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Preface

The subject of nanoscience and technology has had an extraordinary season of

development and excitement in the last few years. Chemistry constitutes a major

part of nanoscience research and without employing chemical techniques it is dif-

ficult, nay impossible, to synthesize or assemble most of the nanomaterials. Fur-

thermore, many of the properties and phenomena associated with nanomaterials

require chemical understanding, just as many of the applications of nanomateri-

als relate to chemistry. Because of the wide interest in the subject, we edited a

book entitled Chemistry of Nanomaterials, which was published by Wiley-VCH

in the year 2004. This book was extremely well received. In view of the increasing

interest evinced all over the world in the chemistry of nanomaterials, we consid-

ered it appropriate to edit a book covering research on nanomaterials published

in the last 2 to 3 years. This book is the result of such an effort. The book covers

recent developments in nanocrystals, nanotubes and nanowires. The first two

chapters dealing with nanocrystals, nanotubes and nanowires broadly cover all as-

pects of these three classes of nanomaterials. There are also chapters devoted to

topics such as peptide nanomaterials, dendrimers, molecular electronics, molecu-

lar motors and supercapacitors. We believe that this book not only gives a status

report of the subject, but also indicates future directions. The book should be a

useful guide and reference work to all those involved in teaching and research in

this area.

C.N.R. Rao
A. Müller
A.K. Cheetham
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1

Recent Developments in the Synthesis,

Properties and Assemblies of Nanocrystals

P.J. Thomas and P. O’Brien

1.1

Introduction

Nanocrystals of metals, oxides and semiconductors have been studied intensely in

the last several years by different chemical and physical methods. In the past de-

cade the realization that the electronic, optical, magnetic and chemical properties

of nanocrystals depend on their size has motivated intense research in this area.

This interest has resulted in better understanding of the phenomena of quantum

confinement, mature synthetic schemes and fabrication of exploratory nanoelec-

tronic devices. The past couple of years has seen heightened activity in this area,

driven by advances such as the ability to synthesize nanocrystals of different

shapes. In this chapter, we review the progress in the area in the above period

with emphasis on growth of semiconductor nanocrystals. Illustrative examples

of the advances are provided. Several reviews have appeared in this period, seek-

ing to summarize past as well as current work [1–4].

1.2

Spherical Nanocrystals

1.2.1

Semiconductor Nanocrystals

There have been several successful schemes for the synthesis of monodisperse

semiconductor nanocrystals, especially the sufides and selenides of cadmium.

However, there is still plenty of interest in exploring new synthetic routes. Nano-

crystals of lead, manganese, cadmium and zinc sulfides have been obtained by

thermolysis of the corresponding metal-oleylamine complex in the presence of S

dissolved in oleylamine. The metal oleylamine complexes were prepared by react-

ing the corresponding chlorides with oleylamine. Nanocrystals with elongated

shapes such as bullets and hexagons were produced by varying the stoichiometry

1



and concentration of the precursors [5]. Manganese sulfide nanocrystals in the

form of spheres and other shapes such as wires and cubes have been obtained

by thermolysis of the diethyldithiocarbamate in hexadecylamine [6]. Nanocrystals

of cadmium, manganese, lead, copper and zinc sulphides have been obtained

by thermal decomposition of hexadecylxanthates in hexadecylamine and other

solvents. A highlight of this report is the use of relatively low temperatures

(50–150 �C) and ambient conditions for synthesis of the nanocrystals [7]. Fluores-

cent CdSe nanocrystals have been prepared using the air stable single source pre-

cursor cadmium imino-bis(diisopropylphosphine selenide) [8]. Cadmium sele-

nide nanocrystals have been prepared in an organic medium prepared without

the use of phosphines or phosphine oxides using CdO in oleic acid and Se in oc-

tadecene [9]. Water soluble luminescent CdS nanocrystals have been prepared

by refluxing a single source precursor [(2,2 0-bipyridine)Cd(SCOPh)2] in aqueous

solution [10]. Nanocrystals of EuS exhibiting quantum confinement were synthe-

sized for the very first time by irradiating a solution of the dithiocarbamate

Na[Eu(S2CNEt2)4]3.5H2O in acetonitrile [11]. Following this initial report, a num-

ber of single source precursors have been used to synthesize EuS nanocrystals

[12].

