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Abstract. The results of studies on the nanochemistry of metals
published in recent years are generalised. Primary attention is
centred on the methods for the synthesis of nanoparticles and their
chemical reactions. The means of stabilisation of nanoparticles
which involve individual metals and incorporate atoms of several
metals are considered as well as their physicochemical properties.
Self-assembling processes of nanoparticles are described. The
prospects of using metal nanoparticles in semiconductor devices,
catalysis, biology and medicine are discussed. The bibliography
includes 165 references.

I. Introduction

The last decade of the XXth century was marked by the increased
attention of scientists in the fields of physics, chemistry, materials
science, efc. devoted to nanoparticles, viz., to their synthesis,
properties and different reactions. The reason for this lies in the
fact that particles of nanometer sizes exhibit peculiar mechanical,
optical, electrical and magnetic properties different from those of
the corresponding macroparticles. Since 1990, the annual growth
in publications devoted to both nanoparticles themselves and the
prospects of their application in nanotechnologies has been
observed. The methods of synthesis and stabilisation of nano-
particles as well as their optical, magnetic and other properties
have already been summarised. In particular, quite a number of
books, collections of papers and surveys devoted to metal and
semiconductor nanoparticles and materials fabricated on their
basis have already been published.! 13

At the same time, studies on the chemical reactions that
involve nanoparticles are still in their infancy, and even the
keyword ‘nanochemistry’ has appeared in reference journals
relatively recently. This review is intended to make up for this
gap. It mainly deals with chemical reactions that involve metal

G B Sergeev Department of Chemistry, M V Lomonosov Moscow State
University, Leninskie Gory, 119899 Moscow, Russian Federation.

Fax (7-095) 939 02 83. Tel. (7-095) 939 54 42.

E-mail: gbs@kinet.chem.msu.ru

Received 28 March 2001
Uspekhi Khimii 70 (10) 915-933 (2001); translated by T Ya Safonova

809
809
813
815
817
818
820
822
823

nanoparticles; however, a special section is devoted to the syn-
thesis, stabilisation and physicochemical properties of nanopar-
ticles based on individual metals, several metals and metal
compounds.

In this review, an attempt is undertaken to follow the main
trends in the development of this new scientific field by consider-
ing studies published mostly in 2000. Primary attention is given to
the use of low temperatures in studies on the activities of metal
nanoparticles and size effects. (The question of how the particle
size affects its reactivity still remains one of most challenging and
stubborn questions of modern chemistry.'®) Self-assembling of
nanoparticles and their application in catalysis and photocatalysis
are discussed. Major problems of the chemistry of nanoparticles
and nanomaterials are considered and approaches to their sol-
ution are suggested.

I1. Synthesis and chemical reactions of metal
nanoparticles

Until recently, particles with sizes in the range from 1 to 100 nm
were assigned to nanoparticles (in certain studies, this interval was
even extended to 1000 nm), although, in accordance with the
International System of Units (SI) (the prefix nano- is used for
fraction units, viz., 10~°), nanoparticles should involve only
particles with sizes in the range from 1 to 10 nm, and it is more
correct to consider 100-nm particles as ultradispersed ones and the
materials based on them as macroscopic materials.

Nanochemistry studies synthetic methods and chemical prop-
erties of particles with sizes of 1—10 nm. The most interesting
problems of nanochemistry are concerned with the reactivity of
nanoparticles. For example, chemical properties of 1-nm particles
that contain ~ 10 metal atoms can be changed by introduction of
only one atom. This is why, it is important to know and correctly
understand the chemical and physical regularities that govern the
activities of particles with the sizes of an order of magnitude of
1 nm.

Investigation of the dependence of chemical and physical
properties of nanoparticles on the number of constituent metal
atoms and the nature of ligands bound to nanoparticles represents
a new direction in nanochemistry. At present, this field accumu-
lates the knowledge which will allow one to understand the effects
of the geometry, electronic properties and sizes of such systems on
their reactivities. Properties of nanoparticles synthesised in the gas
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phase have been studied in more detail. The joint use of a
supersonic jet, pulse lasers and mass spectrometry made it possible
to obtain, identify and characterise ‘free’ nanoparticles containing
different numbers of metal atoms. The dependence of the chemical
activity of nanoparticles in the gas phase on the number of the
constituent atoms was studied in detail for niobium 7 and iron '8
particles.

At present, attention is focused on the development of
methods for the synthesis and stabilisation of nanoparticles in
the liquid phase. Special attention is paid to the preparation of
monodispersed particles.

1. Reduction in solution

Methods of chemical reduction play an important role in the
solution of the problem of synthesis of monodispersed particles.
These methods were mainly used for the synthesis of gold and
silver nanoparticles and less often for platinum, cobalt, nickel and
copper nanoparticles.

Spherical silver nanoparticles with sizes of 3.3—-4.8 nm were
synthesised by reduction of silver nitrate by sodium borohydride
in the presence of bis[(trimethylammoniodecanoylamino)ethyl]
disulfide dibromide as a stabiliser.!® The particles obtained were
characterised by active light absorption in the wavelength range
near 400 nm, which corresponded to the silver plasmon peak and
indicated the metallic nature of the particles. The environment
effect on the stability of silver particles formed showed that the
latter form aggregates in the presence of sulfuric and hydrochloric
acids. The stability of silver particles was also shown to depend on
the pH of the medium; at pH 5-9 in aqueous media, the particles
remained stable for a week. Both an increase and a decrease in the
pH resulted in fast aggregation and precipitation of silver par-
ticles. The effect of the pH on the stability of gold particles was less
pronounced compared with silver particles.

Metal nanoparticles of controllable sizes (1—-2 nm) were
prepared using amphifillic poly(octadecylsiloxane) as a matrix.20

Hybrid matrices based on polyelectrolyte gels with oppositely
charged surfactants were used as nanostructurised media for the
reduction of various platinum salts by sodium borohydride and
hydrazine. It was shown that with NaBHy as the reductant small
platinum particles with radii of ~2-3 nm were mainly formed,
whereas the use of hydrazine resulted in particles of ~40 nm.?!

For cobalt nanoparticles in aqueous solutions, the formation
mechanism, electronic spectra and reactions were studied.??
Radiation-induced chemical reduction of cobalt ions from aque-
ous solutions of Co(ClO4), and HCOONa produced spherical
cobalt particles with diameters of 2—4 nm. Sodium polyacrylate
with a molecular mass of 2100 was used as a stabiliser. Radiolysis
produced solvated electrons e,q, hydroxyl radicals, hydrogen
atoms and CO; " radical ions

H.0 —» ¢, H’,OH,
OH'(H') + HCO; —» H,O(H,) + CO;3".

Hydrated electrons and CO; " radical ions reduced Co?™ ions
producing cobalt nanoparticles which demonstrated an absorp-
tion maximum in the 200 nm wavelength range. The use of pulse
radiolysis has shown that the reduction of Co?>* with the
formation of cobalt nanoparticles occurred by an autocatalytic
mechanism.

Radiation-induced chemical reduction of Ni®>* ions in aque-
ous solutions of Ni(ClO4), containing propan-2-ol in the presence
of polyethylene, polyacrylate and poly(vinyl sulfate) produced
metal sols comprising spherical particles with diameters of
2—4 nm. Nickel nanoparticles easily oxidisable by O, and H,O»
form sufficiently stable Ni—Ag nanosystems in the interaction
with silver ions.??

Spherical copper particles measuring 20-100 nm were
obtained by y-radiolysis of KCu(CN), aqueous solutions in the
presence of methanol and propan-2-ol as the acceptors of
hydroxyl radicals.?*

Silver particles were obtained upon y-radiolysis of solutions of
silver nitrate in water, ethanol and 0.01 M C1,H»>50SO3Na.2> The
fractal dimensions of aggregates were 1.81, 1.73 and 1.70 in water,
ethanol and C;,H»50SO3Na, respectively.?’ Stable nanoparticles
(the average size of 1 —2 nm) of platinum, rhodium and ruthenium
were prepared in organic media by heating the corresponding
colloidal solutions of the metal hydroxides in ethanol.?¢

Silver particles measuring 2—7 nm were obtained by electro-
chemical dissolution of a metal anode (silver plate) in an aprotic
solution of tetrabutylammonium bromide in acetonitrile.?” This
process was shown to depend on such characteristics as the current
density and the nature of the cathode material. Thus at high
current densities under nonequilibrium conditions, particles of
irregular shapes can be formed. In the interval from —1.35 to
—6.90 nA cm—2, the particle diameter changed from 6 40.7 to
1.7 £ 0.4 nm. In the reduction of silver ions stabilised by tetrabu-
tylammonium bromide, silver nanoparticles were formed and
deposited on cathodes made of either platinum or aluminium
(Fig. 1). The use of platinum cathodes resulted mainly in the
formation of spherical silver nanoparticles, whereas only films
were deposited on aluminium cathodes. An analysis of the optical
spectra of nanoparticles measured during their syntheses led to the
conclusion that this process includes an autocatalytic stage. It was
also shown that the half-width of the surface plasmon peak of a
particle linearly depends on 1/R (R is the particle radius) and the
plasmon band shifts to lower frequencies with a decrease in the
particle size.
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Figure 1. Schematic illustration of the competition between two proc-
esses. (/) Formation of silver particles and (2) deposition of particles and
formation of a film.?’

