of noble
metals have a history of fundamental synthetic strategies known for some decades. A number
of synthetic routes have been developed for metal nanoparticles which emanate from the
knowledge of small particulate as earlier mentioned. The main objective of which is to obtain
monodisperse metal particles with high degree size, structure and composition functional-
ities, diameters ranging from 1 to 100 nm, consistent crystal or amorphous structure, large
surface area to volume ration and a high degree of mono-dispersity. Moreover, one of the
challenges encountered in this process is the need to control the size of nanoparticles. Among
the synthetic methods developed, gas-phase technique would have been one of the best with
respect to size and mono-dispersity but for the high reaction temperature which often leads to
uncontrolled particle size during anisotropic nucleation and nanoparticle growth. Rigorous
control over reduction, nucleation-condensation and growth, as well as effective purifica-
tion and isolation methods ensure monodispersed nanoparticles with tunable morphological
properties. The homogeneity of metal nanoparticles and their ability to resist agglomeration,
sintering, and flocculation can be enhanced by re-dispersing the nanoparticles in solution.
However, polar solvents and surfactants have been used to stabilize semiconductors and
metallic nanoparticles respectively in most syntheses aimed at producing monodispersed
nanoparticles. In the preparation of nanomaterials, organic compounds are known to play
similar role as surfactants in the processing of mesoporous materials. In this chapter, some
fundamental principles are first considered in order to rationalise the concept of quantum size
effect in the evolution of properties of materials at the nanoscale level.

2. Crystalline solids and their periodicity

In the above, it has been stated that properties of materials change as the materials transform
from bulk to nano-phase. Let us consider a crystalline solid having a three-dimensional sys-
tem, in which the electronic properties of bulk crystalline solids can be rationalized based on
existing principle of the eigen wave-functions, ¢. For a perfectly ordered three-dimensional
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crystal, the periodic repetition of atoms (molecules) along the one dimension is replaced by
three-dimensional repeating unit cell. The unit cell is made up of atoms arranged in the char-
acteristic crystal structure, such that repeating unit cells in all the space are enough to form
the entire crystal structure. Consequently, the crystal has translational symmetry because the
structure of the crystal can be generated by translation of the unit cell in all three dimen-
sions. Translational symmetry in a periodic structure is also referred to as discrete symmetry
because only certain translations that correspond to integer multiples of the lattice translation
vectors derived from the unit cell lead to symmetry equivalent points. Invariably, the weak
discrete translation symmetry in crystals leads to a weaker quasi conservation law for quasi or
crystal momentum. This discrete translation symmetry can be used to give an account of the
electronic properties of crystals which is described by Bloch’s theorem [7].

A brief rationalization of the Bloch’s theorem is hereby considered. In a crystalline solid, the
three-dimensional periodicity of the atomic arrangement gives rise to a corresponding peri-
odicity in the internal electric potential due to the ionic cores. When this periodic potential is
incorporated into the Schrodinger equation, the outcomes are certain allowed wave functions
that are modulated by the lattice periodicity. Bloch’s theorem therefore states that these wave
functions appear in form of a plane wave. Such wave functions are known as Bloch functions
and represent travelling waves passing through the crystal but with a form modified periodi-
cally by the crystal potential due to each atomic site.

The two important inferences drawn from Bloch theorem are (i) the volume of k-space occu-
pied by each wave-vector state in one-dimension (1D) is 27t/L; for a three- dimension (3D)
crystal, a k-space volume is 87%/L? and (ii) the number of wave-vector states contained within
each energy band. The lattice periodicity also gives rise to diffraction effects which is a key
characterization tool in solid state materials. It is well known that electrons possess wave-
like properties, therefore, the free electrons in the crystal would experience diffraction effect
which invariably affects the spectrum of apparent electron energies.

We imagine an electron travelling along a one-dimension chain of atoms of spacing a, where
each atom would generate a reflection of the wave. These reflections can be reproduced if
mA = 2a, for a given m, A is de Broglie wavelength for the electron. Given this condition, both
the forth and backward traveling waves coexist and can be superimposed over each other
creating standing waves. The standing waves give rise to electron density distributions of
the order l¢ (x)12? having either nodes or antinodes at the lattice sites x = a, 2a, 3a,.... These
solutions may have the same wave-vector value but they definitely have different energies
domains as a result of different interaction between the energy level of electron and the posi-
tively charged ions. As a result, a band gap appears in the electron dispersion curve corre-
sponding to certain values of wave-vector [3].

3. Morphological properties of metals

As mentioned earlier, understanding the structure and mechanical properties of nanostruc-
tured materials is important for the manipulation and modification at the atomic level.

17
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Increasing the number of atoms from a single one via a cluster to the bulk, one finds ‘magic
number” which corresponds to crystalline structures of high stability. These are reflected,
for example by peaks representing different clusters of various sizes. In the case of rare gas
clusters with an isotropic atom interaction potential, the stable configurations correspond
to a dense packing of atoms, for instance, icosaeders around a central atom with increasing
particle numbers (‘magic numbers’ of 13, 55, 147...). With increasing size, these five-fold sym-
metries show more and more defects. In the case of argon one observes at about 1000 atoms
the crystalline structure of the bulk solid.

For more complex atoms such as metals, with anisotropic interaction potentials or open shells
the morphologic rules become more complicated. For large clusters magic numbers exist, but
for smaller clusters electronic effects dominate. In this range of smaller clusters the closed elec-
tronic shells (N = 8, 18, 20...) result in most stable clusters [8]. As it were, it would be interest-
ing to observe simple morphologic rules since crystal structures are affected by small changes
in the long range interaction potentials. For aggregates with dimensions of the order of several
atom distances, a strong influence of these ‘surface’ effects is expected and stability of such
an aggregate cannot be easily predicted. Moreover, it is possible to calculate or measure the
resulting structures for a given number of atoms or better still deduce the structure of a nano-
scaled aggregate of given dimensions and determine whether such a structure is stable or not.
In this context the most important structures are these connecting elements between specific
aggregates, for example, simple wire. An important question is how thin could this wire be?

The mechanical properties of a wire of individual gold atoms have recently been investigated
by a combination of scanning tunnelling microscopy (STM) and an atomic force (AFM) sensor
[9]. The gold wire was connected between the force microscope tip and the golden tip of an
STM. The force necessary to stretch the wire was then determined with the help of a second
STM which detected the extension of the AFM tip. The surprising result was that the bond
strength between the atoms in the nanowire was twice that of the bond strength in the bulk.
Apparently, the effective stiffness of a nanostructure depends on the exact configuration of the
atoms at the base.