Peng and coworkers have followed the nucleation and growth of CdSe nano-

crystals in real time by monitoring absorption spectra with millisecond resolution

[13]. Extremely small CdSe nanocrystals with dimensions of about 1.5 nm, with

magic nuclearity have been reproducibly synthesized starting with CdO [14]. In-

tense emission, due to defects, spread across the visible spectrum has been ob-

served from these nanocrystals (see Fig. 1.1). These nanocrystals can therefore be

used to obtain white emission. The nanocrystals are presumed to have the struc-

ture of highly stable CdSe clusters observed in mass spectrometric studies [15].

Chalcogenide semiconductor nanocrystals have been synthesized in microfabri-

cated flow reactors [16, 17]. The reactors employ either a continuous stream of

Fig. 1.1 Absorption and emission spectra of magic-sized CdSe

nanocrystals (reproduced with permission from Ref. [14]).
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liquid [16] or a segmented column containing gas and liquid droplets [17]. The

use of small volumes and microscopic cells, provides new avenues for easy study

of the nanocrystal growth process.

Gallium arsenide nanocrystals with diameters in the range 2.0–6.0 nm have

been prepared in 4-ethylpyridine starting with GaCl3 and As(NMe2)3 [18]. Highly

luminescent InAs nanocrystals have been prepared in hexadecylamine by the use

of the single source precursor [ tBu2AsInEt2]2 [19].

Sardar and Rao [20] have prepared GaN nanoparticles of various sizes under

solvothermal conditions, employing gallium cupferronate (Ga(C6H5N2O2)3) or

chloride (GaCl3) as the gallium source and hexamethyldisilyzane as nitriding

agent and toluene as solvent. This method is generally applicable for nitridation

reactions. Nanocrystals of InP and GaP have been prepared using the thermolysis

of the metal diorganophosphide [M(P tBu2)3] in hot 4-ethylpyridine [21], InP

nanoparticles of different sizes (12–40 nm) have been prepared by a the solvother-

mal reaction involving InCl3 and Na3P [22]. Magnetic MnP nanocrystals with di-

ameters of 6.7 nm have been produced by the treatment of Mn2(CO)10 with

P(SiMe3)3 in trioctylphosphine oxide (TOPO)/myristic acid at elevated tempera-

ture [23]. Nanocrystals of iron and cobalt phosphides can also be synthesized by

the use of the corresponding carbonyls.

There has been increasing interest in designing ligands that can effectively cap

fluorescent semiconductor nanocrystals to make them water soluble, especially to

bind to biological molecules or to facilitate easy incorporation into microscopic

polymer beads. A family of ligands, which consist of a phosphine oxide binding

site, long alkyl chains and a carbon–carbon double bond positioned such that the

whole molecule can take part in a polymerisation reaction were used to cap CdSe

nanocrystals (see Fig. 1.2). The nanocrystals, thus capped, can be incorporated

into microscopic polymer beads by suspension polymerization reactions [24]. Oli-

gomeric phosphines with methacrylate groups have been used to cap CdSe and

CdSeaZnS core–shell nanocrystals and to homogeneously incorporate them into

polymer matrices [25]. A polymer ligand consisting of a chain of reactive esters

has been successfully used to cap CdSeaZnS core–shell nanocrystals [26], the

pendant reactive groups can be substituted with molecules containing amino-

functionalities.

Alivisatos and coworkers have carried out cation exchange reactions on nano-

crystals of different shapes and sizes and find that complete and fully reversible

Fig. 1.2 Structure of polymerizable ligands used to cap CdSe nanocrystals.
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cation exchange occurs in nanocrystals [27]. Thus, by treating a dispersion of

CdSe nanocrystals in toluene with a small volume of methanolic solution of

AgNO3, Ag2Se nanocrystals could be obtained in a few seconds. The rates of the

cation exchange reactions on the nanoscale are much faster than in bulk cation

exchange processes. This study has also identified a critical size above which the

shapes of nanocrystals evolve toward the equilibrium shape with lowest energy

during the exchange reaction.