2. Reactions in micelles, emulsions and dendrimers

Micelles, emulsions and dendrimers, which can be considered as a
sort of nanoreactors, which make it possible to synthesise particles
of definite sizes, are used for preparing metal nanoparticles.
Crystalline bismuth nanoparticles measuring less than 10 nm
were obtained by reduction of aqueous solutions of bismuth salts
inside reverse micelles based on sodium diisooctyl sulfosuccinate
(usually designated as AOT).?® Mixing of AOT dissolved in
isooctane with a certain volume of an aqueous solution of
BiOCIO4 resulted in the formation of reverse micelles. The

tA dendrimer represents a highly branched macromolecule which
includes a central core, internal repeating units and terminal functional
groups. Dendrimers with small numbers of internal units exist in an ‘open’
form, whereas those involving large number of units form spherical three-
dimensional structures. Terminal groups of dendrimers can be modified
by hydroxy, carboxy and alkyl groups.
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micellar solution of NaBH4 was prepared in the same fashion with
the same ratio w = [H2O]:[AOT]. Both solutions were mixed
under argon. Bismuth particles precipitated after the mixture was
kept for several hours at room temperature. The liquid phase was
removed in vacuo, and the dry residue was dispersed in toluene.
According to X-ray powder diffraction and electron spectroscopy
data, a dark solution thus obtained contained bismuth particles
measuring 3.2+ 0.35 nm for w =2 and 6.9 £2.2 nm for w = 3.
When polymers were used for the protection of crystalline
bismuth particles, the particle size increased to 20 nm and
further.?®

Reduction of rhodium salts in water in the presence of an
amphiphilic block copolymer of styrene with ethylene oxide and
an anionic surfactant (sodium dodecyl sulfate) produced rhodium
particles with diameters of 2—3 nm stabilised by the block
copolymer.3® Luminescent nanomaterials based on yttrium oxide
doped with europium were synthesised using non-ionic reverse
microemulsions based on poly(ethylene oxide) and other ethers.>!

At present, an active search is directed to macromolecules that
can be used as matrices in syntheses of nanoparticles. In such
methods, the stabiliser molecules interact with the surfaces of
metal particles and affect their growth. For example, the reduction
of bivalent copper in the presence of poly(N-vinylpyrrolidone)
produced particles with the diameters of 7+ 1.5 nm at 11 °C and
10+£2 nm at 30 °C.3? Studies on the temperature effect on the
stability of preformed nanoparticles have shown that if copper
particles formed at 11 °C were heated to 30 °C, their polymeric
shell lost its protective properties, which enhanced aggregation
and accelerated oxidation of metal particles. The opposite result
was achieved by cooling to 11 °C the system formed at 30 °C. In
this case, the particles do not aggregate, their sizes remain
unchanged and the resistance to oxidation increases. The com-
petition of different temperature-dependent processes is reflected
not only in the stabilities of particles formed but also in their size
distribution.

Photochemical reduction of Ag* ions in the presence of
dendrimers with terminal amino and carboxy groups produced
silver particles with an average diameter of ~7 nm.3? Below, a
possible mechanism of particle formation is shown.

hy

Ag™ + [dendrimer] —CO; —> Ag® + [dendrimer]—CO; —>

— [dendrimer]” + CO»,
hv
Ag* + [dendrimer] — NH, Ly Ag® + [dendrimer] —NHj "

The particle size can be controlled by varying the nature of the
dendrimers. Currently, stabilisation of metal nanoparticles is
performed in the presence of dendrimers based on polyamido-
amines and their derivatives. The use of dendrimers as micro-
reactors for the synthesis of metal nanoparticles was documented
in Ref. 34. Monodispersed spherical polyamidoamine dendrimers
are permeable to low-molecular reactants. Thus an addition of
HAuCl4 to an aqueous solution of a dendrimer with primary and
tertiary amino groups results in the appearance of a protonated
dendrimer with AuCly as the counter-ion. Reduction of AuCly
anions by sodium borohydride have produced 1-5-nm gold
particles. By varying either the concentration ratio (D) of AuCly
counter-ions to terminal amino groups or the diameter (gener-
ation) of the dendrimer, one can control the particle size. Reduc-
tion of gold ions in a dendrimer of the ninth generation (G.9)
resulted in the formation of spherical gold particles with the sizes
of 2.5,3.3and 4 nm for D = 1:4,1:2and 1:1, respectively. For
D =1:1, gold particles measuring 2, 2.5, 3.2 and 4 nm were
formed in dendrimers of the G.6, G.7, G8 and G.9 generations,
respectively.

Reduction of gold and silver salts in the presence of modified
dendrimers produced particles with an average diameter of
2—6 nm. The autocatalytic mechanism of the reaction has been
revealed using spectral methods.33

The prospects of using mesopores for the preparation of
different nanosize materials were discussed.?® Nanoparticles of
silver and silver sulfide were obtained in nanosize cavities of
perfluorinated ionomer membranes.?” Reduction of metal ions
in the presence of aminodextran and styrene resulted in the
formation of spherical polystyrene particles with diameters of
~2.0 pm covered with gold and silver islets measuring from 5 to
200 nm.38

3. Particles of different shapes and films
The sizes and shapes of particles often depend on the synthetic
methods; however, the ratio of nucleation to growth rates of
particles is also of great importance. Each of these processes
depends in turn on variations in the reaction conditions such as
temperature, the nature and concentrations of metal and ligand
and the nature of stabiliser and reductant. The problems of
nucleation and particle growth are surveyed in detail elsewhere.!'?
The shapes of metal nanoparticles formed in the reduction of
metal salts can be controlled using tetra-n-octylammonium car-
boxylates (n-CgH;7)4N*(RCO,)~ as the reductants and stabil-
isers (see Ref. 39). Palladium particles measuring 1.9 and 6.2 nm
were formed in the reaction

THF, 66 °C
Pd(NO;), + (n-CgH 74N ¥ (RCOz) - ———

Pd particles.

Their sizes and shapes were determined by electron micro-
scopy. It was found that if acetate, dichloroacetate, pivalate or
pyruvate anions were used, the particles formed had largely
spherical shape. However, if palladium nitrate was treated with
an excess of (n-CgH;7)sN " (HOCH,CO,)~, triangular particles
with an average size of 3.6 nm were formed in addition to
spherical ones. The shape changes observed were attributed ° to
the presence of the hydroxy group in the anion.

A nickel compound Ni(COD), (COD is cycloocta-1,5-diene)
was used for elucidating the role (reductant or stabiliser) the
glycolic acid residue plays in the reduction.® The reaction was as
follows:

H,, 60 °C . .
NI(COD)Z + (H-C8H17)4N+(HOCH2C02)7 ———— Ni partlcles.

Inasmuch as nickel in Ni(COD), is in its zerovalent state, the
glycolate can act only as a stabiliser, whereas it is hydrogen that
reduces COD to cyclooctane. By means of electron microscopy it
was found that the reaction produces crystalline nickel particles
with an average size of 4.5 nm preferentially shaped as triangles. In
control experiments using (n-CsH,7)4N*Br— or
(n-CgH;7)4N " NOj as stabilisers, spherical particles were formed.
The triangular shape of particles was additionally confirmed by
the results of scanning tunnelling microscopy. The glycolate effect
on the morphology of particles formed seems to be associated with
the selective adsorption of anions on growing nanocrystals, which
can be traced by changes in the absorption spectra. During
synthesis of nanoparticles, the band at 1621 cm—! which belongs
to dissolved glycolate disappears, and a new band appears at
1604 cm~!, which corresponds to adsorbed glycolate. It is
believed 3° that the changes observed in the IR spectra recorded
in situ agree with the proposed mechanism.

The formation of spherical and cylindrical silver nanoparticles
was observed upon photochemical reduction of silver salts in the
presence of polyacrylic acid.*?-4! Polyacrylic acid and Ag™ ions
form a complex which, being illuminated, produces silver nano-
particles. According to electron microscopy and sedimentation
analysis data, photoreduction of the complex produced spherical
silver nanoparticles measuring 1-2 nm. In the presence of a
modified (partially decarboxylated) acid, apart from spherical
particles, elongated particles (nanorods) with lengths of up to
80 nm characterised by light absorption in the 500 —800-nm range
were also formed. Apparently, decarboxylation disturbs the co-
operative mechanism of the bonding between polyacrylic acid and
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silver cations, making the stabilisation of spherical particles less
effective and favouring the growth of nanorods.

The sizes of metal particles formed in the presence of macro-
molecular stabilisers depend on the conditions of formation of the
polymeric protective shell. If the polymer involved is an insuffi-
ciently effective stabiliser, a particle already bound to the macro-
molecule may continue to grow. Changing the monomer and the
corresponding polymer and varying the polymer concentration in
solution, enables one to control the sizes and shapes of particles
formed.