4. Electronic structure and optical properties of metals

Quantum mechanical size effects occur if the size of a crystal or particle approaches the char-
acteristic length scale which determines the coherence of its wavefunction. At or below this
size the electronic, optical and magnetic properties become size-and shape-dependent. In par-
ticular, the optical behaviour is very sensitive to quantum effects otherwise called ‘quantum
confinement’. The significance of the effects depends on the temperature and the distance
between neighbouring energy levels or bands which has to be large compared to thermal
energy, kT, in order to avoid a smear-out of the effect by thermal fluctuations.

The absorption of a photon results in an electron-hole pair in the material, precisely a quan-
tized state called exciton. In semiconductors, due to the small effective masses of electrons,
m, and hole, m,, (effective meaning the masses in the presence of the lattice) and the large
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dielectric constant ¢, the exciton is large on the atom scale, with Bohr radii a, between 5 and
50 nm. The Bohr radius of an exciton is given by

a, = Mo [+ M

If the semiconducting aggregate reaches one (quantum gas), two (quantum wire) or three
dimensions (quantum dot engineered by self-assembly on a substrate) [10] a size that is com-
parable with 4, or the de Broglie wavelength A ; substantial changes in the optical properties
are observed. In metals however, such effects are observed only for very small aggregate of a
few nano-meters on account of the missing band gap and the corresponding small distances
between relevant energy levels [11, 12].

4.1. Electronic conduction as it relates to different geometry in crystal systems

In three-dimensional crystal, the location of energy band gaps in the electron dispersion is still
determined from electron diffraction by the lattice planes, but the Brillouin zones (which is the
region of k-space which lies between any two diffraction conditions, where k = -7t/a and +t/a
in one dimension) don’t exist as simple variables of k, as in 1D but, they exist as more diverse
surfaces in 3D k-space, which geometry depends on the unit cell and atomic structure. The
energy-wave-vector relationship for this crystal which extends over multiple Brillouin zones
when mapped completely into the first Brillouin zones, results into a large number of energy
bands and consequently the density of energy states (DOS) is strongly modified (Figure 1).

An example of the multiple energy bands and corresponding density of states in a real crystal
is shown for Ag,ZnGeQO, crystal in Figure 2a.

The series of allowed k values extend up to the edge of the Brillouin zone, at k = +7t/a since one
of these endpoints may be mapped onto the other by a reciprocal lattice vector translation.
The total number of allowed k values is precisely N, where N is a positive integer. Meanwhile,
each k state may be taken up by both (+) spin or (-) spin electron, where the total number
of states to be occupied is 2N per energy band. In three dimensional states, this result is
translated to 2N states per band where N represents the number of unit cells in the crystal.

Density of state (a. u.)

7 B
i

Energy(eV)

Figure 1. Electronic densities of state for nanostructures of various dimensions (reproduced with permission from
Ref. [13]).
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Figure 2. (a) Density of states for crystalline Ag,ZnGeO, showing the symmetry along the Brillouin zone boundary (b)
diagram of electron energy band gap structure (reproduced with permission from Ref. [14]).

Therefore, the sum of valence electrons in the crystal is zZN , where z is given as the valence
electron per unit cell, leading to two different electronic configurations in a crystalline solid.

For an even integer of z, one energy band will be fully filled, while the next band will be com-
pletely empty (Figure 2b). Apparently, the valence band is the highest densely filled band
while the conduction band is the next unoccupied band. It is impossible for electrical conduc-
tion to occur in the valence band because there are no unoccupied states equivalent to the
small increase in energy due to externally applied voltage. This phenomenon results in an
insulator, but if the band gap is considerably small, a semiconductor is formed. Conversely,
if z is an odd integer, the highest occupied energy band will be half filled and there will be
many unoccupied states with comparable energy to the highest occupied states. This invari-
ably results in vigorous electrical conduction typical of a metal material.

There is one further special case which gives rise to metallic behaviour, namely, when the
valence band is completely full (z is even), but the valence and conduction bands overlap in
energy, such that there are vacant states immediately adjacent to the top of the valence band,
just as in the case of a half-filled band. Such a material is called a semi-metal or metalloid.
Moreover, in amorphous solid DOS is primarily determined by the short-range order in the
material, that is, the nearest neighbours. Another approach is to represent the amorphous solid
by a very large unit cell with a large number of slightly different atomic environments [15, 16].

4.2. Properties of metal clusters

Over the past decades, researchers have been interested in studying nanoparticles and/or
small clusters of noble metal materials in which the system sizes under investigation have
been experimentally synthesized, which enables direct theory-experiment comparison. More
often, the size-dependence of the properties of these materials such as their HOMO-LUMO
gap (Figure 3), magnetic properties and optical properties are of immense interest.
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Figure 3. Band structures of bulk and nanoparticles.

Therefore, computational methods employ time-dependent density functional theory (TDDEFT)
using either the linear response (LR) formalism of Casida or a real-time (RT) approach to cal-
culate the excited-state in solid crystals. The TDDFT calculations usually employ the adiabatic
local density approximation (ALDA) which is sometimes referred to as the time-dependent
local density approximation (TDLDA). Recent model potentials used in TDDFT calculations
include the asymptotically correct exchange functional (LB94) [17]. Like all DFT calculations,
the results depend on the type of system and the particular exchange-correlation functional
employed. We shall briefly consider some model noble metal systems and the implications of
DEFT studies on their structure and DOS or band gap energy.

4.2.1. Pd clusters

Palladium is of immense interest due to its many uses in applications such as fuel cells
and catalytic converters. The properties of palladium clusters and nanoparticles have been
studied by many researchers, who investigated 13-atom Pd metal clusters [18]. They used
the linear combination of atomic orbitals method for their calculations within the density
functional formalism, at the same time, the von Barth-Hedin form was also used to include
the exchange correlation effects in their calculations. In concluding, it was discovered that
the icosahedral geometry is more stable for Pd,, than the face-centred cubic (fcc) octahe-
dron, and it has a nonzero magnetic moment unlike the bulk, which is diamagnetic. In addi-
tion, the binding energy per atom of the 13-atom Pd cluster was calculated and compared
to the bulk cohesive energy. Other researchers also reported the icosahedron structure
as the most stable isomer for Pd,, [19] but, the final structure was found to be a distorted
icosahedron with D5d symmetry with a zero spin only magnetic moment. Furthermore,
the mutual dependence between electronic structure and geometric characteristics of small
Pd clusters was equally measured using the self-consistent-field/configuration interaction
(SCF/CI) level of theory.