1.2.2

Metal Nanocrystals

Metal nanocrystals have traditionally been prepared by reduction of metal salts.

This method has been extremely successful in yielding noble and near-noble

metals such as Au, Ag and Pt. However, more reactive metals such as Fe, Cu, Co

are not readily obtainable. An organometallic route involving a combination of re-

duction and thermal decomposition of low or zero valent metal precursors is

emerging as an attractive route for the synthesis of metal nanocrystals [28]. This

route borrows from previous experience on thermal decomposition to obtain ferro

fluids and the use of high boiling alcohols to synthesize metal particles (the

polyol method).

Copper nanocrystals have been made by the thermolysis of

[Cu(OCH(Me)CH2NMe2)2] in trialkylphosphines or long chain amines [29].

Monodispersed gold nanocrystals with diameters of 9 nm have been prepared by

reduction of HAuCl4 in TOPO and octadecylamine [30] (see Fig. 1.3). Palladium

nanocrystals in the size range 3.5–7.0 nm have been prepared by thermolysis of a

complex with trioctylphosphine [31]. Mesityl complexes of copper, silver and gold

have been used as precursors to nanocrystals capped with amines, or triphenyl-

Fig. 1.3 Two-dimensional lattice of octadecylamine/trioctylphosphine

oxide-capped gold nanocrystals, bar ¼ 20 nm. Inset: SEM of cubic

colloidal crystal prepared from octadecylamine/TOPO-capped gold

nanocrystals (190 �C), bar ¼ 80 mm. (reproduced with permission from

Ref. [30]).
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phosphine oxide [32]. Large nanocrystals of the semimetal bismuth with diame-

ters of 100 nm have been prepared by reduction of bismuth 2-ethylhexanoate in

the presence of oleic acid and trialkylphosphine [33]. Lead nanocrystals with di-

ameters of 20 nm have been prepared by thermolysis of tetraethyllead in octanoic

acid and trioctylphosphine [34]. Iridium nanocrystals have been prepared by ther-

molysis of the low-valent organometallic precursor (methylcyclopentadienyl)(1,5-

cyclooctadiene)Ir in a mixture of amines [35].

Iron–platinum alloy nanocrystals have attracted a lot of attention, due to their

magnetic properties [36]. Iron–platinum nanocrystals with 1:1 ratio of Fe:Pt, exist

in two forms. An fcc (face centered cubic) form in which the Fe and Pt atoms are

randomly distributed (A1 phase) or an fct (face centered tetragonal) form, in

which Fe and Pt layers alternate along the h001i axis(L10 phase). The latter phase

has the highest anisotropic constant among all known magnetic material. Synthe-

sis of homogeneously alloyed FeaPt nanocrystals require that Fe and Pt are

nucleated at the same time. This process was first accomplished by reducing plat-

inum acetylacetonate with a long chain diol and decomposing Fe(CO)5 in the

presence of oleic acid and a long chain amine [37]. There have been several im-

provements to the original scheme [36]. The as-synthesized nanocrystals are pre-

sent in the A1 phase and transform into the L10 phase upon annealing at 560 �C.
The transition temperature can be varied by introducing other metal ions. Thus,

[Fe49Pt51]88 nanocrystals have been made by introduction of silver acetylacetonate

in the reaction mixture [38, 39]. The A1 to L10 transition temperature is lowered

to 400 �C by the introduction of Ag ions. Cobalt and copper ions introduced

in FeaPt nanocrystals by the cobalt acetylacetonate or copper(ii)bis(2,2,6,6-

tetramethyl-3,5-heptanedionate) resulted in an increase in the A1 to L10 transi-

tion temperature [40, 41]. The successful synthesis of FeaPt nanocrystals using

a combination of reduction and thermal decomposition to successfully generate

homogeneous alloy nanocrystals has sparked a flurry of activity. Thus, CoPt,

FePd, CoPt3 have all been obtained [42, 43]. Manganese–platinum alloy nanocrys-

tals have been obtained by using platinum acetylacetonate and Mn2(CO)10 using

a combination of reduction and thermal decomposition brought about using 1,2-

tetradecanediol in a dioctyl ether, oleic acid/amine medium [44]. Nickel–iron al-

loy nanocrystals have been obtained using iron pentacarbonyl and Ni(C8H12)2
[45]. Samarium–cobalt alloy nanocrystals have been prepared by thermolysis of

cobalt carbonyl and samarium acetylacetonate in dioctyl ether with oleic acid [46].

