
not continuous as in the bulk but are discrete, due to the confinement of the
electron wavefunction to the physical dimensions of the particles [4]. This phe-
nomenon is called quantum confinement; therefore, nanocrystals are also known
as quantum dots. In other words, a small nanocrystal could be a very bad con-
ductor, although nanocrystals are tiny silhouettes of the conducting bulk. Like-
wise, a tiny nanocrystal of a ferromagnet can be paramagnetic in nature. In
several respects, small nanocrystals behave like molecules. The nanocrystals
can be discretely charged with electrons with characteristic charging energies.
This means that a nanocrystal carrying an extra electron can exhibit properties
different from those of a neutral species.

The shrinking dimensions of the current microelectronic devices and the
realization that current lithographic processes cannot extend to the nanoworld
[5] have lent tremendous thrust to research aimed at ordering nanocrystals into
functional networks [6–11]. The nanocrystals akin to covalent systems self-
assemble into ordered arrays in one, two, and three dimensions under the right
conditions. Lattices of nanocrystals consist of interacting nanocrystals and may
exhibit novel properties arising out of such interactions. Thus, the ability to
engineer such assemblies extends the reach of current lithographic techniques
and holds promise for a new generation of electronics of the nanoworld [6]. 
In this context, synthesis and programmed assembly of nanocrystals assume
significance.

In this chapter we discuss the physical and chemical properties of metal
nanocrystals, with emphasis on size-dependent properties. The ability of
nanocrystals to form mesoscopic organizations in one, two, and three dimensions
is also examined. Collective properties of nanocrystal organization are presented.

2. SYNTHETIC STRATEGIES

2.1. General Methods

Chemical synthesis of sols of metals results in nanoparticles embedded in a
layer of ligands or stabilizing agents, which prevent the aggregation of parti-
cles. The stabilizing agents employed include surfactants such as long-chain
thiols or amines or polymeric ligands such as polyvinylpyrrolidone (PVP).
Reduction of metal salts dissolved in appropriate solvents produces small metal
particles of varying size distributions [12–15]. A variety of reducing agents have
been employed for reduction. These include electrides, alcohols, glycols, metal
borohydrides, and certain specialized reagents such as tetrakis(hydroxymethyl)
phosphonium chloride.

Successful nanocrystals synthesis has also been carried out employing soft
templates such as the water pool in a reverse micelle, the interface of two
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phases. Reverse micellar methods have been successfully utilized in the prepa-
ration of Ag, Au, Co, Pt, and Co nanocrystals [16, 17]. The synthesis of
nanocrystals at the air–water interface as in Langmuir–Blodgett films or at a
liquid–liquid interface is currently attracting wide attention [7, 18, 19]. It has
been shown recently that films of metal, semiconductor, and oxide nanocrys-
tals can be prepared using a water–toluene interface [20, 21]. A typical film of
Au nanocrystals is shown in Figure 1.1. Traditionally, clusters of controlled
sizes have been generated by abalation of a metal target in vacuum followed
by mass selection of the plume to yield cluster beams [22, 23]. Such cluster
beams could be subject to in situ studies or be directed on to solid substrates.
In order to obtain nanocrystals in solution, Harfenist et al. [24] steered a mass-
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Figure 1.1. Nanocrystalline film of Au formed at the toluene–water interface 
(middle). Gold is introduced as a toluene solution of Au(PPh3)Cl while partially
hydrolyzed THPC [tetrakis(hydromethyl) phosphonium chloride] in water acts as a
reducing agent. The film is obtained when the two layers are allowed to stand for
several hours. When dodecanethiol is added to the toluene layer, the film breaks
up forming an organosol (left) while mercaptoundecanoic acid added to water pro-
duces a hydrosol (right). Shown below are the corresponding TEM images showing
nanocrystals. The scale bars correspond to 50nm.
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selected Ag cluster beam through a toluene solution of thiol and capped the
vacuum-prepared particles.

Colloids of alloys have been made by the chemical reduction of the appro-
priate salt mixture in the solution phase. In the case of semiconductor nanocrys-
tals, a mixture of salts is subject to controlled precipitation. Thus, Ag–Pd and
Cu–Pd colloids of varying composition have been prepared by alcohol reduc-
tion of mixtures of silver nitrate or copper oxide with palladium oxide [25].
Fe–Pt alloy nanocrystals have been made by thermal decomposition of the 
Fe and Pt acetylacetonates in high-boiling organic solvents [26]. Au–Ag alloy
nanocrystals have been made by co-reduction of silver nitrate and chloroauric
acid with sodium borohydride [27, 28]. Au–Ag alloying and segregation has
been brought about by the use of lasers on Au–Ag-layered particles [29, 30].

2.2. Size Control

The successful synthesis of nanocrystals involves three steps: nucleation,
growth, and termination by the capping agent or ligand [12–14]. Though the
reaction temperature and reagent concentrations provide a rudimentary control
of the three steps, it is often impossible to independently control them and so
the obtained nanocrystals usually exhibit a distribution in size. Typically, the
distribution is log-normal with a standard deviation of 10% [14]. Given the fact
that properties of the nanocrystals are size-dependent, it is significant to be able
to synthesize nanocrystals of precise dimensions with minimal size distribu-
tions. This can be accomplished to a limited extent by size-selective precipita-
tion either by centrifugation or by use of a miscible solvent–nonsolvent liquid
mixture to precipitate nanocrystals. Schmid [31] and Zamaraev and co-workers
[32] succeeded in preparing truly monodisperse nanocrystals that they called
“cluster compounds.” These cluster compounds are like macromolecules with
a core containing metal–metal bonds, yet they are obtainable in definite stoi-
chiometries, with typical examples being [Pt38(CO)44H2]2- and Au55(PPh3)12Cl6.
The enhanced stability of Au55 was recently demonstrated clearly by Boyen et
al. [33], who exposed a series of Aun nanocrystals to oxidation and found that
Au55 does not get oxidized under conditions that oxidize bulk Au. These
nanocrystals are bequeathed with special stability because they consist of a
magic number of metal atoms that enable the complete closure of successive
shells of atoms in a cubic close-packed arrangement. The magic numbers 13,
55, 147, 309, and 561 correspond to the closure of 1, 2, 3, 4, and 5 shells,
respectively [34]. A schematic illustration of magic nuclearity nanocrystals 
is shown in Figure 1.2. Since the breakthrough, several magic nuclearity
nanocrystals have been prepared including PVP-stabilized Pd561 nanocrystals
[35]. Figure 1.3, shows scanning tunneling and transmission electron micro-
scopic (TEM) images of polymer-protected Pd561 nanocrystals.
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2.3. Shape Control