By extension, the cuboctahedral and icosahedral symmetries of Pd , were studied to explore
its atomic and electronic structures by means of the linear combination of norm-conserving
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pseudopotential atomic orbitals (LCPSAO) method with both PZ and PBE exchange correla-
tion functionals. It was found that the cuboctahedral Pd" is more stable with a small spin
polarization, S = 3. The accuracy of the numerical calculation and the treatment of the core
electrons were attributed to account for the difference observed in contrast with previous

studies [20].

Alow symmetry structure with relatively close packing has been identified as the lowest energy
isomer using the DFT-PW91 level of theory for the Pd , cluster. It was discovered that the struc-
tural orientation of Pd closely resembles that of noble metals rather than transition metals due
to the complete filling of the d orbitals. Therefore, Pd,, exhibited a distorted icosahedron [21],
while in a subsequent study the authors reported that two different density functionals can lead
to two global minimum structures that are very close in energy and have the same spin states.
The PBE functional has favoured the icosahedrons, whereas a structure that is similar to the one
proposed by Wang and Johnson [22] has been preferred by the B3LYP functional.

Other theoretical studies using DFT-PBE calculations to study the electronic structure of Pd,,
resulted in a bilayer structure which can be considered as a relaxed bulk fragment [23]. The
icosahedral cluster was found to be slightly above the ground state, while stabilization by the
p- or d-like cluster orbitals caused the near degeneracy of the bilayer or icosahedral clusters,
respectively. The low-lying spin states were found to be important in controlling the electronic
property of the cluster. Reveles and co-workers [24] used the linear combination of atomic orbit-
als-molecular orbital approach at the PBE/DZVP level of theory to learn the structural changes
of bilayer C, ground state and the octahedron of Pd,, upon charging and oxidation or reduction.
It was observed that the bare Pd , has C, geometry, whereas Pd, O, has an icosahedral Pd , core
(Figure 4), indicating an interesting structural change during an oxidation/reduction reaction.
The location of 1P, 1D, and 2P cluster orbitals and the amount of hybridization between the
atomic p orbitals and the cluster 1D orbitals determine the order of stability of the isomers.

DFT theory calculations within the spin-polarized generalized gradient approximation (GGA)
were performed by Kumar and Kawazoe [25] to study the evolution of the atomic and elec-
tronic structure of Pd clusters having 2-23, 55, and 147 atoms. They observed that the binding

Figure 4. Topology of optimized Pd,, isomers (reproduced with permission from Ref. [24]).
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energy increases monotonically toward the bulk value with the increasing cluster size. The
10-, 13-, 15-, 18-, 21-, and 22-atom clusters magic numbers were shown by the second-order
energy differences. All of these arrangements show that numerous isomeric structures that
are very close in energy were found for small Pd_ clusters n <15, which prefer high spin states
with small HOMO - LUMO gaps. Pd clusters having more than 100 atoms in the fcc arrange-
ment showed higher cohesive energies than icosahedra and decahedra, suggesting a strong
preference for the bulk packing.

4.2.2. Pt clusters

Platinum clusters have also been of keen interest due to their applications in catalysis. In most
of the earliest investigations, semi-empirical methods were used and very small clusters such
as dimers or trimers were studied due to limited computational resources. The self-consistent-
field-Xa scattered wave (SCF-Xa-SW) approach to molecular orbital (MO) theory was used to
study the electronic structure of Pt,, cluster with the cuboctahedral geometry [26]. The overlap
of d-band by the s, p band and the sharp peak in the density of states around the Fermi level of
Pt , exhibited the main features of the Pt-bulk band structure. They also reported that the ion-
ization potential of the Pt , cluster is about 2 eV greater than the average bulk work function.

The PW91 level of theory along with a plane wave basis set has been used to study Pt clus-
ters up to 55 atoms, and these systems have been compared for their stabilities and HOMO-
LUMO gaps. Xiao and Wang [27] found that while the binding energy increases, the relative
stability of the Pt clusters is not affected by the consideration of spin-orbit coupling. It was
also discovered that out of several different isomers of 10-atom Pt clusters, the tetrahedral Pt
is the most stable, while Pt is most stable in the icosahedral geometry.

However, a combined molecular dynamics simulations and DFT calculations study carried
out to investigate the amorphization mechanism of icosahedral Pt nanoclusters was done by
Apra et al. [28] using the Becke functional to describe exchange and Perdew-Wang functional
for correlation with a Gaussian-type orbital (GTO) basis set. The authors proposed an amor-
phization mechanism of icosahedral (Ih) clusters, where the rosette-like structural excitations
at the five-fold vertices take place. In the icosahedral 55-atom cluster, a vertex atom is inserted
between the five neighbours on the surface, to form a six-fold ring centred on the original
position of the vertex. The bond directionality effects due to d-d interactions increase the
favourability of the rosette-like structure for Pt clusters.

4.2.3. Gold clusters

The study of gold has been of interest to researchers for many decades due to its wide variety
of applications in catalysis, sensing and bio-tagging. The properties of gold nanoparticles and
clusters are known to vary widely as the size of the system decreases so that the structures
and properties of gold clusters are examined as a function of size.

The structures of pure gold clusters, especially the two-dimensional to three-dimensional
structural transition have been the subject of many studies. The small clusters with fewer
than 20 atoms were thoroughly investigated by several research groups [29, 30]. Some of
the earliest work on large systems focused on symmetrical structures. Haberlen et al. [29]

23
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examined octahedral and icosahedral Au,, using the Vosko, Wilks and Nusair (VWN) func-
tional and found that the Kohn-Sham orbitals and their energy orderings agreed well with
a jellium model once energy level splittings due to symmetry reduction were considered.
Furthermore, it was found that relativistic calculations lowered the energy levels arising
from s orbitals toward the d-band. Lately, examination of Oh-symmetric Au,, Au,,, and Au,,
as well as Ih symmetric Au,, and Au,,, showed that the VWN functional correlation predicts
average gold—gold distances whose extrapolated values are in better agreement with experi-
ment than BP86 [30]. However, the cohesive energies per atom were found to be better for
BP86, while the energy differences between the two Au, structures were found to be small,
although the icosahedral structure was preferred by a factor less than 0.1 eV. Tetrahedral
Au,, was also computed to have a HOMO-LUMO gap of 1.818 eV, which was in very good
agreement with experimental estimates. Au,, using a PBE-based basin-hopping search had
that the lowest energy isomer with C, symmetry and a HOMO-LUMO gap of 0.69 eV [31, 32].