Similarly, SmCo5 nanocrystals have been prepared using a diol and oleic acid/

amine [47].

As can be seen, a wide range of reactive metal and metal alloy nanocrystals

have been obtained by thermolysis and/or reduction of organometallic precur-

sors. The key advantage of this method seems be the ability to synthesize alloys

of metals, whose reduction potentials are very different.

Alivisatos and coworkers have synthesized hollow nanocrystals by a process

analogous to the Kirkendal effect observed in the bulk [48]. In bulk matter, pores

are formed in alloying or oxidation reactions due to large differences in the solid-

state diffusion rates of the constituents. By reacting Co nanocrystals with S, Se or
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oxygen, hollow Co nanocrystals have been obtained. By starting with core–shell

nanocrystals of the form PtaCo and carrying out the process of hole creation,

egg-yolk-like nanostructures consisting of a Pt yolk-like core and a Co oxide shell

have been obtained.

1.2.3

Nanocrystals of Metal Oxides

Nanocrystals of iron, cobalt, manganese, cobalt and nickel oxides have been syn-

thesized by the thermolysis of the corresponding metal acetylacetonates in hexa-

decylamine [49]. The nanocrystals could be transferred into the aqueous phase

using amine-modified poly(acrylic acid). Nickel oxide nanocrystals obtained by

the above method were trigonal (see Fig. 1.4). Manganese oxide nanocrystals of

diameter 7 nm have been synthesized by thermal decomposition of manganese

acetate in the presence of oleic acid and trioctylamine at high temperature. The

MnO nanocrystals so obtained were oxidized to Mn3O4 nanocrystals by the use

of trimethylamine-N-oxide. FeO nanocrystals have also been using the same

method [50]. Adopting a similar approach, a range of monodisperse oxide nano-

Fig. 1.4 A, TEM image of NiO nanocrystals. B, Electron diffraction

pattern acquired from the NiO nanocrystals. C, HRTEM image of NiO

nanocrystals, (insert) FFT of the HRTEM.
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crystals such as iron oxide, CoO and MnO have been synthesized by decomposi-

tion of metal-oleate complexes in different solvents. The oleate complexes were

prepared by reacting the corresponding chlorides with Na-oleate [51]. Tetragonal

zirconia nanocrystals with diameters of 4 nm have been prepared by a sol–gel

process using zirconium(iv) isopropoxide and zirconium(iv) chloride [52].

Biswas and Rao [53] have prepared metallic ReO3 nanocrystals of different

sizes by the solvothermal decomposition of rhenium(vii)oxide–dioxane complex

(Re2O7a(C4H8O2)x) in toluene. The diameter of the nanocrystals could be varied

in the range 8.5–32.5 nm by varying the decomposition conditions. The metallic

ReO3 nanocrystals exhibit a plasmon band similar to Au nanocrystals.

Cobalt oxide nanoparticles with diameters in the 4.5–18 nm range have

been prepared by the decomposition of cobalt cupferronate in decalin at 270 �C
under solvothermal conditions. Magnetic measurements indicate the presence of

ferromagnetic interaction in the small CoO nanoparticles [54]. Cubic and hexag-

onal CoO nanocrystals have been obtained starting from [Co(acetylacetonate)3]

[55]. Nanoparticles of MnO and NiO have been synthesized from cupferronate

precursors under solvothermal conditions [56]. Octlyamine capped ZnO nano-

crystals with band edge emission have been synthesized using single source

precursors zinc cupferronate (Zn(C6H5N2O2)2, the Zn(ii) salt of N-nitroso-N-

phenylhydroxylamine) and a ketoacidoximate (C8H16N2O8Zn, diaquabis[2-

(methoxyimino) propanoato]zinc(ii)) [57].

Yi et al. have embedded magnetic nanocrystals and fluorescent quantum dots

in a silica matrix using preformed nanocrystals and carrying out hydrolysis of sil-

icate in a reverse microemulsion [58], building on previously published methods

[59, 60]. The nanocomposites thus obtained are water soluble.