An original method of changing the stabilising ability of a
polymer was proposed.*?> The authors studied how the conforma-
tion of poly(N-isopropylacrylamide) affected the shape of plati-
num nanopartilcles formed upon the reduction of K,PtCls by
hydrogen. This polymer can change its conformation with temper-
ature. Below 306 K, polymer molecules are hydrophilic and
represent swelled globules; in this case, up to 60% of platinum
nanoparticles formed have irregular shapes. At temperatures
above 306 K, polymer molecules are hydrophobic and begin to
collapse. The stabilising ability of such molecules decreases. At
313 K, the reduction of platinum ions proceeded on the most
active (111) face of the growing nanocrystal, and cubic nano-
particles were preferentially formed (in up to 68% yield). The
morphology of the particles also depended on the concentration
ratio of platinum salt and polymer in solution (however, to the
lesser extent than on the temperature).

The shapes and sizes of silver nanoparticles can be controlled
when the methods of pulse sonoelectrochemistry (the use of
ultrasound in electrochemistry) were applied.**#* Ultrasound
allows one to clean and degasify the electrode surface, accelerate
mass transfer and increase the reaction rate. Silver particles
shaped as spheres, rods and dendrites were obtained by the
electrolysis of aqueous solutions of AgNOs in the presence of
N(CH>COOH)s. These were characterised by electron micro-
scopy, X-ray diffraction and electron spectroscopy. The shapes
of particles were found to depend on the reagent concentration.
Spherical particles had diameters of ~20 nm. The diameters of
rods were 10—20 nm. In certain cases, their surfaces exhibited
protrusions which could be developed into dendrites.

An interesting method of successive layer-by-layer deposition
of thin (100—300 nm) films incorporating magnetic nanoparticles
was considered.*> Alternating layers of magnetic nanoparticles,
e.g., Fe;04, and poly(diallyldimethylammonium bromide) were
first deposited on a glass plate covered with paraffin and acetyl
cellulose. Upon reaching the desirable film thickness, the cellulose
layer was removed, and the whole specimen was dissolved in
acetone. The suspension thus obtained could be applied on any
porous surfaces and dense supports. It was noted that the films
which incorporate uniform magnetic nanoparticles measuring
~10 nm, can be used in memory devices.*¢

At present, the control over the shapes and sizes of nano-
particles seems to be the most important problem of nanochem-
istry.4” Synthesis of uniform spherical and rod-like particles of
metallic iron have been described.*® Nanoparticles were prepared
by thermal decomposition of iron pentacarbonyl in the presence
of stabilisers. Spherical particles measuring 2 nm were uniformly
dispersible in solution and formed rods of 2-nm diameters and
11-nm lengths. These particles were amorphous, whereas the rods
had the face-centred cubic structure of a-iron.

Different supports with films of 4-mercaptobenzoic acid
applied in high vacuum were used for the preparation of thin
heterogeneous films with incorporated nanoparticles of gold,
silver, and cadmium sulfate. The heterogeneous films were syn-
thesised by successive immersion of supports in the corresponding
solutions.*

High-resolution electron microscopy has shown that, being
encapsulated into micelles, rod-like gold nanoparticles prepared
by an electrochemical method grow along the [001] axis. Here,
(100) faces of the particles remain stable, whereas (110) faces are
unstable.>°

The possibility of structural changes in platinum nanopar-
ticles supported on silicon and the microcrystalline structure of
individual nanoparticles were studied by electron microscopy
before and after the system was heated in vacuo and in hydrogen
and oxygen atmospheres.! In all the cases, the mass of particles
remained unchanged, but the sizes of constituent crystals
increased with temperature. This was attributed to surface fusion
and self-diffusion of platinum particles. Studies of adhesion of
platinum particles to silica which were carried out using atomic
force microscopy have shown that heating changes the crystalline
nature of particles and strengthens their adhesion to silica. More-
over, platinum nanoparticles were shown to be stable both under
oxidative and reductive conditions.

4. Reactions of oxides
Like metals, oxides also find extensive application in practice. The
reactivity of metal oxides is low compared with the corresponding
metals; therefore, oxide formation is used for stabilising metal
nanoparticles. Recently, metal oxide nanoparticles have been
employed in reactions which are of interest for nanochemistry.
An original application of nanocrystalline zinc oxide has been
described,’® where zinc oxide was synthesised by a modified
sol—gel method by the reactions

ZnEt; + 2Bu'OH — Zn(OBu'), + 2 C,Hg,
Zn(OBu'); + 2H>,O —— Zn(OH), + 2 Bu'OH,
ZH(OH)Z —> 7ZnO + H20.

The process of ZnO preparation involved three stages: syn-
thesis, isolation and activation. The latter process, in turn,
consisted of several successive stages of thermal treatment. First,
the powder was slowly heated to 90 °C and kept at this temper-
ature for 15 min. Then, the temperature was gradually increased
to 250 °C, held at this level for 15 min and slowly decreased to
room temperature. Zinc oxide thus obtained represented crystal-
line nanoparticles measuring 3—5 nm with a surface area of
~120 m? g—!. Nanosize zinc oxide was used in the reaction

27Zn0O + CCly —> CO; + 2ZnCl,.

The process was carried out at 250 °C, and CCly was intro-
duced into the reaction vessel portionwise at 7-min intervals.
Carbon dioxide and nonconsumed CClys were quantitated by gas
chromatography. Nanocrystalline zinc oxide was shown to be
more reactive than common commercial specimens. It was also
shown that the adsorption of sulfur dioxide and the destructive
adsorption of diethyl 4-nitrophenyl phosphate (a noxious organo-
phosphorus compound) proceed with a higher efficiency on
nanocrystalline zinc oxide.> In these processes, nanocrystalline
ZnO exhibited higher reactivity compared with commercial speci-
mens.

Nanocrystalline oxides of alkali-earth metals were success-
fully used for deactivation of yperite (mustard gas) and other war
gases. Autocatalytic dehydrohalogenation of 2,2'-dichlorodiethyl
sulfide on nanocrystalline calcium oxide was studied using NMR
technique.>* The decomposition products of 2,2'-dichlorodiethyl
sulfide were found to involve divinyl sulfide (~80%) and thio-
glycol and/or a sulfonium ion (~20%) with a hydroxyalkyl
group, which seem to provide its binding to the surface of the
alkali-earth metal oxide. In addition to the reaction of CaO with
yperite, its reactions with organophosphorus compounds were
studied. The kinetics of the reactions of all studied substances with
calcium oxide was shown to be characterised by a rapid initial
stage followed by a slow diffusion-controlled stage.

An interesting application of transition metal oxides has been
discussed.>* Particles of cobalt, nickel, copper and iron oxides
measuring 1 —5 nm were used as the electrode materials in lithium
power sources (electrochemical capacity of 700 uA h g—!). Here,
the formation and decomposition of Li,O and the accompanying
reduction and oxidation of nanoparticles occur on electrodes
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made of CoO nanoparticles. The scheme of reversible reactions is
as follows:

2Li—2e~ =—== 2Li"
CoO +2Li" +2¢e~ === Li,O + Co

1
CoO + 2Li —T‘ Li,O + Co

The direct reaction (/) is possible and thermodynamically
permissible. The reverse reaction (2) is unusual for electrochem-
istry, because Li»O is traditionally considered to be electrochemi-
cally inactive. Electrochemical decomposition of Li,O using
mechanically ground Li,O and CoO powders could not be
effected.>* Thus, the possibility of the reverse reaction is associ-
ated with the use of nanoparticles and the increase in their
electrochemical activity with a decrease in size.

Currently, great attention has been drawn to the preparation
and analysis of physicochemical properties of hybrid nanomate-
rials of the core—shell type and the particles which involve two
and even three different metals.

New nanocrystalline hybrid core—shell materials such as
TiO,—~MoOs were prepared and studied in detail.>> The
TiO>—(Mo0Os3), particles were synthesised by co-nucleation of
metal oxides on the surfaces of micelles.

In such materials, the photoabsorption energy correlates with
the particle size. With a decrease in the sizes of TiO2—MoOs3
particles from 8 to 4 nm, the absorption energy decreased from 2.9
to 2.6 eV. For comparison, it may be noted that the forbidden gap
energies of bulk TiO; and «-MoOs are 3.2 and 2.9 eV, respec-
tively. Unfortunately, the materials obtained turned out to be less
efficient in photocatalysed oxidation of acetaldehyde compared
with common titanium dioxide produced by Degussa (France).

To facilitate the electron transport in metal nanoparticles, it
was proposed to use the pH-induced changes in the charges of
stabilising shells which are bound to the particle surface. Mole-
cules of rigid mercaptophenylacetylenes were shown to bind
strongly gold and silver particles.’® It was found that electron
transport in charged gold particles is better described in terms of
classical rather than quantum-mechanical concepts.’”

The use of nanoparticles of metals and their oxides in optical
and electronic devices requires that new approaches be found to
the solution of such problems as: establishment of reliable
electrical contacts between individual nanoparticles; determina-
tion of characteristics of electromagnetic interactions between
particles in symmetrical well-organised aggregates of nanopar-
ticles; elucidation of how the chemical properties of the surface of
nanoparticles depend upon their size and its effect on their optical
and electronic properties.>®

5. Bi- and trimetallic particles

Nanoparticles that involve two or more different metals are of
particular interest for the development of materials with novel
properties, because at the nanolevel it is possible to synthesise such
intermetallic compounds and alloys that can never be formed for
bulk specimens.