4.2 4. Silver clusters

Silver nanoparticles and clusters have many uses, some of which include optical sensing
and surface enhanced Raman scattering (SERS). As a result, their structures, optical prop-
erties, and adsorbate binding have been studied by many researchers. Jennison et al. [33]
examined Ag., Ag .., and Ag , with icosahedral and/or cuboctahedral structures using the
Perdew-Zunger LDA parametrization. It was discovered that the icosahedral structures were
energetically preferred. The central atoms in icosahedral structures were computed to have
compressions in atomic distances of up to 6% as compared to bulk, but small surface compres-
sions of ~1%, whereas the cuboctahedral structures were found to have core compressions of
1% and surface compressions of 2-3%.

The investigation of Ag.~ using combined theory-experiment showed that the photoelectron
spectrum of Ag,_,~ was well-reproduced by an icosahedral structure, which was also found to
be the lowest energy isomer for this cluster size [34]. But the structures of Ag_~and Ag,.* were
later established using both DFT (BP86 with a SVP basis set) and trapped ion electron diffrac-
tion (TIED). Their reduced molecular scattering functions were found to be in excellent agree-
ment with those predicted for icosahedral structures. The lowest energy isomer for Ag,.~ was
predicted to be a slightly Jahn-Teller distorted singlet icosahedral structure; although a triplet
state with D,, symmetry was found to be almost isoenergetic [35].

A combination of TIED with DFT calculations was also employed using the PBE functional
to examine Ag * (n = 3646, 55). It was found that although clusters with fewer than 55 atoms
exhibited local 5-fold symmetry in the absence of an icosahedral structure. In Ag,*, their
ground-state structure had truncated octahedral symmetry, while their isomer that best
fits the experimental data had 5-fold symmetry. The combined DFT and TIED study was
expanded to investigate the structures of Ag *, Ag_ *, Ag_*, Ag ', Ag *, and Ag *. The result
was a truncated decahedral structure estimated to be 0.26 eV lower in energy than the trun-
cated octahedral structure at the TPSS/TZVP level of theory [36].

The optical absorption spectrum of silver chains up to 18 atoms long was computed using
real-time TDLDA calculations. It was found that the longitudinal excitation of the silver chains
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was not strongly affected by the presence of d electrons in the system, whereas the transverse
plasmon modes were suppressed and mixed by the d electrons [37]. But studies conducted by
means of statistical average of orbital potentials (SAOP) and XC functional of Van Leeuwen
and Baerends (LB94) calculations showed that excitation of atomic wires in Ag, and Ag, dem-
onstrated longitudinal peak arising primarily from a HOMO — LUMO transition, whereas the
transverse excitation originates from a mixture of occupied-unoccupied orbital transitions [38].

5. The effects of the nanometer length scale

Once again, we recall the principle of quantum size effect as it directly influences the energy
band structure which can lead indirectly to a number of changes in the associated atomic or
crystal structure. These effects are generally termed quantum confinement, and they give rise
to different observable changes in material properties.

The free electron model describes the energies of the electronic states as a function of 1/L?, where
L is defined as the dimension of the system in a definite direction. The distance between succes-
sive energy levels is directly proportional to 1/L2 This property suitably describes a solid as a
giant molecule. Therefore, the rate of increase in the number of atoms in the molecule results in
decrease in molecular orbitals spacing. Therefore, if the number of atoms in a system, that is, the
length scale, is considerably different from that in a bulk material, the energies and the energy
spacing of the individual electronic states will be very different. Although the Fermi level (the
upper most occupied level according to molecular orbital theory) would not be subject to change
because the free electron density N/V would remain constant although there may be resultant
modification in structure which will change this quantity. Invariably, decrease in the size of
the system, causes the allowed energy bands to be considerably narrower than in an infinite
solid. As a result, the delocalized electronic properties of a solid are remotely affected and the
electrons in a reduced-dimensional system tend to behave more like the ‘particle in a box” which
is the phenomenon of ‘quantum confinement’. The electronic states in such circumstances are
more like those found in localized molecular bonds rather than those in a macroscopic solid [39].

Consequently, the total energy and thermodynamic stability of the reduced length scale sys-
tem change relative to that of a normal bulk crystal, as a result of alterations to the bulk
electronic structure provided that entropy consideration is negligible. Usually, this behaviour
has important implications in the sense that it may change the most energetically stable form
of a particular material, for example small nanoparticles and nano dimensional systems may
adopt different crystal structures from that of the bulk material. Instances have shown that
some metals which normally adopt a hexagonal close-packed atomic arrangement have been
reported to adopt a face-centred cubic structure in confined systems such as metallic multi-
layers [40, 41]. If a different crystallographic structure is adopted below certain critical length
scale, which is as a result of corresponding change in electronic density of states, it often
results in a reduced total energy for the system.

The decrease in length scale may as well result in change in chemical reactivity, physical proper-
ties such as electrical, thermal, optical and magnetic characteristics, which depend on the struc-
ture and occupation of the outermost electronic energy levels. For instance, in a metallic system

25
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there is a transition between metallic and insulation properties as the system size decreases, giv-
ing rise to the formation of a forbidden energy band gap. Other properties such as mechanical
strength and transport properties which depend on change in the electronic structure and exhi-
bition of a quantized behaviour respectively may also change in the length scale system [42].

5.1. Changes in the system structure

To understand the changes observed in systems of reduced dimension, let us consider the
proportion of atoms which are in contact with either a free surface, for example an isolated
nanoparticle, or an internal interface, such as a grain boundary in nanocrystallites. Therefore,
the surface to volume ratio (S/V) and the specific surface area (m? g™') of a typical system are
indirectly proportional to particle size and they increase progressively for particles below
100 nm in diameter. The surface area per unit mass of material for isolated spherical particles
of radius r and density p, is equal to

sz = &7 = @

Therefore, the specific surface area (SSA) for 2 nm diameter spherical particles of typical den-
sities can be approximately 500 m? g™, but for particles forming crystals, the value will be
reduced by half. The large surface area will definitely change the total energy of the system,
leading to formation of metastable structures in nanosized systems that are different from the
bulk structure and may induce a simple contraction or expansion of the normal crystalline lat-
tice which could in turn change other material properties. For example, volume specific sur-
face areas of 5 and 10 nm diameter spherical gold nanoparticles measured by the BET method
were 342 and 316 m?/cm’ respectively [43], underscoring the quantum size effect.

For an atom that is near the surface, the number of nearest neighbouring atoms will be reduced
thereby affecting bonding. Consequently, the surface tension or surface energy and electronic
structure of the system will be affected. In a 2.5 nm particle only about 35-55% of the atoms
are surface bound in contrast with a fewer percent for a 100 nm particle. This phenomenon
applies mainly to nanocrystallites, most of their atoms either appear at or close to the grain
boundaries and as a result, they exhibit structural properties different from the bulk [44].