Thus, the main areas of research on spherical nanocrystals are directed at the

synthesis of unusual materials such as EuS, simplifying synthetic schemes or fa-

cilitating the use of nanocrystals by appropriate functionalization.

1.3

Nanocrystals of Different Shapes

1.3.1

Anisotropic Growth of Semiconductor and Oxide Nanocrystals

Nanocrystals of oxides and semiconductors have been grown in different shapes.

In a majority of these processes, anisotropic growth is achieved by maintaining

a high concentration of the precursors, typically by introducing precursors by

continuous or multiple injection. For example, spherical nanocrystals of Cd chal-

cogenides can be prepared using complexes of Cd and tetradecylphosphonic

acid (prepared by reacting CdO with the phosphonic acid) and chalcogen dis-

solved in trioctylphosphine. By carrying out the same reaction, but maintaining

a high concentration of precursors (by multiple injections), nanorods can be pro-

duced [61].
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Cadmium selenide nanocrystals in the form of rods, arrows and branched

forms like tetrapods were obtained by introducing the precursor in several steps

(see Fig. 1.5) [62–65]. This scheme has been extended to synthesize CdS [66] and

CdTe [67] nanocrystals of different shapes. A variety of precursors such as CdO,

cadmium naphthenate and single source precursors such as cadmium ethylxan-

thate [68], cadmium diethyldithiocarbamate [69] have been used to synthesize

rods and tetrapods of Cd chalcogenides. Heterostructured tetrapods consisting of

CdS, CdSe and CdTe are prepared by alternating the precursors during the injec-

tions in the growth step. Thus, arms of CdSe have been grown on CdS nanorods

[70]. Tetrapods and rods of MnS and PbS have been obtained by thermal decom-

position of the corresponding diethyldithiocarbamate [73, 74]. ZnS nanorods and

nanowires have been grown using zinc xanthates [71]. ZnSe nanorods and

branched structures have been obtained by decomposing diethylzinc [72]. Narrow

nanowires and nanorods of ZnS, CdS, CdSe, ZnSe have been obtained by micro-

wave-assisted decomposition of metal xanthates or mixtures of metal acetates and

selenourea [75].

Of particular interest in the synthesis of nanorods is the synthesis of cubic

nanorods of sulfides and selenides. Nanorods of CdS have been obtained by react-

ing Cd-acetate with S in hexadecylamine at high temperatures. High-resolution

transmission electron microscopy reveals that the obtained nanorods consist of

cubic and hexagonal domains, with the cubic structure predominating [76] (see

Fig. 1.6). Cubic CdS nanorods have been obtained solvothermally, starting with

CdCl2 and S [77]. Cubic CdSe nanrods have been synthesized by decomposition

of the single source precursor Li2[Cd10Se4(SPh16)] (SPh-phenyl thiolate) [78]. Cu-

bic ZnS nanorods have been obtained by solution-phase aging of spherical ZnS

nanocrystals at 60 �C [79].

Fig. 1.5 TEM image of CdSe tetrapods (adapted with permission from Ref. [65]).
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A simple one-pot method has been used to prepare CoP nanowires by thermo-

lyis of cobalt(ii)acetylacetonate in alkylphosphonic acid in the presence of hexa-

decylamine and trioctylphosphine oxide [80]. The morphology of the resulting

nanowires can be influenced by the ratio of the long chain amine and the phos-

phine oxide (see Fig. 1.7). Nanorods and nanowires of FeP have been prepared by

a similar method [98].

Nanowires, nanotubes, nanowafers and other morphologies of a series of Sb, In

and Bi chalcogenides have been obtained by reacting metal acetates with elemen-

tal chalcogens in amine [81–83] (see Fig. 1.8). Several of these metal chalcogen

phases have been obtained in pure form for the very first time.