Since the properties of the nanocrystals follow from the confinement of the
electrons to the physical dimensions of the nanocrystals, it would be interest-
ing to vary the shape of the nanocrystals and study the effect of confinement
of electrons in such artificial shapes [36]. For example, it is predicted that light
emitted from a nanorod would be linearly polarized along the growth axis [37].
Such predictions have led to the revival of interest in synthetic strategies yield-
ing nonspherical nanocrystals. Conventional methods such as those due to
Turkevich et al. [13] yield, in addition to spherical particles, a mixture of
shapes—triangular, teardrop, and so on—which was then thought of as unde-
sirable. Today, smarter synthetic schemes have been designed which yield
selectively nanocrystals in the form of rods, elongated spheres, cubes, and 
hexagons.

2.4. Tailoring the Ligand Shell

Nanocrystals in their native form are dominated by the surface species, and the
capping agents employed play a role in determining the property of the
nanocrystals [38]. Hence, in addition to controlling the size and the shape of
the nanocrystals, it is also necessary to tailor its surface with the right capping
agent. In addition to traditional capping agents that include ions, surfactants,
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Figure 1.2. Metal nanocrystals in closed-shell configurations with a magic number 
of atoms. The number of shells is indicated in brackets.
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and polymers, a new genre of ligands—dendrimers, hydrogen-bonding frag-
ments of protein, DNA, and dyes—with pendent thiol groups as well as silica
layers have been used as capping agents [39–41]. In some cases, a layer of a
noble metal is used as a buffer between the core nanocrystal and the ligand
shell [42]. Thus, a layer of gold lends special stability to Fe nanocrystals and
helps to prevent oxidation and to preserve the magnetic properties of Fe.

Of special interest with regard to tailoring the ligand shells are reactions
that enable the total replacement of one set of ligands with another [43–47].
These reactions also typically enable the transfer of nanocrystals from one
phase to another. A novel method of thiol-derivatizing hydrosols of metal sols
has been developed by Sarathy et al. [44, 45]. The procedure involves mixing
vigorously a hydrosol containing metal particles of the desired size distribution
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2.5 nm 

25 nm 
Figure 1.3. Scanning tunneling microscopy image of polymer coated Pd561

nanocrystals. The nanocrystals are seen as fluffy balls against plane background of
the graphite substrate. The inset shows a high-resolution electron micrograph
(HRTEM) of an individual nanocrystal. We see the characteristic 11 [111] fringes 
in the icosahedral shape measuring 2.5nm. The diameter estimated from STM is
~3.4nm, with the difference being due to the ligand shell.
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with a toluene solution of an alkane thiol in the presence of a strong acid or
reducing agent. The completion of the derivatization is marked by a vivid inter-
change of the colors from the aqueous layer to the hydrocarbon layer. The
advantage of this method is that well-characterized metal particles can be easily
thiol-derivatized in a nonaqueous medium. A variety of hydrosols of Au, Ag,
and Pt have been thiolized by this procedure.

3. PHYSICAL PROPERTIES OF NANOCRYSTALS

The electronic structure of a nanocrystal critically depends on its very size. For
small particles, the electronic energy levels are not continuous as in bulk mate-
rials, but discrete, due to the confinement of the electron wavefunction because
of the physical dimensions of the particles (see Figure 1.4). The average elec-
tronic energy level spacing of successive quantum levels, d, known as the so-
called Kubo gap, is given by

(1)

where EF is the Fermi energy of the bulk material and n is total number of
valence electrons in the nanocrystal. Thus, for an individual silver nanoparti-
cle of 3-nm diameter containing approximately 1000 silver atoms, the value 

d = 4E

n
F

3
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Figure 1.4. Density of states for metal nanocrystals. The density of states is 
discrete at the band edges. The Fermi level is at the center of a band in a metal,
and hence kT exceeds the electronic energy level spacing even at room tempera-
tures and small sizes.
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of d would be 5–10meV. Since the thermal energy at room temperature, kT, is
~25meV, a 3-nm particle would be metallic (kT > d). However, at low tem-
peratures the level spacings, especially in small particles, may become compa-
rable to kT, rendering them nonmetallic [4]. Because of the presence of the
Kubo gap in individual nanoparticles, properties such as electrical conductiv-
ity and magnetic susceptibility exhibit quantum size effects. The resultant dis-
creteness of energy levels also brings about fundamental changes in the
characteristic spectral features of the nanoparticles, especially those related to
the valence band.