5.2. Occurrence of vacancies in nanocrystals

This is another specific property that may control many physical properties such as conduc-
tivity and reactivity in materials. Vacancies are point defects in the crystalline structure of a
solid, which exist in thermal equilibrium. In microcrystalline solids at temperatures above
0 K, vacancies invariably exist in thermal equilibrium. In the simple case of metals with one
type of vacancies in a crystal having N atom sites is given by the Arrhenius equation

n, = Nexp(%kr) 3)

where R is the gas molar constant, T'is the absolute temperature and Q, is the energy needed
to form one mole of vacancies. Thus Q,is given as

Q = N,q, (4)
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where N, is the Avogadro number and g, is the activation energy for the formation of one
vacancy. 4, is an estimation of the energy required to remove an atom from the interior of a
crystal to its surface. Since a surface atom is considered to be bonded to half the number of
atoms compared to an interior atom, therefore, g, is approximately half the bonding energy
per atom. ¢, is expected to have a near linear function with the melting temperature T, since
T, of a metal is a function of the bond energy, so alternatively, Q, may be calculated from the
surface energy per unit area if one atom occupies an area of b? then the number of atoms per
unit area is equal to 1/b? and the surface energy, o is given as

o= % ()

Surface energy is also a function of T and varies within the range 1.1 Jm™ (for aluminium) to
2.8 Jm™ (for tungsten). Assuming a mean value 0 =2.2 Jm?and b =2.5 x 107" m, then

Q= N,ob* = 83 x10° [ mol™ (6)

This agrees with the acceptable value of 90 KJmol™. However, the contribution of internal pres-
sure, P to the surface energy term 0 may be employed to modify the value of Q, for nanoparticles
in the following expression: P = 40/d, where d is the diameter of the nanoparticle. The effect of
P introduces another energy term, g , for the formation of a vacancy and is given as Pb’. Again
taking o as 2.2 Jm?, the additional energy per mole Q =N g which is equal to 8.3 x 10° Jmol™
for a 10 nm diameter nanoparticle. This term is only approximately 10% of Q, and rapidly
decreases for large particle sizes. Thus, the effect of surface energy and internal pressure on the
concentration of vacancy will be minimal (Table 1). In addition, the internal pressure, P causes
an elastic compressive volume strain which results in linear strain ¢, given by

¢ = P/3E = 40/3dE (7)

Thus, E is the Young’s modulus. This equation shows that linear strain is inversely propor-
tional to particle size hence; there will be a decrease in lattice parameter or interatomic spac-
ing for nanoscale dimensional particles.

Finally, substituting a value of Q =90 x 103 Jmol ™ into the Arrhenius expression for the vacancy
gives the ratio n /N of 2.4 x 107"* at 300 K, 6.5 x 107 at 600 K, 4.8 x 10 at 1000 K, depicting an
exponential increase in vacancy concentration with temperature. In the case of a spherical

Metal Surface energy, o (eV) [45] Specific surface area per atom, b? (m*cm?®) [46] T, (O
Cu 1.29+0.02 138.06 480
Ag 1.16 £0.02 124.15 480
Pt 1.62 312.62 480
Au 0.97+0.01 104.89 480

*Calculated based on ¢ = P/3E = 40/3dE, assumption of d = 10 nm.

Table 1. Values of vacancy formation energy determined for copper, silver, platinum and gold (reproduced with
permission from refs. [45, 46] As indicated).
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nanoparticle of about 50 nm in diameter, if each atom occupies a volume of b’, assuming
b =0.25 nm, there will be a total of 4.2 x 10° atoms in the particle. This implies that the number
of vacancies, n, very much less than 1 (except at very high temperature). Hence, nanocrystals
are predictably vacancy free; their small size prevents any vacancy. This phenomenon has far
reaching consequence for all thermo mechanical properties and chemical processes involving
precipitation because they are based on the presence and migration of vacancies in the crystal
lattice [47]. For instance gold nanowires having a diameter as small as 40 nm have a plastic
deformation mechanism which is dominated by the motion of dislocations, a behaviour com-
monly observed in macro crystalline materials. As a result, the deformation mechanism of
nanocrystalline gold films depends on its grain size [48].

5.3. Dislocation in nanocrystals

The mechanical properties of materials can be explained in terms of planar defects caused by
dislocations in the crystalline structure of a solid. Dislocations plays less dominant role in the
description of the properties of nanocrystals compared to microcrystals, due to the dominance
of crystal surfaces and interfaces. The free energy of dislocation can be defined in terms of
the following: (i) the core energy that is within a radius of about three lattice planes from the
dislocation core; (ii) the elastic strain energy outside the core and extending to the boundaries
of the crystal; and (iii) the free energy as a result of entropy contributions. It follows that, in
microcrystals, the first and second terms which are the most dominant terms increase the free
energy. Therefore, dislocations do not exist in thermal equilibrium making it different from
vacancies. The core energy approximately 1 eV per lattice plane which, for an inter-planar
spacing b of 0.25 nm, is equivalent to 6.5 x 10™° Jm™ is expected to be independent of grain size.
The elastic strain energy per unit length for an edge dislocation is given by

G n
E= 47’((1—v)xm<”o> (8)

In this expression, G is the bulk modulus, 7, is the core radius, 7, is the crystal radius and v is
Poison’s ratio, v is usually around 1/3 for a crystalline sample. For a screw dislocation (1-v)
term is usually omitted, resulting in an energy approximately 2/3 that of an edge dislocation.
If G =40 x 10° Pa, then the constant term Gb*/47t(1-v) =3 x 10"° Jm™. The grain size dependence
is the in(r /r) term, which for grain size (2r,) values of 10, 50, 1000 and 10,000 nm increases as
3, 4.6, 7.6 and 9.9 respectively. This suggests that, the elastic strain energy of dislocations in
nanoparticles is almost one-third of that in microcrystals. For a 10 nm grain size, the core
energy and elastic strain energy are not significantly different. In comparison, the core energy
for a microcrystal is about one-tenth of the elastic strain energy.