Little is understood about the factors determining the growth of anisotropic

nanostructures, in particular tetrapods. The tetrapods consist of tetrahedral seeds

with cubic structure and arms which are hexagonal. Despite the synthesis of a

broad range of semiconductor matter, starting with a wide range of precursors, it

is observed that the diameters of the arms of a tetrapod can only be experimen-

tally varied in a narrow size range of 2.0–5.0 nm, leading us to suspect that a fun-

damental factor underpins the growth of tetrapods. Simple numerical calcula-

tions carried out by us suggest that the need to conserve the number of surface

atoms plays a crucial role in determining the diameter of the arms of the tetra-

pods [84]. Branching of tetrahedral seeds is accompanied by a relative gain in

the number of surface atoms when the dimensions of the seeds are in the range

2.0–5.0 nm (see Fig. 1.9). Seeds with higher or lower dimensions either suffer an

increase in the number of surface atoms or experience marginal rises in the

Fig. 1.6 HR-TEM image of a CdS nanorod showing lattice spacing of

hexagonal(H) and cubic(C) phases.
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number of surface atoms following branching. The ability to conserve surface

atoms lends extra stability to seeds of the right dimensions and plays a key role

in determining the dimensions of the tetrapods.

The solution–liquid–solid process is employed for the synthesis of nanorods of

more covalent semiconductors. In this method, a metal seed catalyzes the growth

of nanorods. Under the growth conditions employed, the seeds form alloys with

the nanowire material. The metal seed can either be generated in situ or be exter-

nally introduced [85]. Building on previous successes, Buhro and coworkers have

synthesized GaAs nanowires by decomposition of the single-source precursor

[tBu2Gam-As(SiMe3)2]2 [86]. Ga seeds are generated in situ during the decomposi-

tion of the precursor. Indium phosphide nanorods have been synthesized by the

use of two single source precursors, one to generate the seeds and the other to

sustain wire growth. Thus, InP nanorods with diameters controllable in the range

3–9 nm have been obtained using [tBu2InP(SiMe3)2]2 and [Cl2InP(SiMe3)2]2 [87].

Indium arsenide nanorods have been obtained by the use of Au nanocrystals as

seeds and InCl3 and As(trimethylsilane)3 as precursors [88]. The diameters can

be varied in the range 4–20 nm by varying the diameters of the seeds. Narrow

CdSe nanowires have been obtained using low-melting Bi nanocrystals as seeds

[89]. Narrow CdSe and PbSe nanowires have been synthesized using Au/Bi nano-

crystals as seeds [90, 91].

Korgel and coworkers have devised a new way to synthesize semiconductor

nanowires using supercritical fluids, high temperatures and pressures. By the

Fig. 1.7 TEM images of CoP nanorods of varying aspect ratios obtained

using different ratios of hexadecylamine and triphenylphosphine oxide.
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use of this method, seeded growth of nanowires can be achieved in common sol-

vents at high temperatures. Using this process Si [92], Ge [93], GaP [94], GaAs

[95] nanowires seeded by either Au or Bi nanocrystals have been successfully ob-

tained (see Fig. 1.10).

Nanorods of ZnO have been obtained by thermolysis of Zn-acetate in a mixture

of amines [99]. Iron oxide nanocrystals in cubic, star and other shapes have been

obtained by thermolysis of iron carbonyl and acetylacetonates [100]. A number of

metal oxide nanocrystals in the form of rods have been obtained by acylhalide

Fig. 1.8 (a) TEM image of InS nanorods (b) TEM image of Sb2Se3
nanorods and nanotubes prepared in octylamine (c) TEM image of

In2Te3 nanorods.
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elimination of metal halides in oleylamine [96]. Cubic BaTiO3 nanowires have

been synthesized by sol–gel reaction using BaTi(O2CCH3)6 [97].

A method related to thermolysis has been used by Korgel and coworkers [101–

103] to synthesize nanocrystals in different shapes. In this method, long chain

Fig. 1.10 High resolution TEM image of GaP nanowires (reproduced

with permission from Ref. [94]).

Fig. 1.9 Plot showing changes in the maximum difference in the

surface atom percentage (DSAPmax) between the tetrahedron and the

corresponding structures with four hexagonal branches grown from a

CdSe seed. The edge length refers to the edge length of the hexagon;

the base length pertains to the length of the tetrahedral face from which

the branch grows. The size regime for experimentally obtained

tetrapods is shaded.
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