Extensive investigations of metal nanocrystals of various sizes obtained,
for example, by the deposition of metals on amorphized graphite and other sub-
strates, as a result of X-ray photoelectron spectroscopy and related techniques
[48–50], have yielded valuable information on their electronic structure. An
important result from these experiments is that as the metal particle size de-
creases, the core-level binding energy of metals such as Au, Ag, Pd, Ni, and
Cu increases sharply. This is shown in the case of Pd in Figure 1.5, where the
binding energy increases by over 1eV at small size. The variation in the binding
energy is negligible at large coverages or particle size, since the binding ener-
gies are close to those of the bulk, macroscopic metals. The increase in the core-
level binding energy in small particles occurs due to the poor screening of the
core hole and is a manifestation of the size-induced metal–nonmetal transition
in nanocrystals. Further evidence for the occurrence of such a metal–nonmetal
transition driven by the size of the individual particle is provided by other elec-
tron spectroscopic techniques such as UPS and BIS. All these measurements
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Figure 1.5. Variation of the shift, dE, in the core-level binding energy (relative to 
the bulk metal value) of Pd with the nanoparticle diameter. The diameters were
obtained from HREM and STM images. (Reproduced with permission from 
reference 50.)

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



indicate that an electronic gap manifests itself for a nanoparticle with a diam-
eter of 1–2nm and possessing 300 ± 100 atoms.

Photoelectron spectroscopic measurements [51] on mass-selected Hgn

nanoparticles (n ~ 3–250) in the gas phase reveal that the characteristic
HOMO–LUMO (s–p) energy gap decreases gradually from 3.5eV for n = 3
to 0.2eV for n ~ 250. The band gap closure is predicted at n ~ 400. The
metal–nonmetal transition in gaseous Hg nanoparticles was examined by 
Rademann et al. [52] by measuring the ionization energies (IE). For n < 13, the
dependence of IE on n suggested a different type of bonding. A small Hg par-
ticle with atoms in the 6s26p0 configuration held together by relatively weak
van der Waals forces, is essentially nonmetallic. As the nanoparticle grows in
size, the atomic 6s and 6p levels broaden into bands, and an insulator metal
transition appears to occur driven by the physical dimensions of the individual
particle. Note that this is the same element, Hg, behaving as either a metal or
a nonmetal, depending upon its physical size!

The electronic absorption spectra of metal nanocrystals in the visible region
are dominated by the plasmon bands. This absorption is due to the collective
excitation of the itinerant electron gas on the particle surface and is character-
istic of a nanocrystal of a given size. In metal colloids, surface plasmon exci-
tations impart characteristic colors to the metal sols, with the beautiful wine-red
color of gold sols being well known [53–56]. The dependence of the plasmon
peak on the dielectric constant of the surrounding medium and the diameter 
of the nanocrystal was predicted theoretically by Mie and others at the turn of
the last century [57–60]. The dependence of the absorption band of thiol-
capped Au nanocrystals on solvent refractive index was recently verified by
Templeton et al. [61]. Link and El-Sayed [53, 54] found that the absorption
band splits into longitudinal and transverse bands in Au nano-rods.

Direct information on the gap states in nanocrystals of metals and semi-
conductors is obtained by scanning tunneling spectroscopy (STS). This tech-
nique provides the desired sensitivity and spatial resolution, making it possible
to carry out tunneling spectroscopic measurements on individual particles. A
systematic STS study of Pd, Ag, Cd, and Au nanoparticles of varying sizes
deposited on a graphite substrate has been carried out under ultrahigh vacuum
conditions, after having characterized the nanoparticles by XPS and STM [62].
The I–V spectra of bigger particles were featureless while those of the small
particles (<1nm) showed well-defined peaks on either side of zero bias due to
the presence of a gap (see Figure 1.6). It is seen that small particles of ~1-nm
diameter are in fact nonmetallic! From the various studies discussed hitherto,
it appears that the size-induced metal-insulator transition in metal nanocrystals
occurs in the range of 1- to 2-nm diameter or 300 ± 100 atoms.

Theoretical calculations of the electronic structure of metal nanocrystals
throw light on the size-induced changes in the electronic structure. Rosenblit
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and Jortner [63] calculated the electronic structure of a model metal cluster and
predicted electron localization to occur in a cluster of diameter 0.6nm. A
molecular orbital calculation on an Au13 cluster [64] in icosahedral and cuboc-
tahedral structures shows that the icosahedral structure undergoes Jahn–Teller
distortion while the cuboctahedral structure does not distort. The onset of the
metallic state is barely discernible in the Au13 cluster. Relativistic density func-
tional calculations of gold clusters [65] with n = 6–147 show that the aver-
age interatomic distance increases with the nuclearity of the cluster. The
HOMO–LUMO electronic gap decreases with particle size from 1.8eV for Au6

(0.5-nm diameter) to 0.3eV for Au147 (2-nm diameter). Ab initio molecular
dynamics simulations of aluminum clusters [66] with n = 2, 6, 12, 13, 55, and
147 reveal that the minimum energy structures of Al13 and Al55 are distorted
icosahedra whereas Al147 is a near-cuboctahedron. The HOMO–LUMO gap
increases from 0.5eV for Al2 to 2eV for Al13; the gap is around 0.25eV for Au55

and decreases to 0.1eV for Au147. The convergence of the cluster proper-
ties toward those of the corresponding bulk materials with increase in size is
noteworthy.

In a bulk metal, the energy required to add or remove an electron is its work
function. In a molecule, the corresponding energies, electron affinity and ion-
ization potential, respectively, are, however, nonequivalent. Because nanocrys-
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Figure 1.6. Variation of the nonmetallic band gap with nanocrystal volume for 
various metal nanocrystals, deposited on a graphite surface. The band gaps were
estimated by means of scanning tunneling spectroscopy. (Reproduced with 
permission from reference 62.)
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tals are intermediary, the two energies differ only to a small extent [67], with
the difference being the charging energy, U. This is a Coulombic energy and is
different from electronic energy gap. Furthermore, Coulombic states can be
similar for both semiconductor and metallic nanocrystals, unlike the electronic
states. A manifestation of single electron charging is the Coulomb staircase
behavior observed in the tunneling spectra [68] when a nanocrystal covered
with an insulating ligand shell is held between two tunnel junctions. A typical
staircase along with its theoretical fit is shown in Figure 1.7a. Such measure-
ments have also been carried out on Pd and Au nanocrystals in the size range,
1.5 ± 6.5nm [69]. The charging energies follow a scaling law [70] of the form
U = A + B/d, where A and B are constants characteristic of the metal and d is
the particle diameter (see Figure 1.7b).