The decrease in the elastic strain energy of dislocation in nanocrystals will invariably affect the
forces of dislocations due to externally applied stresses; the interactive forces between disloca-
tions will be reduced by a factor of about 10. Therefore, the rates of recovery and annealing
out of dislocations to free surfaces are expected to be reduced. If there is a dislocation near the
surface of a semi-infinite solid, the stress towards the surface will be defined as the interac-
tion of the stress field of an image dislocation at an equal distance on the opposite side. Since
nanocrystals do not approximate to semi-infinite solids, such image stresses will result in dis-
locations that are relatively immobile.
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Further evaluation of the contributions of entropy to the free energy can be considered
under the following conditions: (i) configurational entropy (that is, arrangement of the
dislocation in different ways); (ii) entropy factor for a perfectly elastic dislocation by
assumption; and (iii) the associated effect of dislocation on thermal vibrations of crystal.
Interestingly, out of these three factors only (ii) and (iii) are not affected by crystal size and
their values have been given as 2k, T and 3k, T, respectively, per atomic plane. These values
correspond to about 3 x 10" Jm™, considerably less than the core and elastic strain energy
terms at a temperature of 300 K.

The configurational entropy contribution to the energy term is given as

E = bkLBTln(é—;) 9)

per atomic plane, where L is the length of the dislocation. At 300 K this gives values of 3.0 x 102,
5.7 x10"and 7.6 x 10" Jm™ for L = 10, 1000 and 10,000 nm, respectively. In conclusion, unlike
microcrystals, dislocations do not exist in nanocrystals as thermodynamically stable lattice
defects [7, 49].

5.4. Effect of nanoscale dimensions on the properties of nanomaterials

Many properties of nanomaterials can be modified based on the length scale property (size).
More often, extrinsic properties for example resistance, which depends on the actual size of the
particle, may be affected. Whereas, other properties such as yield strength, 7 solely depends
on the microstructure of a material as expressed by the Hall-Petch equation for the material
which is a function of average grain size (d)

T = kd)z+1, (10)

where k and r, are constants. Resistivity which is an intrinsic material property is presumed
to be independent of particle size, although this is usually not predictable for many intrinsic
properties of matter at nanoscale compared to bulk phase due to the emergence of quantum
size confinement resulting in the presence of wave-like transport processes, changes in elec-
tronic structure and the predominance of interfacial effects [50].

5.4.1. Effect on structural properties

The increase in surface area and surface free energy, with decreasing particle size leads to
changes in interatomic spacing. This effect can be explained by the compressive strain induced
by the internal pressure arising from the small radius of curvature in the nanoparticle.
Furthermore, another effect previously mentioned is the apparent stability of metastable struc-
tures in small nanoparticles and clusters, such that all traces of the usual bulk atomic arrange-
ment become lost. Metallic nanoparticles such as silver (Figure 5a, b, d), platinium (Figure 5h, i),
palladium (Figure 5e, f), Co (Figure 5g), Ni (Figure 5c), ruthenium, gold (Figure 6) and some
noble metals are known to adopt polyhedral shapes such as face centred cubic structure, cube-
octahedra, multiply twinned icosahedra and multiply twinned decahedra.
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Figure 5. Transmission electron microscope (TEM) images of metal NCs: (a) face centered cubic and cube-octahedra Ag
NCs; (b) multiple twinned Ag NCs; (c) disc-like Ni NCs; (d) Ag nanorods; (e) face centered hexoctahedral Pd NCs; (f) a
dendritic Pd NGC; (g) Co nanosphere; (h) hexoctahedral Pt NCs (i) Pt nanorods [51, 52].

Some of the nanoparticles are referred to as multiplied twinned crystalline particles (MTPs).
Their shapes are considered based on the surface energies of various diffraction planes from
x-ray diffraction (XRD) pattern, the growth rates of the crystals and the energy required to form
defects such as twin boundaries. Moreover, evidence has shown that such particles are not true
crystals but are referred to as quasiperiodic crystals or crystalloids. Some of these quasi nano-
structures, icosahedral and decahedral quasicrystals (Figure 5) usually become seed for further
growth of the nanocluster; until more regular crystalline packing arrangements are formed.

There is enormous difference between crystalline and amorphous solids in sense that the former
possess long-range periodic order, their patterns and symmetries correspond to those of the 230
space groups. But quasiperiodic crystals do not exhibit such property; they possess fivefold-sym-
metry, which is not allowed in the 230 space groups. Some metals exhibit the cubic close-packed
and hexagonal close-packed structures in which, each atom is coordinated by 12 neighbouring
atoms. Although, other configurations exist in which each coordinating atom is situated at the
vertices of an icosahedron while in contact with the central atom. Relaxing this rigid atomic
model by allowing the central atom to reduce in diameter by ten percent (10%), the coordinat-
ing atoms shift position and the shape and symmetry of a regular icosahedron forms with point
group symmetry 235, indicating the presence of 30 twofold, 20 threefold and 12 fivefold axes of
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Figure 6. Face centered cubic structure au NCs (reproduced with permission from Ref. [53]).

symmetry. This kind of geometry of a quasiperiodic crystal nucleus may grow to form icosa-
hedra or pentagonal dodecahedra. In these two solids having identical symmetry; the apices of
one are replaced by the faces of the other, but the understanding of their size-related instability
characteristics and mechanism still remains unclear. More often, electron diffraction pattern is
employed to distinguish between multiple twinned crystals and quasiperiodic crystals [54].

5.4.2. Effect on thermal properties

The perceived large increase in surface area and the change in interatomic spacing as a func-
tion of nanoparticle size as mentioned earlier, have a marked effect on material properties. For
metallic nanoparticles, the smaller the size the higher the melting point. But there is a correla-
tion between the size functionality of metal nanoparticles, their plasmon resonance behaviour
arising from electron—electron/electron phonon couplings and conductivity which is related
to thermal dissipation or release of heat energy to the environment.

Specifically, the relationship between the size, temperature and the surface plasmon energy of
silver nanoparticles (size range 11-30 nm) embedded in a silica host matrix has been studied
for the temperature interval 293-650 K. This study confirmed the dependence surface plasmon
energy on the size and temperature of silver nanoparticles [55]. An increase in temperature
and size of nanoparticle, shifts the surface plasmon resonance band to the red side of the spec-
trum. A decrease in the size of nanoparticles invariably results in increase in the rate of scatter-
ing of surface conduction electrons and leading to a nonlinear red shift of the surface plasmon
resonance. This temperature dependence of SPR energy and its red shift is linear for larger
nanoparticles but is nonlinear for smaller ones. Therefore, the volume thermal expansion of
nanoparticles leads to a red shift of the surface plasmon resonance at higher temperature. It
also reveals that the thermal volume expansion coefficient depends on size and temperature.
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5.4.3. Effect on chemical properties

There is a relationship between change in structure as a function of particle size and electronic
properties. Ionization energy of small atomic clusters is higher than the corresponding bulk
material. In addition, ionization energy remarkably varies with cluster size, which is also
related to chemical reactivity.