Nanoparticles involving two> and even three® different
metals were obtained by radiation-induced reduction of salt
solutions. A two-step synthesis was used for the preparation of
Au—Hg particles. First, radiation-induced reduction produced
46-nm gold particles. Then, Hg(ClO4)> and propan-2-ol were
added to the gold sol, which resulted in deposition of mercury
ions on the gold particles. Finally, mercury ions were reduced by
free radicals formed upon radiolysis.

Palladium particles measuring 4 nm with a narrow size
distribution were prepared by the reduction of Na,PdCly by
hydrogen in the presence of sodium citrate. The addition of
K>Au(CN); to the sol of palladium particles in methanol followed
by v-irradiation resulted in the reduction of gold ions. No
individual gold particles were formed: all gold was deposited on

palladium particles and formed an outer layer. A silver layer could
also be deposited on the Pd— Au particles obtained. These multi-
layer clusters seem to be of interest for studying rapid (femto-
second) electronic processes.6!- 2

The use of silicates modified by organic compounds as
matrices and stabilisers made it possible to synthesise bimetallic
nanoparticles, their sols and gels by a single-step method.®3
Scanning tunnelling microscopy studies of Pd—Pt particles have
shown the latter to consist of palladium cores covered with
platinum shells. Thin silicate films with bimetallic nanoparticles
were used in electrocatalytic oxidation of ascorbic acid.

A sonochemical method was applied to produce bimetallic
gold - palladium nanoparticles.®* The particles were synthesised
in aqueous solutions of NaAuCls-2H,0 and
PdCl,-2NaCl-3H,O with sodium dodecyl sulfate added. The
latter functioned as both the stabiliser and the reductant. The
bimetallic particles synthesised represented cores of gold atoms
surrounded by shells of palladium atoms. The sizes of cores and
shells were measured for different gold to palladium ratios using
high-resolution electron microscopy. The use of X-ray spectro-
scopy allowed the gold and palladium contents in the particles to
be determined. With the known density, mass and initial ratio, one
can estimate the sizes of cores and shells (Table 1). Using the
sonochemical synthesis of bimetallic particles, one can control the
sizes of cores and shells by varying Au*"™ and Pd®>" concentra-
tions. Bimetallic Au—Pd particles exhibited high catalytic activity
in hydrogenation of pent-4-enoic acid.

Table 1. Core diameter (gold) and shell thickness (palladium) in Au—Pd
bimetallic nanoparticles.

Au: Pd ratio Experiment Estimate
core shell core shell
diameter thickness diameter  thickness
1:1 6.0 1.0 6.4 0.8
1:4 5.0 1.5 4.8 1.6

A comparative study of gold, nickel and bimetallic Au—Ni
nanoparticles on amorphous carbon supports, which were
obtained by laser ablation of the corresponding pure metals and
the alloy, was carried out.® Studies accomplished by different
methods have shown the bimetallic particles to have, on average,
diameters of 2.5 nm and a narrow size distribution, while their
composition was found to correspond to that of the evaporated
alloy.

Nanoparticles of FeTiH were prepared by mechanical syn-
thesis from a mixture of iron and titanium hydride.®® Nanosize
iron—tungsten composite particles with a tungsten concentration
varying from 2 at.% to 85 at.% were synthesised by coreduction
of a mechanical mixture of iron hydroxide (FeOOH - nH,0) and
tungstic acid (HaWO,) in a flow of hydrogen at 740 °C for 1 h.
The particles obtained were studied by X-ray diffraction and
Mossbauer spectroscopy.®’

II1. Cryonanochemistry of metals

The presence of stabilisers, the size distribution of nanoparticles,
their different shapes and the interactions between nanosize
particles and the medium complicate the studies of the reactions
involving metal nanoparticles. In addition, high chemical activ-
ities of metal atoms and nanoparticles they form require special
approaches to their studies to be developed. One of such
approaches is isolation of nanoparticles at superlow temperatures
(4-10 K) in inert-gas matrices. Co-condensation of a large
amount of an inert gas, e.g., argon, and a small number of
nanoparticles (more than 1000 inert gas species per metal particle)
allows active particles to be effectively isolated from one another,
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while low temperatures hinder diffusion of these particles and
provide their stabilisation in an inert matrix.

Here, we will not analyse all the studies devoted to reactions of
metal atoms and the corresponding nanoparticles at low and
superlow temperatures and only consider the results of recent
publications.®® 70 The specimens under discussion were prepared
by co-condensation of vapours of metals and ligands on surfaces
cooled either to 10 or 77 K. In certain experiments, the vapours
were diluted by argon. The amount of metal deposited was
determined using quartz-crystal microbalances. The co-conden-
sates obtained were studied by spectroscopy in UV, visible and IR
ranges. ESR spectroscopy was also used. Table 2 lists the products
formed upon reactions of magnesium and samarium particles with
different ligands in argon matrices at 10—40 K.68-69

Table 2. Reaction products of samarium and magnesium particles with
different ligands in an argon matrix at 10—40 K.

Metal Ligand
CO;, CoHy CH:X (X = CI, Br)
Mg Mg*CO;, upon cyclic CH;3MgX, upon
annealing of the Mg(C,Ha)2 irradiation
matrix (see Fig. 2a), (4 > 280 nm for
Mgs 4 Mg*CO5, upon upon annealing Mg and 4 > 300 nm
co-condensation of the matrix for Mg>_4 and Mg,)
Mg, Mg*CO5, upon
annealing of the
matrix
Sm Sm™*CO;, CO, Sm(C,Hy4) and  methane, upon
SmCOs3, upon Sm(C,Ha4)> co-condensation
annealing of the complexes
matrix r
Smy, Smy Sm™*CO;, CO,
SmCO3, upon

co-condensation

Studies of properties of metal nanoparticles, in particular at
low temperatures, face various difficulties. Therefore, theoretical
simulation of the structures of metal nanoparticles, their elec-
tronic, optical and other properties and the processes of their
aggregation is gaining in importance.

In theoretical studies of nanoparticles, valuable results can be
obtained by ab initio quantum-chemical calculations which use the
concepts developed by solid-state physics, and by calculations
based on the molecular dynamics approach. At present, the
Hartree — Fock method is applied for the determination of proper-
ties of atoms and small clusters. Particularly, this method was
successfully employed for the calculation of the properties of
nickel particles which involved n = 4, 6, 8 and 13 atoms.”! The
density functional method is also widely used for the simulation of
the behaviour of metal nanoparticles.'® For example, the latter
method was used for studying the structure and properties of Pt;3
and Ptss species.”” The results obtained were also compared with
those of different ab initio and semi-empirical quantum-mechan-
ical methods which are used in calculations of properties of metal
nanoparticles. The density functional method was applied 73 for
studying the products of carbon monoxide adsorption on
palladium particles deposited on magnesium oxide. An extended
Hiickel method was used for studying bimetallic nanoparticles of
Pt Fe alloys with a number of atoms ranging from 13 to 309.74

The ab initio quantum-mechanical calculations have shown
that the magnesium —carbon dioxide system represents a meta-
stable Mg ™ "CO; " radical-ion pair. According to calculations, this
pair is stabilised by the argon matrix. The IR spectrum of the
argon —ethylene co-condensate have revealed absorption bands of
ethylene dimers. As was shown by calculations, the potential
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surface of the Mg-2C,H4 complex demonstrates no global mini-
mum corresponding to the C,, symmetry. The global minimum
can be obtained if only all the restrictions on the system’s
symmetry are removed. In the Moller —Plessett (MP2) approx-
imation, the minimum corresponded to a cyclic structure which
involves an ethylene dimer and a magnesium atom. The intera-
tomic distances in the structures of magnesium complexes with
ethylene and carbon dioxide were calculated. Figure 2 shows the
structures of these complexes.

Studies of a samarium—carbon dioxide co-condensate have
shown that samarium and CO; form a complex with an angular
structure. In the reaction products, CO and CO3~ were detected.
Radical anions CO; * and a samarium carbonyl compound of an
uncertain composition were also formed. Figure 3 shows the data
on the reaction products identified and on their interconversions.
Figure 4 shows the temperature dependence of the relative activity
of samarium nanoparticles in the reaction with CO,. The results

T=135K
Sm

/’:_\_‘\ Sm*CO;
Sm + CO, —>= O C\\ — Sm*CO;" ——>

T=35K
5. Sm
—> CO + CO5~ —> Sm(CO),

Figure 3. Schematic illustration of the reactions of samarium atoms with
carbon dioxide molecules in an argon matrix. Straight arrows are the
reactions occurring during co-condensation; curved arrows are the reac-
tions occurring during heating of the co-condensate.%®
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Figure 4. A temperature dependence of the relative activity (in arbitrary
units) of samarium atoms and nanoclusters in the reaction with carbon
dioxide.? (1) Sm, A = 501 nm; (2) Sm, 4 = 557 nm; (3) Sm, . = 520 nm;
(4) Smy, A = 641 nm; (5) Smy, 4 = 600 nm; (6) Smo, 2 = 541 nm (4 is the
wavelength in the electronic spectrum).
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shown suggest a higher activity of samarium nanoparticles com-
pared with samarium atoms. A similar trend was observed for
magnesium nanoparticles. According to IR spectroscopic data, in
samarium —ethylene co-condensates, ‘sandwich’ n-complexes of
samarium and ethylene SmC,H4 and Sm(C,;H4), are formed
rather than cyclic compounds typical of magnesium co-
condensates.