Magnetic properties of nanoparticles of transition metals such as Co and
Ni show marked variations with size. It is well known that in the nanometric
domain, the coercivity of the particles tends to zero [71]. Thus, the nanocrys-
tals behave as superparamagnets with no associated coercivity or retentivity.
The blocking temperature that marks the onset of this superparamagnetism also
increases with the nanocrystal size. Furthermore, the magnetic moment per
atom is seen to increase as the size of a particle decreases [72].

4. CHEMICAL PROPERTIES PROPERTIES OF NANOCRYSTALS

The surface area of nanocrystals increases markedly with the decrease in size.
Thus, a small metal nanocrystal of 1-nm diameter will have 100% of its atoms
on the surface. A nanocrystal of 10-nm diameter, on the other hand, would have
about 15% of its atoms on the surface. A small nanocrystal with a higher surface
area would be expected to be more reactive. Furthermore, the qualitative change
in the electronic structure arising due to quantum confinement in small
nanocrystals will also bestow unusual catalytic properties on these particles,
totally different from those of the bulk metal. We illustrate these important
aspects with a few examples from the recent literature. A low-temperature study
[73] of the interaction of elemental O2 with Ag nanocrystals of various sizes
(Figure 1.8) has revealed the capability of smaller nanocrystals to dissociate
dioxygen to atomic oxygen species. On bulk Ag, the adsorbed oxygen species
at 80K is predominantly O2-. This interaction of O2 with Ag dependent on its
particle size is remarkable. Another important example is the reaction of H2S
with Ni nanocrystals giving rise to S2- species, with nanocrystals of different
sizes exhibiting different temperature profiles (see Figure 1.9). Unlike bulk
nickel, small nanocrystals show less dependence in their catalytic activity on
ambient temperature.
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(a)
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Figure 1.7. (a) I–V characteristics of an isolated 3.3-nm Pd nanocrystal (dotted line) 
and the theoretical fit (solid line) obtained at 300K using a semiclassical model
according to which the observed capacitance (C) can be resolved into two compo-
nents C1 and C2, and the resistance (R) can be resolved into R1 and R2, such that 
C = C1 + C2 and R = R1 + R2. For C1 << C2 and R1 << R2, the model predicts steps in the
measured current to occur at critical voltages, Vc = nce/C + (q0 + e/2)/C, where q0 is
the residual charge. (b) Variation of the charging energies of Pd and Au nanocrys-
tals with inverse diameters (d). (Reproduced with permission from reference 69.)
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The ability of Cu, Pd, Pt, and Ni nanoparticles to absorb CO has been thor-
oughly investigated. Carbon monoxide from a bulk Cu surface desorbs above
250K. Small Cu particles, however, retain CO up to much higher temperatures
[74]. A similar observation has been made in the case of Pd particles [75]. The
results obtained with Ni particles are more interesting. In addition to showing
a trend similar to the above, small Ni particles are also capable of dissociating
CO to form carbidic species on the particle surface (see Figure 1.10) [76]. This
could be due to the Ni(3d) level in small clusters coming close to the anti-
bonding energy level of CO(2p*). Heiz and co-workers have studied the ability
of a size-selected Pt cluster with nuclearity between 5 and 20 atoms to oxidize
CO [77]. The small Pt clusters are all catalytically active and exhibit a differ-
ent temperature and activity profile, depending on the nuclearity (see Figure
1.11). Simple molecular orbital and geometry-based considerations suffice to
describe the catalytic activity in such small clusters [77].

Bulk Au is a noble metal. Goodman and co-workers [78], however, found
that Au nanocrystals supported on a titania surface show a marked size effect
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Figure 1.8. Change in the O(1s) spectra of Ag clusters exposed to 500L O2 at 80K. 
The diameters of the clusters were estimated from metal coverage. The lower
binding energy peak at 531eV corresponds to O- while that at 533eV arises due to
molecular oxygen. (Reproduced with permission from reference 74.)
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T (K)

Figure 1.9. Variation of the normalized areas of the signal for the core-level 
transitions of S2- with temperature for different sizes of Ni clusters deposited on
graphite. (Reproduced with permission from reference 73.)

~ 12 nm ~ 5 nm ~ 1.5 nm 

Figure 1.10. Change in the C(1s) spectra of CO adsorbed on Ni clusters with
temperature. The feature at 286eV corresponds to molecularly adsorbed CO while
that at 284eV arises due to the formation of carbidic species. (Reproduced with
permission from reference 74.)
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in their catalytic ability for CO oxidation reaction, with Au nanoparticles in 
the range of 3.5nm exhibiting the maximum chemical reactivity. A metal-to-
nonmetal transition was observed in the I–V spectra as the cluster size is
decreased to below 3.5nm3 (consisting of ~300 atoms). This result is quite
similar to that obtained with Pd particles supported on oxide substrate [79]. In
another study of Au particles supported on a zinc oxide surface, smaller parti-
cles (<5nm) exhibited a marked tendency to adsorb CO while those with diam-
eters above 10nm did not significantly adsorb CO [80]. Heiz and co-workers
have found that small Au clusters (Aun, n £ 20) exhibit size-dependent catalytic
activity above a nuclearity of 8 (see Figure 1.12) [81]. The increased activity
of these metal particles is attributed to the charge transfer between the oxide
support and the particle surface. It is possible that defects on the oxide surface
also play a role in determining the catalytic activity of the nanocrystals.