It has been established that nanoscale structures have very high surface area to volume ratio
and possess varying crystallographic structures which has implication for chemical reactivity.
Therefore, catalysts consisting of finely divided nanoscale system can increase the rate, selec-
tivity and efficiency of chemical reactions while simultaneously significantly reducing waste
and pollution in the sense that only a few quantity of the material as catalyst is required to be
deposited on a support inside a reactor and it can be used repeatedly. Once the cycle of usage
or lifetime is spent, it can be recharged and reused again. Similarly, the ease of transport to and
from internal reaction sites can be enhanced by employing nanoscale catalytic support with
nanoporous structure which selects the reactants and product of chemical reactions based on
size. In addition, the solubility property of nanoparticles often differs from their bulk coun-
terparts, for example, while some new drugs in micron-sized particle form may be insoluble
in water, but when nanostructured, they easily dissolve because of improved permeability
occasioned by increased surface to volume ratio. Also, the reduced particle size renders the
possibility of intravenous administration of poorly soluble drugs without any blockade of
the blood capillaries. The suspensions can also be lyophilized into a solid matrix [56-59].

5.4.4. Effect on mechanical properties

It well known that toughness as a mechanical property is inversely proportional to ease of
formation or defects within a material. Therefore, as particle size decreases, the ability to sus-
tain defects becomes increasingly more difficult which will alter mechanical properties. So it
expected that new nanostructures that are different from their bulk materials in terms of mor-
phology and structure will definitely show different mechanical properties. As the structural
scale reduces to the nanometer range, for example in nanolayered composites, based on the
Hall-Petch relationship, yield strength apparent increases. Furthermore, the high surface to
volume ratio of nanostructured materials may also promote interface-driven processes such
as plasticity, ductility and strain to failure. Several nano metals and ceramics are known to be
superplastic, because they are capable of undergoing extensive deformation process without
necking or fracture as a result of grain boundary diffusion and sliding, which is very significant
in nanosized materials. Therefore, these effects offer an advantage in the sense that the strength-
ductility limit of novel nanomaterials is extended over that of the conventional materials [60].

5.4.5. Effect on magnetic properties

The large surface area to volume ratio effect also results in a substantial proportion of atoms
having a different magnetic coupling with neighbouring atoms leading to a variation in mag-
netic properties. Some important applications of magnetic nanoparticles include bioprocessing,
colour imaging, ferrofluids, refrigeration and high storage density magnetic memory media.
Figure 4 shows average magnetic moments per atom of metal clusters such as Fe (Figure 7a),
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Figure 7. Average magnetic moment per atom for (a) Fe clusters at 120 K, (b) co clusters at 78 K, and (c) Ni clusters at
78 K, as a function of the number of atoms (reproduced with permission from Ref. [61]).

Co (Figure 7b) and Ni (Figure 7c) at different temperature. Bulk ferromagnetic materials often
form characteristic multiple magnetic domains, while small magnetic nanoparticles usually
exhibit only one domain and possess superparamagnetism [62].

Other related effect in this regard is giant magnetoresistance (GMR) which is observed in
nanoscale multilayers consisting of a strong ferromagnet, such as Fe and Co and a weaker
magnetic or nonmagnetic buffer (Cr and Cu). It is used in data storage and sensing. Another
unique feature of GMR is the ability to produce different spin alignments with or without a
magnetic field which result in antiferromagnetic coupling leading to maximum scattering
from the interlayer interface and hence a high resistance parallel to the layers. The reverse
occurs for co-aligned spins which results in decreased resistance of the device [63].

5.4.6. Effect on optical properties

The resultant effect of reduced dimensionality in nanocluster on electronic structure is pro-
found in semiconductors as a result of the interaction between the highest occupied molecular
orbital (HOMO) also called the valence band, and the lowest unoccupied molecular orbital
(LUMO), known as the conduction band. Optical absorption and emission depend on transi-
tion between these states leading to changes their optical properties, such as colour which is
as a function of particle size. A very good example of variation of colour with particle size is
colloidal silver nanoparticles. It has a light yellow colour which progressively becomes more
yellowish with increase in particle size. Since the seventeenth century silver colloids have been
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used as a pigment for stained glass. Most metallic nanoparticles show similar size-dependent
behaviour in terms of frequency and intensity of light emission and modified non-linear opti-
cal properties. Reduced dimensionality also has effect on photoemission, photoconductivity,
photocatalysis and electro-luminescence [64, 65].

5.4.7. Effect on electronic properties

The effect of reduced dimensionality on the electronic properties of the system is related
mainly to the increasing influence of the wave-like property of the electrons and the paucity
of scattering centres. The discrete nature of the energy states become apparent in systems that
are confined in all three dimensions due to quantum mechanical effect based on de Broglie
wavelength theory. In addition, owing to their intrinsic wave-like nature, electrons can form
tunnel by quantum mechanical effect between two closely adjacent nanostructures. If a volt-
age is applied between these two nanostructures which align the discrete energy levels in
the DOS, resonant tunnelling occurs, leading to abrupt increase in tunnelling current (this
phenomenon is different from simple dipolar coupling which results from each electron spin
generating a magnetic field that is oriented parallel to the nuclear spin vector).

As a result, below a critical length scale, conducting materials may become insulators, as the
energy bands cease to overlap. Whereas in bulk materials, electronic transport is mainly deter-
mined by scattering caused by phonons, impurities or rough interfaces. At nanoscale dimen-
sion electron motion can be diffusive and become purely ballistic if the electron free path can
travel through the system without randomization of the phase of their wavefunction. This prin-
ciple operates in superconductors. Conduction in highly confined structures like quantum dots
is very sensitive to the presence of charge carriers. These Coulomb blockade effects result in
conduction processes involving single electron which only requires a small amount of energy
to operate a transistor, switch or memory device. These devices can be utilized to produce state
of the art components for electronic, optoelectronic and information processing applications,
such as resonant tunnelling transistors and single-electron transistors [16, 42, 66]. We provide
an illustration of this phenomenal critical length scale considering the work of Yao et al. [67]
in which X-ray absorption fine structure, XAFS, was employed to look at the bonding between
gold atoms. The ideal theoretical calculated gold bond length was within the range of 2.55-
2.70 A for gold nanoparticles which is much shorter than the bulk bond length of 2.87 A [68].