At ordinary temperatures, the reactions of bulk magnesium
and samarium with alkyl halides occur in a similar way to give
organometallic compounds. At low temperatures, atoms and
small clusters of these metals react with haloalkanes (e.g., with
halomethanes) by different routes. Magnesuim inserts into the
C—Brand C—Cl bonds with the formation of Grignard reagents,
whereas samarium, being more reactive, reduces CH3Cl and
CH;3Br to methane. Thus, on the nanoparticle level, magnesium
and samarium behave differently.

Another peculiarity in the behaviour of magnesium and
samarium nanoparticles was observed in their reactions with
mixtures of two ligands, viz., CO; and CoHg4. It was found that
under comparable conditions magnesium and samarium react
only with CO, and do not react with ethylene. The results obtained
demonstrate that no unambiguous relationship exists between the
activity and selectivity of metal nanoparticles.

The formation of complexes and organometallic nanostruc-
tures was studied by an example of film co-condensates of the
vapours of metallic silver and mesogenic cyanobiphenyls
C”H2n + 1C6H4C6H4CN (l’l =5 and 8) and CnHzn + 1OC6H4.
.C6H4CN (n = 8) in the temperature interval of 80—350 K.

Low-temperature co-condensation of silver particles with
CsH1CsH4CsH4CN and CgH7C¢H4CsH4CN produced m-com-
plexes stable at low temperature.®® IR and UV spectroscopic
studies have confirmed their formation and revealed their sand-
wich structures and 1:2 composition; 1:1 complexes were also
detected. The structure of m-complexes determined from IR
spectroscopic data was confirmed by model quantum-chemical
calculations.” Vibrational frequencies of CN groups were also
calculated and compared with the experimental ones. Spectral
properties of the reaction products of mesogenic cyanobiphenyls
with silver particles were discussed in detail elsewhere.”®

Thermal degradation the complexes undergo on being heated
to the room temperature results in the formation of nanosize
(15-30 nm) silver clusters and their subsequent aggregation with
formation of anisotropic particles (more than 200 nm long)
stabilised in a liquid-crystal line matrix.’® An analysis of the
ESR spectrum of a co-condensate of silver particles with 4-pen-
tyl-4’-cyanobiphenyl at 90 K has revealed two spectral doublets.
The values of the g-factor and the hyperfine coupling constant (a)
for 197Ag and !Ag are as follows: g('"’Ag) = 2.001,
a('Ag) = 48.5 mT and g('®Ag) = 2.003, a('®Ag) = 72.75 mT.
The occupation degree (pm) of valence s orbitals of the metal in the
complex was estimated (pm = 0.77). The value obtained suggests
that electron density is shifted from a silver atom to the n-orbitals
of the ligand. The ESR spectrum also revealed a broad anisotropic
singlet which was tentatively attributed to zero-valent silver
nanoparticles.

Optical spectroscopy in the UV and visible ranges in combi-
nation with the dynamic light scattering technique were used for
studying the properties of polymer-stabilised silver nanopar-
ticles.”” Co-condensation of vapours of silver and 2-dimethylami-
noethyl metacrylate in vacuo occurred on the walls of a glass vessel
cooled by liquid nitrogen. According to the electron microscopic
data, heating of the co-condensate to room temperature resulted
in the formation of polymer-stabilised silver nanoparticles meas-
uring 5— 12 nm. Dynamic light scattering studies have shown that
the size distribution of these particles is bimodal. Such a distribu-
tion seems to suggest that both isolated silver particles and their
aggregates are simultaneously present in the system. The depend-
ence of the radius of a solvated particle on the nature of the solvent
was studied. Among the solvents such as water, toluene and

acetone, the latter gave solutions containing silver particles with
the smallest radii.”®

Co-condensation of lead and a monomer polymerisable at low
temperatures, viz., p-xylylene, vapours at 80 K, afforded films
with incorporated lead nanoparticles. Conductivity of the films
was studied in the course of co-condensation and subsequent
heating.” The metal —polymer films obtained exhibited satisfac-
tory sensor activity with respect to ammonia in air and ammonia
in the presence of water vapour.

Complexes of zero-valent samarium with 1,3,5-tri(zert-butyl)-
benzene were obtained by co-condensation of metal and ligand
vapours at 80 K. Kinetics of thermal decomposition of these
complexes was studied.8%-8! Transformations that occur in sama-
rium complexes with mesogenic cyanobiphenyls were also studied
at low temperatures.®? It was shown that the complex with the
composition Sm:CsH;;CcH4CsH4CN = 1:2 transforms in the
temperature  range 170-210 K into  the  complex
Sm: CsH;1CsH4CsH4CN = 1: 1; this reaction is characterised by
an effective activation energy of 8 kJ mol~!. The reaction of
magnesium particles with chloro-, bromo- and iodobutanes at low
temperatures was studied.®? It was shown that the yield of octane
(the Wiirtz reaction product) depends on the amount of magne-
sium and the carbon—halogen binding energy. The mechanism of
the reaction of magnesium with alkyl halides and the earlier data
on the cryonanochemistry of metal particles have been discussed
elsewhere.?3

IV. Ensembles involving nanoparticles

When metal nanoparticles are synthesised by the condensation
method, the process begins with the formation of nanoparticles of
individual metal atoms; this may be considered as ‘self-assembly’
or ‘self-organisation’* of atoms with the formation of atomic
ensembles.

As applied to metal nanoparticles, it is common practice to
consider both the ensembles of particles themselves and the
ensembles of stabilising protective layers. Prime attention is
given to the effect of the chemical nature of stabilisers on self-
assembly processes. An analysis of studies devoted to self-assem-
bly and performed before 2000 is given elsewhere.!? The synthesis
of thiol-covered metal particles and their self-assembly into one-,
two- and three-dimensional superlattices were surveyed in
Ref. 85.

The processes of assembly and self-assembly of nanoparticles
were discussed most extensively by the example of silver and gold
nanoparticles. Monodispersed silver nanocrystals were stabilised
by chemisorption of dodecanethiol on the receptor sites of the
crystal surface.®¢ The kinetics of aggregation and the structure of
the formed ensembles of stabilised particles depend on the number
of receptors on the nanocrystal surface.

The formation of alternating positively charged gold particles
and negatively charged silver particles and their self-assembly in
the presence of 4-mercaptoaniline and 4-mercaptobenzoic acid on
a glass surface were described.®” One-dimensional layers of gold
particles on silicon supports were also formed.®8 The latter process
was realised using atomic force microscopy (AFM) for surface
treatment and chemical deposition of gold particles.

Self-assembly of gold particles measuring 4.6 nm results in
aggregates with diameter of ~30 nm.%? The initial gold particles
were prepared by the reduction of HAuCly by NaBH4 in the
presence of HSCH,COONa. Removal of the excess metal ions
from the solution by dialysis resulted in the formation of coarser
aggregates. Before the dialysis, the electronic spectra of particles
revealed no plasmon peak typical of gold particles.

A method of synthesising materials from ‘bricks and mortar’
was first described in Ref. 90. Binding between a polymer and

I General description of such self-organisation is given in a monograph by
Lehn 84
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thymine-protected gold particles was provided by hydrogen bonds
formed. The process of self-association of particles into aggre-
gates, the sizes of the aggregates and their morphology were
temperature-controlled. At 23 °C, the initial 2-nm gold nano-
particles formed spherical aggregates with diameter of
97+ 17 nm. At —20 °C, spherical aggregates with diameter of
0.5—1 pm, which in turn comprised finer aggregates as individual
subunits, were formed. At 10 °C, ~ 50-nm-long chains built of
spherical nanoparticles were formed. These self-association proc-
esses were studied using X-ray small-angle scattering and trans-
mission electron microscopy (TEM). It was assumed that the
formation of aggregates at 10 °C is an intermediate stage of the
formation of coarser ensembles at —20 °C, and the former
aggregates can be used as the precursors of nanoensembles of
different shapes and sizes.

Self-assembly of rod-like gold particles with diameter of
12 nm and lengths of 50—60 nm was studied using high-resolu-
tion electron microscopy.’! By choosing concentrations of these
particles, their size distribution, the conditions of solvent evapo-
ration, its ionic strength and the surfactant concentration, one-,
two- and three-dimensional structures can be obtained by elec-
trolysis. A mixture of hexadecyltrimethylammonium bromide and
tetraoctylammonium bromide was used as the water-soluble
electrolyte. Tetraoctylammonium bromide provided the forma-
tion of cylindrical particles, where the ratio of two surfactants
determined the diameter to length ratio of the gold nanorods
formed. The electrolysis was carried out for 4.5 min. Gold nano-
rods were formed on a copper wire net partially immersed in
solution (on net—solution contacts). Presumably, the following
two factors are most important for further self-assembly of the
rods, viz., the induced convective transfer of particles from the
solution to the thin film by evaporation of water and the
interaction of particles within the film, which results in the
formation of different structures.’’ A possible reason for the
parallel arrangement of rod-like particles is associated with
capillary forces that act between parallel rods, although more
accurate theoretical analysis is required to explain the anisotropy
of the rod ensembles observed.