5. PROGRAMMED ASSEMBLIES

Like molecular systems, nanocrystals capped with suitable ligands sponta-
neously assemble into ordered aggregates. That such self-assembly can occur
through a variety of weak forces is being recognized. Cooperative assemblies
of ligated metal and semiconductor and as well as of colloidal polymer spheres
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Figure 1.11. A plot of the number of catalytically produced CO2 molecules against 
the nuclearity of Pt clusters. The CO2 molecules produced by oxidation of CO are
studied by means of temperature-programmed desorption mass spectrometry.
(Reproduced with permission from reference 77.)
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seem to occur through the mediation of electrostatic and capillary forces [67,
82, 83]. The forces that govern the nanocrystal assembly, however, are differ-
ent in many ways. Surface tension for example, plays an important role [14]
because in a nanocrystal a large fraction of atoms are present at the surface.
Surfactant molecules that self-assemble on solid surfaces have proved to be the
best means of obtaining ordered arrays of nanocrystals [67]. The way in which
the nanocrystals organize themselves depends critically on the core diameter,
the nature of the ligand, the substrate, and even the dispersive medium used
[84]. Thiolized metal nanocrystals readily arrange into two-dimensional arrays
on removal of the solvent [6]. Using suitable methods, they can also be put into
one-dimensional organization in the form of strings or assembled in a stepwise
fashion in a three-dimensional superlattice (see Figure 1.13).

5.1. One-Dimensional Arrangements

Hornayak et al. [85] used the ordered channels of porous alumina as templates
to obtain linear arrangements of Au nanocrystals. By varying the pore size, the
diameter of the nanowire could be controlled. A linear arrangement has also
been obtained by coordinating Au particles (~1.4nm) stabilized with phosphine
ligands to single-stranded DNA oligonucleotide of the desired length and spe-
cific sequence [86, 87]. Pt nanocrystals in the form of ribbons has been obtained
using a cholesteric liquid crystalline template [88]. Organization of particles in
a one-dimensional lattice has met with limited success. Heath and co-workers
[89] have fabricated wires of Ag nanocrystals by compressing a dispersion of
Ag (4.5nm) nanocrystals in toluene. The wires were one nanocrystal thick and
a few nanocrystals wide, and they extended in length from 20 to 300nm. The
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Figure 1.12. A plot of the number of catalytically produced CO2 molecules against 
the nuclearity of Au clusters supported on a defect-rich MgO(100) surface. The CO2

molecules produced by oxidation of CO are studied by means of temperature-
programmed desorption mass spectrometry. (Reproduced with permission from 
reference 81.)
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Figure 1.13. Schematic illustration of the various metal nanocrystal organizations.

interwire separation distance as well as the alignment of the wires could be con-
trolled by compressing the film. Based on preliminary experimental observa-
tions, it has been suggested tobacco mosaic virus tubules could serve as 
templates for growth of one-dimensional lattice of quantum dots [90].
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5.2. Two-Dimensional Arrays

Ligands based on long-chain thiols or phosphines have served as good 
candidates for assembling monodisperse nanocrystals on a flat substrate. Two-
dimensional organizations of a variety of nanocrystals can be brought about by
simply evaporating a drop of the sol on a flat substrate.

Gold organosols using alkane thiols as surfactants were first prepared by
Schiffrin and co-workers [91] by phase transferring gold ions and carrying out
reduction in the presence of thiols. Several workers have adopted this proce-
dure to obtain thiolized metal nanocrystals [92–95]. Whetten et al. [93] cen-
trifuged the organosol and separated out fractions containing nanocrystals of
different mean sizes to prepare well-ordered two-dimensional arrays of size-
selected Au nanocrystals. Harfenist et al. [24] found that that Ag nanocrystals
prepared by using a cluster beam were stable in air and formed extended 
two-dimensional arrays. Fitzmaurice and co-workers [94] have obtained two-
dimensional arrays of dodecanethiol-covered Ag nanocrystals. The Ag nanocrys-
tals were prepared following the method of Schiffrin and co-workers [91].
Well-ordered arrays of magic nuclearity nanocrystals, Pd561 and Pd1415, have
been successfully obtained (see Figure 1.14) after replacing their polymer
coating by alkanethiols, following the phase transfer method discussed previ-
ously [96]. Long-chain fatty acids have also been used for ligating and assem-
bling metal nanocrystals. Colloidal dispersion of Co nanocrystals capped with
fatty acids were found to self-assemble to yield hexagonally ordered arrays
similar to those obtained with alkanethiols [97, 98]. Similarly, Ag nanocrystals
capped with fatty acids of appropriate lengths yield cubic or hexagonal close-
packed structures [99, 100]. Schmid et al. [101] have reported an ordered two-
dimensional array of small Au55 nanocrystals (diameter ~1.4nm) on a polymer
film. At the other end of the size regime, big Au nanocrystals of 15- to 90-nm
dimensions have also been organized into two-dimensional arrays [102]. Arrays
of Au–Ag [27, 28] and Fe–Pt alloy nanocrystals [26] have been obtained. Magic
nuclearity Pd561 nanocrystals have been exploited to make Pd–Ni core-shell par-
ticles with variable Ni loadings [103]. The nanocrystals so obtained possess a
core-shell structure, where an Ni layer covers a Pd seed. The magic nuclearity
Pd561 nanocrystals act as high-quality seeds and promote the formation of
monodisperse Pd–Ni core-nanocrystals. Arrays of Pd561Nin (n up to 10,000
atoms) have been prepared after thiolizing the core-shell nanocrystals [104]. By
a simple extension of this technique, arrays of triple-layer nanocrystals of the
form Pd561Ni3000Pd1500 were also obtained. Methods to organize nonspherical
metal nanocrystals into two-dimensional arrays have met with very limited
success. Thus, hexagonal Pt as well as elongated silver nanocrystals have been
organized into ordered two-dimensional arrays [44, 105]. Interestingly, ordered
two-dimensional lattices containing thiolized spherical Au particles of two 
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different sizes have been reported by Kiely et al. [95], who found that the
nanocrystals of different radii follow the radius ratio rules formulated for alloy-
ing of different metals. Alloy arrays consisting of Au and Ag nanocrystals of
different sizes have been made [106].
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Figure 1.14. TEM micrographs showing hexagonal arrays of thiolized Pd
nanocrystals. (a) Pd561 octanethiol. (b) Pd1415, octanethiol. Organized arrays of these
nanocrystals extend to lengths over several microns.
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5.2.1. Stability and Phase Behavior of Two-Dimensional Arrays. The
nanocrystal organizations mentioned above are mainly entropy-driven. The two
lengths involved—the nanocrystal diameter (d) and the ligand chain length
(l)—play an important role in deciding the nature of the organization—that is,
its orderliness. It has been observed experimentally that for a given diameter
of the nanocrystal, the packing changes swiftly as the length of the thiol ligand
is increased. The stability diagram in terms of d and l shown in Figure 1.15
illustrates that extended close-packed organizations of nanocrystals are found
for d/l values ~2. Although entropy-driven, the above cannot be treated as hard-
sphere organizations. Based on a study of the effect of the solvent polarity on
the self-assembly of ligated metal nanocrystals, Korgel et al. [84, 94] proposed
a soft-sphere model taking the interparticle interaction into consideration.
Accordingly, a ligated nanocrystal allows for penetration of the ligand shell up
to its hard-sphere limit. In this model, the total potential energy, E, is consid-
ered to be a result of two types of forces between the nanocrystals:

(2)E E EvdW= +steric
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Figure 1.15. The d–l phase diagram for Pd nanocrystals thiolized with different 
alkanethiols. The mean diameter, d, was obtained from the TEM measurements on
as-prepared sols. The length of the thiol, l, is estimated by assuming an all-trans
conformation of the alkane chain. The thiol is indicated by the number of carbon
atoms, Cn. The bright area in the middle encompasses systems that form 
close-packed organizations of nanocrystals. The surrounding darker area includes
disordered or low-order arrangements of nanocrystals. The area enclosed by the
dashed line is derived from calculations from the soft-sphere model.
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(3)

(4)

The van der Waals interaction due to the polarization of the metal cores con-
stitutes the attractive term, and the steric interaction between the thiol mole-
cules on the two surfaces forms the repulsive term, where t is the interparticle
distance. The Hamaker constant, A, for Pd nanocrystals, in toluene for instance,
has been estimated to be 1.95eV [107]. The calculated diameter of the area
occupied by the thiol molecule (sa) on the particle surface is 4.3Å [94]. The
total energy is attractive over a range of interparticle distances, and the mag-
nitude increases with fall in distance. There could be a range of interparticle
distances where the attractive energy from the van der Waals term exceeds the
repulsive energy due to the steric factor, giving rise to net stabilization of the
two-particle system. Stabilization energies of 17 and 2meV are obtained from
the calculation for particles coated with octanethiol and dodecanethiol, respec-
tively. When the stabilization energies have moderate values, comparable to the
thermal energy of the nanocrystals, ordered organizations can be expected. If
the d/l and hence the stabilization energy is not favorable, collapsed monolay-
ers of nanocrystals or loosely packed structures are seen. Clearly, the interdig-
itation of thiol molecules plays a major role in attributing hardness to the ligated
nanocrystal, which in turn decides the nature of the two-dimensional organiza-
tion. A similar treatment should hold good for other nanocrystals.

5.3. Three-Dimensional Superlattices

Multilayer assemblies using monothiols (see Figure 1.13) are generally fragile
and are not suited for use in functional devices. One of the means of obtaining
robust structures involves multilayer deposition of nanocrystals and has been
drawing a great deal of attention over the last few years, since they provide a
convenient, low-cost means to prepare ultra-thin films of controlled thicknesses,
suited for device applications. In a typical experiment, one end of a monolayer-
forming bifunctional spacer is tethered to a flat substrates such as gold, 
aluminum, indium tin oxide, or glass, leaving the other end free to anchor
nanocrystals [6, 7]. Subsequent layers can be introduced by dipping the sub-
strate sequentially into the respective spacer molecule solution and the nano-
crystal dispersion, with intermediate steps involving washing and drying. 
The formation of the multilayer assembly can be monitored using a variety of
spectroscopy and microscopy tools. Thus, by employing Au substrates and
dithiols as spacers, Sarathy et al. [108] have formed multilayer assemblies of
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various nanocrystals. Brust et al. [109] have reported the formation of multi-
layers of Au nanoparticles using dithiols. These workers have confirmed the
layer-by-layer deposition of particle arrays by employing UV-vis spectroscopy
and ellipsometry. Three-dimensional superlattices involving nanocrystals of
different metals (e.g., Pt and Au) and of metals and semiconductors (e.g., Au
and CdS) have also been prepared and characterized [108]. Such assemblies
can be made with polyelectrolytes such as poly(diallyldimethylammonium
chloride) (PDDA), polyethyleneimine (PEI) [110, 111], and poly(allylamine
hydrochloride) (PAH), as well as with polymers such as poly-phenyleneviny-
lene (PPV) [112, 113].