6. Application of metallic nanoparticles

Metal nanoparticles have host of applications ranging from electronic, optical, magnetic imag-
ing, biomedical therapy, catalysis and many more. The ultimate goal of their application is to
explore the intrinsic physical and chemical properties of the colloidal nanoparticle whether
in isolated or combined form to fabricate devices with specific functionality. In view of this,
different strategies such as solvent evaporation, electrostatic attraction, hydrogen bonding,
DNA-driven assembly, and cross-linking induced by bio-specific interaction like antigen—
antibody and so on have been developed to form NP assemblies and utilize them in the fab-
rication of nanostructured devices. The utilization of quantum dots as functional materials
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due to their extremely small size and extra high fluorescence quantum yield, [69] is however
hampered as a result of their toxicity potential in biomedical applications. Meanwhile, metal-
lic NPs have enjoyed increased application in this regard [70].

6.1. Therapeutic in-vivo applications

The use of metallic nanoparticles in biomedical can be classified based on their mode of appli-
cation inside (in-vivo) or outside (in-vitro) the body. The in-vivo application can be further
characterized as therapeutic (hyperthermia and drug-targeting) and diagnostic (nuclear mag-
netic resonance, NMR imaging). The main divisions of the in- vitro application involve mag-
neto relaxometry and diagnostic separation or selection.

6.1.1. Hyperthermia therapeutic method

This is a therapeutic procedure administered to raise the temperature of part of the body
infected by a malignant tumour or cancerous growths. Hyperthermia therapy is usually applied
together with other cancer treatments, and the technique is known as multimodal oncological
strategies. Clinical examination has shown that at temperatures above 41-42°C, target cells can
be mortified. Recent development in clinical hyperthermia trials now seeks to optimize thermal
homogeneity at controlled temperatures between 42 and 43°C in the target volume. Among
other methods, finely divided iron cobalt magnetic nanoparticles have used to deliver the tem-
perature increase required for hyperthermia. In theory, magnetic hyperthermia, which is the
controlled heating of a cell by a magnetic material under the influence of an external alternat-
ing magnetic field, occurs as a result of the loss processes associated with reorientation of the
magnetization of magnetic materials with low electrical conductivity. This procedure functions
by restricting the heating to the tumour area, which serves as a useful advantage in medical
therapy. In recent times, the use of subdomain magnetic particles (nanosized) is preferred over
multi domain (micronsized) particles, because the former absorb much more AC magnetic
fields. Therefore, morphological properties such as particle size and shape are strong determi-
nants of the heating potential of magnetic nanoparticles; that is why synthetic routes must be
defined to produce uniform particles with particle size within the length scale regime [71, 72].

6.1.2. Drug delivery

The application of magnetic nanoparticles for the delivery of drugs or antibodies to organs
or tissues infected by diseases is an interesting field of research with challenging opportuni-
ties. The process of drug transport to target site using magnetic delivery systems depends on
the competition between forces exerted by blood compartment on the particles and magnetic
forces generated from the applied magnet field. For magnetic particles to be retained at the
target site, the magnetic forces must exceed the linear blood flow rates in arteries (10 cms™)
or capillaries (0.05 cms™). Therefore, the pioneering concept proposed by Freeman and co-
workers [73] which suggests that fine magnetic carrier particles could be transported through
the vascular system and be concentrated at a particular point in the body with the aid of a
magnetic field (Figure 8a) has be validated. The main advantage of this procedure is that the
transport of nanoparticles through capillary systems, organs and tissues is favoured, so that
vessel embolism could be prevented [75].
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Figure 8. (a) Schematic diagram of magnetically driven transport of drug to a specific target and (b) representation
of a magnetically assisted separation of substances. Magnetic nanosphere to which an antibody has been anchored is
dispersed into a liquid medium containing antigen (reproduced with permission from Ref. [74]).

6.2. Diagnostic in-vitro applications
6.2.1. Separation and selection

Solid phase extraction (SPE) is a viable alternative to the conventional sample separation or
concentration methods, for example, liquid-liquid extraction. At present, considerable atten-
tion is being paid to SPE as a means of isolating and pre-concentrating desired components
from a sample matrix. The separation and pre-concentration of the substance from large vol-
umes of solution is highly time consuming when using standard SPE column, but with the
advent of magnetic adsorbents in magnetic solid-phase extraction (MSPE) this task can be
made relatively easier. Using this procedure, the magnetic adsorbent is added to a suspension
or solution containing the target material, which is adsorbed onto the magnetic adsorbent and
then desorbed or recovered from the suspension by using an appropriate magnetic separator
(Figure 8b). The use of magnetic nanoparticles instead of micronsized magnetic particles in
this procedure is of advantage because suspensions that are resistant to sedimentation can be
prepared in the absence of an applied magnetic field [76].

6.2.2. Magnetorelaxometry

Magnetorelaxometry is a procedure that measures the magnetic viscosity or the relaxation of
the net magnetic moment of a system of magnetic nanoparticles after withdrawal of a magnetic
field. This method was recently introduced for the evaluation of immunoassays. It uses two
different relaxation mechanisms: (i) Néel relaxation occurs if the internal magnetization vec-
tor of a nanoparticle relaxes in the direction of the easy axis inside the core: and (ii) Brownian
relaxation occurs if the particles accomplish rotational diffusion in a carrier liquid. Both Néel
and Brownian relaxations can be identified by their individual relaxation times. Other dis-
tinguishing properties include, Brownian relaxation only takes place in liquids, while Neel
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relaxation does not depend on dispersion medium. Since magneto-relaxometry is a function
of particle core size, hydrodynamic size and particle anisotropy, the technique can effectively
distinguish between free and bound conjugates by their unique magnetic behaviour. As a
result, it can be used as an analytical tool for the evaluation of immunoassays [77, 78].

6.2.3. Future applications of magnetic nanoparticles

Tremendous effort has been made to contribute to research in the field of magnetic therapeu-
tic medicine. Magnetically directed microspheres containing radionuclides are currently used
for internal radiotherapy. There is a need to improve dose localization when administering
drugs and metabolites which have been labelled with radioactive isotopes in a quantity suf-
ficient to deactivate tumour cells. Therefore, the use of capped magnetic nanoparticles could
have tremendous impact in improving the efficiency cancer treatments. Sufficient advance
in magnetic nanoparticles research could evolve into their use in human body repair called
prosthetics or artificial replacement [79].

7. Conclusions

In this review, the periodic properties of both crystalline and amorphous solids have been
discussed as well as their unique physical and chemical properties at nanoscale level with
their corresponding applications. Metallic nanoparticles and nano-layers have very high sur-
face area to volume ratio and potentially different crystallographic structures which result
in their unique physical and chemical reactivity both as solids and as colloidal dispersions.
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