Self-assembly of nanoparticles entails not only the transla-
tional ordering but also the orientational one. The orientational
ordering is typical of particles with well determined shapes.®?
Structural changes in gold nanorods upon the action of femto-
second and nanosecond laser pulses were studied by high-reso-
lution electron microscopy.” The energy of a pulse did not exceed
the value necessary for melting the rods but was sufficient for
inducing deformational processes which caused changes in the
shapes of nanoparticles: a transition of nanorods into nano-
spheres was observed. The size and shape distributions of nano-
rods before and after their exposure to a laser beam were
statistically analysed.”*

In connection with the problem of the development of
electronic nanodevices, the problem of synthesising nanoparticles
protected by monolayers has attracted attention. The methods of
preparation of such layers on gold particles by using solutions of
hexanethiols and hexanedithiols in organic®> and aqueous®®
media were developed.

Stable gold films which involved particles measuring ~4 nm
were prepared®’ by the reaction of low-molecular-weight
(M < 4000) polymers (such as polyethylenimine and poly-L-
lysine) with gold particles covered with carboxylic acids. The
film morphology was shown to depend on the nature of the acid
which covers the particles. The use of mercaptododecanoic and
mercaptosuccinic acids has provided films with higher degrees of
ordering.

Glass-supported thin porous gold films were prepared using
colloidal gold crystals as the templates. These films were studied
by scanning tunnelling microscopy.”s:

Microstructures, wettabilities and thermal stabilities of self-
assembly manolayers of partially fluorinated alkanethiols of the
F(CF2)10(CH2),SH (n = 2, 6, 11, 17, 33) type on gold particles

were studied.!® Introduction of fluorocarbon chains as the
terminal groups into alkanethiols enhanced the stability of self-
assembly manolayers (a gold-supported monolayer of non-fluo-
rinated alkanethiols loses its ordering at ~100 °C). Fluorinated
compounds with the numbers of methylene groups in a chain
n=11, 17, 33 formed well ordered monolayers. For smaller
numbers of methylene units, the degree of ordering decreased.
Wettabilities of the layers were also shown to depend on the
number of methylene units. Thermal stabilities of self-assembled
gold monolayers increased with an increase in n, and for n = 33
the monolayer films formed remained stable in air at 150 °C for
I h.

The effect of the nature of the support on the morphology of
two- and three-dimensional superlattices formed by dodecane-
thiol-covered silver sulfide nanocrystals of sizes of 5.8 nm were
studied.!®! Oriented pyrolylic graphite and molybdenum disulfide
were used as the supports. The self-assembly process was moni-
tored by scanning electron microscopy and AFM. It was found
that self-assembly into superlattices depends on the nature of the
support and is governed, in addition to capillary forces, by van der
Waals interactions of the particle — particle and particle — support
types.

Self-assembled monolayers of 4'-hydroxy-4-mercaptobi-
phenyl, 4-(4-mercaptophenyl)pyridine and their mixtures with
4'-methyl-4-mercaptobiphenyl were deposited on the (111) faces
of gold crystals and used as the templates for growing glycine
crystals.!®2 The morphology of glycine crystals obtained
depended on the properties of supporting surfaces and was
determined by hydrogen bonds formed between glycine molecules
in the growing layer and functional groups on the self-assembled
monolayer. Hydrogen bonds formed between the CO; and NHJ
groups of glycine and a hydroxy group on the surface of a
monolayer comprised of HOCsH4C¢H4SH molecules was
assumed to be stronger than the interaction between the NH7
group of glycine and the nitrogen atom of pyridine on the surface
of a monolayer built of NCsH4CsH4SH molecules.

As a rule, self-assembly of monolayers of different substances
on metal nanoparticles and films was studied using X-ray photo-
electron spectroscopy, ellipsometry and diffraction techniques.
Electronic spectroscopy was successfully used %3 in studying self-
assembly of monolayers of metalloporphyrins and metallophtha-
locyanines on ultrathin gold films. Gold films 1.3—10-nm thick
were prepared using high-vacuum evaporation on mica at low
temperatures. The deposition rate was varied in the range
0.2—0.4 A s~ . The films were annealed at 250 °C for 2.5—4 h.
The resulting films were studied using scanning atomic force
microscopy, electronic spectroscopy and X-ray diffraction techni-
ques. It was shown that isolated structurised islets were formed on
the mica surface the sizes and optical properties of which were
governed by the conditions of evaporation and subsequent
annealing. The electronic spectra of such films demonstrated a
peak due to a gold surface plasmon with a wavelength shifting
from 606 to 530 nm as the thickness of the film decreased from 10
to 1.3 nm. The kinetic data on the light absorption were used for
making semiquantitative estimates of the nature of bonding and
chemical and structural properties of the monolayers. It was
shown that the absorption in the region of the gold surface
plasmon band, which is caused by association of molecules of
organometallic compounds on gold films, may be used for
monitoring molecules devoid of chromophore groups.

In addition to the sodium salt of AOT, its derivatives with
other metals were used as the templates for self-assembly. To
correctly interpret the template effect on the self-assembly of
metal particles, phase diagrams of such systems are necessary.!04
By the example of the Cu(AOT),—iso-CgHiz—H>O system used
as a template, it was shown that the shapes of nanocrystalline
particles can be dramatically changed under the effect of various
salts in small concentrations.!03

The development of methods for synthesising metal nano-
particles of controllable sizes is of great interest. Apparently, the
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majority of studies in this direction employed thiolates and were
devoted to the preparation of gold nanoparticles. The use of
alkanethiol monolayeres made it possible to synthesise gold
particles stable both in solution and in the ‘dry’ state. Introduction
of functional groups in alkanethiols 37 extended the possibilities of
such a synthesis.

In the presence of alkanethiols, the formation of gold nano-
particles and the appearance of a protective layer proceed in two
steps 106

AuCly (in toluene) + RSH —— (Au!SR), (polymer),
(Au'SR), + BH; —> Au.(SR),.

This reaction combines the processes of nucleation and
passivation. An increase in the RSH : Au molar ratio and the
addition of the reductant at the earlier stage result, on average, in
the formation of particles with smaller metal cores. A short
interruption of the reaction favours the formation of thicker
coatings with very small cores (< 2 nm).

The dynamics of growth of gold cores in the presence of
protective monolayer coatings was studied.!%® The use of trans-
mission electron microscopy made it possible to monitor slow
changes in the sizes of gold particle cores which followed the active
initial stage of the reaction. Thus it was found that with hexane-
thiol as the stabilising coating, the core size of a particle based on
gold atoms increased to 3 nm during the first 60 h of the reaction
and then remained unchanged. The knowledge of the mechanisms
of growth and annealing of nanoparticles will allow one to refine
the methods for synthesising finer particles with narrower size
distributions.

V. Photochemistry and nanophotonics

Recently, studies which deal with kinetics and dynamics of
reactions that involve metal nanoparticles have appeared. A
photochemical reaction which involves n-dodecanethiol-covered
silver nanoparticles dispersed in cyclohexane was studied in a
picosecond time interval.!” Figure 5 schematically shows the
photoreaction mechanism.

According to electron microscopic data, the average size of
polyhedral Ag,SCi2H»s nanoparticles was ~6.2 nm. Under
short-term irradiation, the nanoparticles first decomposed to
smaller particles (< 2 nm). However, an increase in the irradi-
ation time to 9 min resulted in the appearance of larger (20-nm)
particles. Photochemical transformations were detected from the
time variations of the intensity and broadness of silver plasmon
absorption lines (marked by heavy lines in Fig. 5). It was found
that this absorption depends nonlinearly on the light intensity.
The kinetics of photolysis of the particles was studied in the
nanosecond range, and the corresponding kinetic constants were
determined. Changes in the dielectric properties of the environ-
ment occurred within 0.5 ns. In response to optical excitation, a
part of alkanethiol molecules were split off over the time (3.6 ns)
determined by the energy liberated as heat (E). The proportion
of particles with split off thiol groups depended on the excitation-
pulse energy. Within 40 ns (recombination time), the thiol-cov-
ered particles could also undergo fragmentation. Subsequent
exposure to light partially prevented fragmentation of nano-
particles.