5.4. Giant Nanocrystals

It has been proposed that self-similarity in metal nanocrystal organization
would manifest in the form of a giant cluster whose shape and size are direct
consequences of the nanocrystals themselves [114]. The invariance of the shell
effects in metal nanocrystals with scaling is shown schematically in Figure 1.16.
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Figure 1.16. Self-similarity. Schematic illustration of the formation of a cluster of 
metal nanocrystals (super cluster) and a cluster of superclusters. The size effects
operating in nanocrystals could be invariant to scaling. (Reproduced with permis-
sion from reference 114.)
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Thus, Pd561 nanocrystals would be expected to self-aggregate into a giant cluster
of the type (Pd561)561 under suitable conditions. The monodisperse nature of the
nanocrystals is thought to be important in assisting the self-aggregation process.
Formation of such clusters was observed in the mass spectra of magic nuclear-
ity Au55 nanocrystals. Secondary ion mass spectrometry indicated the presence
of species with large m/z values, and these were attributed to (Au13)55 giant clus-
ters [115]. However, the giant clusters so obtained have not been isolated or
imaged. One such observation was made in the case of Pd561 nanocrystals where
the PVP-covered nanocrystals aggregated to form giant clusters [116]. The
TEM image in Figure 1.17 is revealing. There are regions where the nanocrys-
tals are densely packed in the form of giant aggregates with estimated nanocrys-
tal nuclearities corresponding to various magic numbers. It is possible that the
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n = 7 (1415)

n = 1 (13)

n = 2 (55)

n = 3 (147)

n = 4 (309)

n = 5 (561)

(a) (b)

Figure 1.17. (a) TEM micrograph showing the giant clusters comprising Pd561

nanocrystals. Sample for TEM was prepared by the slow evaporation of a PVP–Pd561

hydrosol. (b) Giant clusters enclosed in circles whose diameters correspond to magic
numbers. The n and the values in the parentheses indicate the number of nanocrys-
tals and closed shells, respectively.
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formation of the giant clusters is facilitated by the polymer shell that encases
them. Unlike in the case of Pd nanocrystals coated with alkanethiols, which
self-assemble to form ordered arrays, the polymer shell effectively magnifies
the facets of the metallic core, thereby aiding a giant assembly of the 
nanocrystals.

The tendency of monodisperse nanocrystals to arrange into ordered three-
dimensional arrays extending to a few microns has been noticed [117]. Careful
tuning of crystallization conditions have yielded crystallites of micrometer
dimensions consisting of Au55 nanocrystals and Fe–Pt alloy nanocrystals (4.5
nm) [118, 119]. However, it was observed that the nanocrystal arrangement in
all the above crystallites was polymorphous. It is believed that such crystallites,
consisting of ordered nanocrystals, could prove to be the best candidates to
study the collective properties of an ensemble of nanocrystals.

5.5. Nanocrystal Patterning

Creating patterns of nanocrystals on surfaces has attracted wide attention. Such
patterned substrates can act as templates to grow nanowires and can serve as
etch masks to grow nanopillars and quantum dots [120–122]. Other than the
layer-by-layer technique mentioned before, simple techniques such as spin
coating have been employed to create a nanocrystalline pattern on surfaces
[123]. In the example shown in Figure 1.18, a direct write lithographic tech-
nique—dip pen lithography [124, 125]—relies on a cantilever used for atomic
force microscopy (AFM) to write on a substrate to create patterns of Au
nanocrystals on mica substrates. Thus, nanocrystals of metals and semicon-
ductors can be patterned into rectangles and lines of varying aspect ratios.

6. EMERGING APPLICATIONS

Several applications have been envisaged for nanocrystals, ranging from simple
dyes to magnetic-resonance-imaging contrast agents [126], as components of
single-electron and nanoscopic electronic circuitry [10, 127], magnetic media
[97], as ingredients in catalyst and sensors, and so on. All the above applica-
tions seek to exploit the tunability provided by size-dependent properties of the
nanocrystals [3].

The dependence of the plasmon band on the dielectric constant of the sur-
rounding medium in metal nanocrystals had been used to detect binding events
taking place at the ligand shell. Thus, Au nanocrystals could colorimetrically
determine the successful hybridization of oligonucleotide strands bound to its
surface [83, 86]. It has been proposed that colorimetric sensing of heavy metal
ions could be obtained by the use of carboxylic acid terminated bifunctional

24 PHYSICAL AND CHEMICAL PROPERTIES OF NANO-SIZED METAL PARTICLES

    SOFTbank E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



thiols bound to metal nanocrystals [128, 129]. The changes in the electronic
absorption spectra of ~5-nm Ag nanocrystals capped with lipoic acid, fol-
lowing the addition of the heavy ions Cu2+ and Fe2+, are shown in Figure 1.19.
Such a dampening also brings about a change in color. It is apparent that Cu2+

ions dampen the plasmon band more effectively than Fe2+. It is hoped that
mesoscalar organizations could provide useful substrates consisting of ordered
nanocrystals that are required to carry out the above experiments in solid state.

The fact that the physical properties of nanocrystal organizations could be
different from that of the isolated particles is being realized. Pellets of monodis-
perse nanocrystals, obtained by the use of bifunctional ligand that binds to more
than one nanocrystal or by applying pressure on dried nanocrystalline matter,
have been used for electrical transport measurements [130–133]. Pellets made
of small Au and Pd nanocrystals exhibit nonmetallic behavior with specific con-
ductivities in the range of 106W-1 cm-1 [130–132]. The conductivity, however,
increases dramatically with an increase in the diameter of the nanocrystals. An
insulator metal transition has indeed been reported from pellets made of ~12.5-