In contrast to silver-based nanoparticles, which undergo light-
induced chemical transformations, the behaviour of gold-based
nanoparticles under similar conditions is characterised by changes
in their shapes. Fragmentation of these nanoparticles is dramat-
ically weakened both in polar solvents and with the changes in the
length of the alkanethiol chain.!%8

Silver nanoparticles were used for carrying out photochemical
transformations of phenazine and acridine.!?® Being adsorbed on
the surfaces of silver particles, both molecules were found to
decompose under the action of light in a single-photon process
with N—C bond cleavage. The reaction rate and the degree of
photodecomposition depended on the light wavelength. Being
exposed to short-wave laser light, phenazine decomposed with the
formation of graphite. The decomposition rate of phenazine was
higher compared to acridine, which apparently is due to different
orientation of these molecules on the surfaces of silver particles.
The reason for the decomposition these molecules undergo on the
surfaces of silver nanoparticles remains unclear.!%® The spectra of
acridine adsorbed on nanoparticle surfaces revealed two new
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bands at 543 and 619 cm !, which are close to those observed for
quinazoline adsorbed on a silver surface.!'? It was noted that the
rate and the extent of photoreactions described are not interre-
lated. It was assumed that to be decomposed the molecules of
phenazine and acridine should either be adsorbed on certain
surface sites or form definite geometrical configurations; hence,
only a small proportion of molecules can be involved in the
reaction.

Optical properties of gold nanoparticles with radii of 2.5, 9
and 15 nm prepared by y-radiolysis of an aqueous solution of
KAuCly and stabilised in polyvinyl alcohol were studied.!!! It was
found that solutions containing 2.5-nm particles do not attenuate
transmitting light, whereas those with larger particles severely
decrease the intensity of a laser pulse with a wavelength of 530 nm.
The effects observed were attributed to the appearance of a great
number of light-diffusion centres formed as a result of evapora-
tion of gold nanoparticles under the laser pulse. Light-diffusion
centres were formed in several nanoseconds and largely relaxed to
the initial state; upon the next pulse, they partially degraded to
small particles.

By means of time-resolved laser measurements, the elec-
tron—phonon interactions in metal particles based on Au particles
with sizes ranging from 2 to 120 nm and in bimetallic particles
based on Au, Ag and Pb were studied. Particles with Au cores and
Ag shells and those with Au cores and Pb shells were studied in
most details. All the particles were synthesised by radiolysis.¢! It
was shown that for Au, in contrast, e.g., to Ag, the time scale of the
electron—phonon interaction is independent of the particle
size.112

Finally, the studies dealing with the prospects of obtaining
nanosize quantum dots, quantum wells and quantum wires in
inorganic semiconductors '3 should be mentioned, as well as the
works on nanophotonics. The latter studies optical properties of
objects with much smaller sizes compared with the irradiation
wavelength. The efforts were largely focused on investigation of
linear optical effects, while the field of non-linear nanoscale
optical phenomena is still under way.!'* The problems and
prospects of nanophotonics were analysed in Ref. 115.

VI. Semiconductors and sensors

Semiconducting nanoparticles are widely used in heterogeneous
catalysis, they are also promising materials for laser engineering,
in manufacturing flat displays, light-emitting diodes and sensors.
The use of AOT-based reverse micelles for the preparation of
ZnSe nanoparticles was first reported in Ref. 116. ZnSe particles
measuring 5.7 nm were studied using X-ray diffraction, electronic
spectroscopy, light scattering, electron microscopy and lumines-
cence techniques.

A method of stabilisation of nanoparticles of a semiconductor
(exemplified by CdS, co-deposition of CdS—ZnS) and a metal
(exemplified by gold) was put forward by Japanese scientists.!!”
Reverse micelles were prepared and nanoparticles were stabilised
by in situ polymerisation of (cetyl)dimethyl(p-vinylbenzyl)ammo-
nium chloride which was initiated either by light or the addition of
azobisisobutyronitrile. The polymer obtained was soluble in polar
solvents and formed transparent films with incorporated nano-
particles of cadmium sulfide measuring from 4.7 to 6.3 nm. The
proposed method seems to be versatile.

Internal cores of vesicles based on a-phosphatidylcholine can
be used as ‘nanoreactors’ for growing monodispersed (with ~8%
deviation) nanocrystals of CaS, ZnS, HgS with definite sizes.''$

A simple and inexpensive method of synthesising gram
quantities of stable water-soluble nanocrystalline powders of
zinc sulfide (particles measuring ~6 nm) was put forward.!!”
Cysteine-covered ZnS particles were obtained by introduction of
sulfide to predissolved zinc salt and cysteine. Following deposi-
tion, redissolution and drying, crystalline ZnS powders were
obtained, which remained stable for 30 months at 4 °C. Their
stability was checked by carrying out catalytic decomposition of

p-nitrophenol on freshly prepared and aged powders. Upon long-
term storage, the optical properties of powders remained
unchanged. Highly concentrated aqueous solutions (up to
~100 mmol litre ') of semiconducting particles were used as
fluorescent biological labels.

Multilayer films incorporating CdSe nanoparticles were syn-
thesised.!?® The particles measuring 1.7-2.0 nm were obtained
from a dimethylformamide solution of cadmium salts and sele-
nium. The films incorporating CdSe particles were prepared by
successive formation of layers on quartz or CaF, plates. Layers of
benzoic acid derivatives and polyvinylpyridine were first applied
to the plate surface. The plate thus treated was placed in a
dimethylformamide solution of CdSe in order to form a layer
containing particles of cadmium selenide. Multilayer (up to five
layers) films were obtained by severally adding polyvinylpyridine
and cadmium selenide to the solution. Such films are interesting
for the development of new types of light-emitting diodes and
non-linear optical devices and can serve as conducting films.

Preparation of semiconducting nanowires of definite diame-
ters by using colloidal nanoparticles of metal-catalysts was
described.!?' =124 As an example, we consider the results of
controlled synthesis of GaP nanowires with diameters of 10, 20
and 30 nm and lengths exceeding 10 pm.'?>* The wires were
obtained by laser ablation of a solid target made of GaP and
gold (catalyst). For this purpose, a solution that contained gold
particles was applied on a target. The latter was placed in a quartz
tube with a solid ZnS target. The tube was located in a blown end
of an oven, which was heated to 700 °C and the target was ablated
for 10 min by means of an excimer laser. Simultaneous generation
of nanoclusters of gold and of GaP semiconductor occurred; the
latter particles formed semiconducting nanowires.

Control experiments have shown that in the absence of gold
particles no semiconducting wires form. A relationship between
the sizes of gold nanoparticles and the diameters of semiconduct-
ing GaP wires allowed the authors to conclude that the diameters
of the wires obtained can be controlled. A similar method of
governing the diameters of silicon nanowires was proposed.!?3

The effect of the size of a semiconducting nanoparticle on its
forbidden gap width was studied using CdSe particles measuring
from 0.7 to 2 nm as an example.!?3-126 All the particles were
obtained by using the methods of organometallic chemistry so
that their surfaces bore phosphorus atoms and phenyl and propyl
groups. For example, the composition of one of the particles
studied was CdoSe4(SePh);2(PPr3)s. The atomic structure of the
particles was determined using the X-ray diffraction technique.
Figure 6 shows the dependence of the forbidden gap width of
cadmium selenide nanoparticles on their sizes. It is seen that as the
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Figure 6. Forbidden gap thickness of CdSe nanoparticles as a function
of their («) diameter and (b) reciprocal radius.!?3 N is the number of atoms
in a particle. Black points are experimental data, open points are literature
data for larger particles (results by different authors). The arrow marks a
bulk particle.
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nanoparticle size increases the forbidden gap width (Eg) of a
particle approaches the E, value of CdSe bulk samples.

Dynamic properties of charge carriers on the liquid —semi-
conductor interface are important for photocatalysis, solar energy
conversion and photoelectrochemistry. The properties of charge
carriers, viz., electrons and holes, were studied in a number of
semiconducting nanosystems using laser techniques.'?’

Suspensions of cadmium sulfide nanoparticles were used for
the initiation of acrylonitrile polymerisation. The polyacryloni-
trile (PAN) obtained and the products of its partial hydrolysis
were used as the templates which governed the shapes of CdS
nanoparticles and CdS/PAN composite nanowires with diameters
of 6 nm and lengths varying from 200 nm to 1 pm.!28

A nanosize electronic switch was built of gold nanoclusters
and compounds containing redox groups.'2® Synthesis of N,N'-
di(10-mercaptodecyl)-4,4’-bipyridinium dibromide containing a
bipyridinium fragment as the redox group was described.!3® When
gold nanoparticles are bound to the film of bipyridinium dibro-
mide molecules, the reduction of the bipyridinium group on a gold
electrode proceeds readily and reversibly.

bipy?*t + e~ === bipy*"

Figure 7 schematically shows an electronic switch measuring
less than 10 nm which is controlled by the voltage applied to the
STM probe.S When a molecule involves bipyridinium in a reduced
(bipy * ") state, a noticeable tunnelling current flows in the nano-
cluster —molecule —electrode circuit. If a certain threshold voltage
is applied to the gold electrode, the tunnelling current decreases.
The threshold voltage corresponds to the oxidation of bipy ™" to

§ The scheme is taken from Ref. 131, in which the results of another study
(Ref. 130) are commented upon. The system shown was assumed '3° to
correspond to approximately 60 organic molecules and required no less
than 30 electrons to operate.
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Figure 7. Schematic illustration of the performance of an electronic
switch.!3! (@) Bipyridinium group is in the oxidised state and no current
flows, (b) accepting an electron, the bipyridinium group is reduced and a
current arises.

bipy?>". At present, such devices operate slowly and require an
amplifier. However, they can be used in those fields where
amplification is of less importance, e.g., as the chemical sensors
for detection of single molecules or individual chemical reactions.
Moreover, based on these systems, memory devices for computers
can be developed.!3!