EMERGING APPLICATIONS 25

3 µµm

Figure 1.18. Contact AFM scan of a 9-mm2 area on mica substrate showing 
rectangles of various aspect ratios filled with Au nanocrystals. The patterns were
obtained by translating a AFM cantilever dipped in a sol across the surface. The
inset shows a TEM image of a similar pattern on a holey carbon copper grid, and
the dotted line bounds the area sought to be filed. The scale bar in the inset 
corresponds to 50nm.
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nm Au and Ag nanocrystals [133]. Electrical transport measurements on layer-
by-layer assemblies of nanocrystals on conducting substrates have been carried
out by adoption a sandwich configuration [134–136]. Nanocrystalline films
with bulk metallic conductivity have been realized with Au nanocrystals of 5-
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Figure 1.19. Electronic absorption spectra of ~5-nm Ag nanoparticles showing 
changes accompanying the addition of (a) Cu2+ and (b) Fe2+ ions. The concentra-
tions of the ions are indicated. (Reproduced with permission from reference 129.)
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and 11-nm diameter spaced with ionic and covalent spacers [135, 136]. The
conductivity of a monolayered two-dimensional array of metal nanocrystals has
been studied with patterned electrodes [137–142]. Structural disorder and inter-
particle separation distance are identified as key factors that determine the 
conductivity of such layers [137–140]. The conductivity of such layers can be
enhanced by replacing alkane thiol with an aromatic thiol in situ [141, 142].
That the interaction energy of nanocrystals in such organizations can be con-
tinually varied by changing the interparticle distance was exploited by Heath
and co-workers [143, 144], who prepared a monolayer of Ag (~3nm) nanocrys-
tals at air–water interface in an LB trough and varied the interparticle distance
by applying pressure. A host of measurements including reflectivity and non-
linear optical spectroscopic techniques were carried out in situ. This study led
to the observation of a reversible Mott–Hubbard metal–insulator transition in
the nanocrystal ensemble wherein the Coulomb gap closes at a critical distance
between the particles. Tunnelling spectroscopic measurements on films of 2.6-
nm Ag nanocrystals capped with decanethiol reveal a Coulomb blockade behav-
ior attributable to isolated nanocrystals [144]. On the other hand, nanocrystals
capped with hexane and pentane thiol exhibit characteristics of strong 
interparticle quantum mechanical exchange. Similar behavior was observed in
the case of self-assembled two-dimensional arrays of Co nanocrystals and Au
nanocrystals [145, 146].

Alternatives to current magnetic storage media are much sought after. It is
believed that arrays of interacting superparamagnetic nanocrystals, whose mag-
netic properties are governed by the interparticle separation, can be effective
alternatives to current hard disks. Nanocrystals of Co, when organized into two-
dimensional arrays, exhibit a higher superparamagnetic blocking temperature
compared to isolated nanocrystals; that is, they display a higher resistance to
thermal reversal of their spins than when they are isolated [147]. Sun et al.
report a lattice of nanocrystals, each consisting of an Fe core and a Pt shell pre-
pared by heating Fe–Pt alloy nanocrystals [26]. Following phase segregation,
the interaction between the nanocrystals increased, leading to ferromagnetic
films capable of supporting high-density magnetization reversal transitions.
Exchange spring magnets—nanocomposites that consist of magnetically hard
and soft phases interacting via magnetic exchange coupling—have been made
by carefully annealing the mixed nanocrystal array consisting of Fe–Pt and
Fe3O4 [148].

6.1. Nanocomputing

Ordered arrays of nanocrystals, in principle, could be thought of as arrays of
SET (single-electron transistors), where the electrostatic interaction between
neighboring SET acts as wireless communication means. It has been suggested
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by Korotkov [149] and Lent and co-workers [150] that simple logical opera-
tions can be performed on a circuitry consisting of arrays of SET in the form
of chains or cells with suitable insulating spacers. An electric field applied in
one direction polarizes the strings into either the 0 or the 1 state. Lent’s scheme,
named quantum cellular automata, instead uses a square cell consisting of five
nanocrystals to denote the state of polarization. Preliminary experiments to
evaluate the schemes are currently being pursued.

The realization that a self-assembly-driven fabrication process is not
capable of producing defect free structures has fueled a search for algorithms
that can compute even with defective circuitry. Heath et al. [151] have devel-
oped Teramac, a computer that works despite a high concentration of defects
in its bank of microprocessors. A more radical solution called amorphous
computing aims to “engineer pre-specified, coherent behavior from cooperation
of large numbers of unreliable parts interconnected in unknown, irregular and
time-varying ways” [152–154].

7. CONCLUSIONS

Nanocrystals of metal with diameters in the range 1–50nm form a class of 
materials with unusual properties that are size-dependent. Excellent electrical
conductivity that primarily characterizes a metallic state becomes a rare entity
in small nanocrystals (<2nm) due to quantum confinement of the electronic
states. Similarly, magnetic metals lose much of the coercivity with diminishing
size. On the other hand, chemical properties such as reactivity may show up
better at smaller sizes due to more number of surface bonding sites and other
electronic effects. Considering the importance of nanocrystals in technological
applications, a large number of synthesis methods have evolved in recent years
which include reverse micelle and sonochemical methods besides laser abala-
tion. Control over size and shape as well as encasing the nanocrystals with
ligands of specialized functionalities have become subjects of urgent enquiry.
While isolated nanocrystals are interesting by themselves, their organizations,
especially those that are capable of self-assembling into well-ordered arrays,
have attracted greater attention. Nanocrystals anchored to fragments of DNA
or likewise molecules essentially form one-dimensional organizations. When
coated with long-chain alkane thiols, nanocrystals exhibit a tendency to 
assemble into hexagonal arrays on flat substrates. The stability of such a two-
dimensional organization depends on the diameter of the nanocrystals and the
length of the ligand. Multilayers of nanocrystal arrays can also be made in a
programmed way by selecting suitable spacer molecules. However, patterns 
of nanocrystals can be obtained using scanning probe techniques. Another 
known mesoscalar aggregation is the giant clusters of nanocrystals with 
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definite nuclearities. It would be ideal to grow crystals of nanocrystals, but such
efforts have met with only a limited success to date, giving micron-sized crys-
tals. Nanocrystal organizations may exhibit properties very different from those
of the individual. They are amenable to unprecedented control over the lattice,
with the size of the nanocrystal and interparticle separation being continuously
variable over a range. Exploratory experiments for measuring such collective
properties are currently underway in several laboratories around the world.
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