New possibilities in designing sensors and optoelectronic
devices including those with nanoparticles have been pio-
neered.!3? It was shown that pore-free crystals of organoplatinum
compounds can reversibly absorb and evolve sulfur dioxide with-
out any losses in their crystallinity. Figuratively speaking, the
crystals ‘breath’. Figure 8 schematically shows the corresponding
transitions.

D

A

SO, is absent SO, is present
Cl /502/
N—Pt—N N Pt

=iy ety

Figure 8. Crystals that reversibly absorb SO,.!33

On being exposed to SO» for one minute, the crystal acquires
an orange colouring. The colour change is accompanied by a
transition of planar square platinum complexes into square-
pyramidal complexes which involve SO» as the fifth ligand. In
the process, the crystal increases its volume by 25% but retains the
ordered crystal structure. Then, if the crystal is exposed to air, it
breathes out SO, and relaxes to its initial colourless SO,-free state.
The process can be repeated many times without loss of the
crystallinity. It was suggested to use such crystals as optical
switches and SO»-sensors. It is possible that some other similar
compounds can reversibly interact with chlorine, CO; and other
gases. There are strong grounds to believe that substances that
bind gases in solution can also bind them in the solid state.

Nanocrystalline films of semiconducting oxides can also be
used as the sensitive units of gas sensors. The effects of ethanol and
nitrogen dioxide vapours on the properties of SnO, nanocrystals
applied on single-crystal silicon and of SnO» nanocrystals doped
by nickel, palladium and copper were studied.'** Doped SnO,
nanocrystals were synthesised by pyrolysis of aerosols. According
to X-ray diffraction data, their average size was 6—8 nm. It was
shown that diffusion of gases affects the voltammetric character-
istics of heretostructures, which manifests itself in variations of the
potential-barrier height on the heterogeneous boundary and in the
changes in the tunnelling processes at the interface.

A new generation of chemical sensors can be synthesised by
using non-uniform nanosystems and unusual electronic and
physicochemical properties of nanoparticles involved in such
systems. In these systems, compact crystalline cores of nano-
particles are surrounded by outer amorphous shells, and the
electron transfer induced by adsorbed gas molecules proceeds
through the nanoparticles arranged in ensembles and interacting
with one another. The sensor properties of non-uniform nano-
composite films were studied '3 for the oxide—oxide
(SnO,-TiO3), metal—oxide (Cu—SiO;) and metal—polymer
[Cu-—poly(p-xylylene)] systems. The sensor activities of the speci-
mens with respect to hydrogen, wet air and ammonia were
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determined from conductivity variations. All specimens were
synthesised under non-equilibrium conditions, which seems to be
necessary for the preparation of effective sensor materials.

VII. Catalysis on nanoparticles

The studies devoted to using nanoparticles in the development of
novel catalysts which were published before 2000 are surveyed in
detail by Bukhtiyarov and Slin’ko.'# In this section, we consider
only the studies published in 2000.

Methane combustion in air proceeds steadily at temperatures
above 1300 °C. However, at these temperatures, noxious nitrogen
oxides evolve resulting in smog. In this connection, the search for
new catalysts of methane combustion is urgent. A new catalyst
was synthesised 3¢ which provided methane combustion at
400 °C. This was prepared using reverse microemulsions based
on isooctane, water and surfactants such as the polyethylene
oxide —alcohol adducts. Alkoxides Ba(OCsH7), and AI(OC5H7)3
were dissolved in isooctane and mixed with the microemulsion at
room temperature: the resulting solid crystalline nanosize barium
hexaaluminate exhibited high catalytic activity in CH4 combus-
tion. The advantage of barium hexaaluminate lies in the fact that
the sizes and surfaces of its particles remain unchanged at high
temperatures. Moreover, this can be modified by cerium, cobalt,
manganese and lanthanum. Modification with cerium oxide
produced a composite which enabled methane combustion at
temperatures below 400 °C. The history of the search for new
methane-combustion catalysts and their characteristics are
described elsewhere.!37

In aqueous AOT —n-heptane buffer microemulsions, a num-
ber of reactions were catalysed by palladium nanoparticles. The
reaction of N,N-dimethyl-p-phenylenediamine with
Co(NH3)sCI>*  catalysed by palladium nanoparticles was
described.!3® The catalytic oxidation of N,N,N',N'-tetramethyl-
p-phenylenediamine by Co(NH3)CI? " was also studied in similar
microemulsions at pH 5.6.'3° The limiting stage of the reaction
was the adsorption of p-phenylenediamine on palladium particles
of 2.5-nm radii within the microemulsion. This conclusion relies
on an observation that the activation energy of the reaction
changes from 97 at 15 °C to 39 kJ mol—! at 40 °C and on the
results of electrochemical measurements. The specific features of
the reaction were discussed in terms of the microreactor model.

Synthesis of platinum, palladium, rhodium and iridium nano-
particles and their use in catalytic hydrogenation of cyclooctene,
dodec-1-ene and o-chloronitrobenzene were described.!*? Nano-
particles were synthesised by reduction of metal salts by alcohols
and stabilised by an amphiphilic copolymer of 1-vinylpyrrolidone
with acrylic acid (PVP—AA). The diameters of particles were 0.74
(Ir), 1.93 (Rh), 2.2 (Pd) and 1.2-2.2 nm (Pt), which were
determined by electron microscopy.

The introduction of nickel ions into the PVP— AA — Pt cata-
lytic system enhances the effeciency of the latter. Hydrogenation
of chloronitrobenzene to chloroaniline at 330 K was carried out
with a selectivity of 97.1% and 100% conversion. Introduction of
Co?" and Fe3" ions reduced the hydrogenation selectivity to
78.1% and 72.1%, respectively. The analysis of IR spectra have
shown that, on being exposed to hydrogen, the ions of nickel, iron
and cobalt were not reduced to zero-valent metals. This was
explained by the fact that the metal ions interact with two C=0
groups in the PVP—AA copolymer and only with a single C=0
group in poly(1-vinylpyrrolidone).!*!

The problems of measuring sizes of metal particles applied on
supports and size and surface-area distributions for particles with
diameters smaller than 2.5 nm were discussed in Ref. 142.

When chemisorption is used for the determination of a
catalyst’s properties, it is necessary to know how to follow catalyst
operation with contaminated surfaces and make an allowance for
strong interaction of the metal with the support. A systematic

study (in the temperature interval of 573—973 K) of palladium
particles of average size ~2 nm applied on activated carbon has
been accomplished.'#? The use of two methods, viz., X-ray small-
angle scattering and transmission electron microscopy allowed the
effective sizes of palladium particles to be estimated and the results
to be compared with the data obtained in studying CO chem-
isorption on supported palladium. The agreement between the
results of two aforementioned methods was observed for the
stoichiometric ratio Pd: CO = 2.

A high catalytic activity of nanoparticles composed of metal
cores and outer shells was demonstrated in several studies.!#4-147
Gold nanoparticles measuring 2 and 5 nm surrounded by dec-
anethiol molecules were used for electrochemical oxidation of
carbon monoxide.!*> Figure 9 schematically shows the electrode
reaction. It is noteworthy that the use of thiol-covered gold
nanoparticles suggests a co-operative increase in the catalytic
activity.

Electrode

Figure 9. Catalytic oxidation of carbon monoxide on an ensemble of
thiol-covered gold nanoparticles on the electrode surface.

The methods of preparation of optimal catalysts may involve
varying the shapes of cores, the structures and properties of
molecular shells and the types of core—shell bonding. The latter
factor affects active sites, defect packing and co-operative elec-
tronic properties of nanoparticles.

Platinum nanoparticles were obtained by reducing chloropla-
tinic acid (H2PtCle- 6H20) by ethanol in the presence of poly(N-
vinylformamide), poly(N-vinylacetamide), poly(N-isopropylacry-
lamide) or poly(N-vinylpyrrolidone). The particles synthesised
had an average diameter of ~2.0—2.5 nm.'*® The effects of
additon of KCl and Na,SO4 and of temperature variations on
the stability of nanoparticles were studied. The particles obtained
were used in hydrogenation of allyl alcohol in water and in a salt
solution (0.8 M Na»SOy). It was shown that catalytic platinum
particles are stable in the salt solution and their activity is equal to
that in water.

Bimetallic Au—Pt/C(graphite) catalysts were prepared by
selective deposition of gold on a platinum film on graphite as a
support.!#’ The latter monometallic catalyst was obtained by the
reduction of H,PtCls in anhydrous ethanol. The monometallic
catalyst was modified by two methods. The first method used
platinum as the reagent which reduced AuCly. In the other
method, the monodispersed catalyst was first treated with hydro-
gen and then HAuCly was added. At pH 1, bimetallic particles
were formed according to the reaction

3PtH + AuCly — Pt3Au+4Cl- +3H"*.

The average size of particles was ~ 10 nm. The properties of
particles and their reactions were studied by several techniques.
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Being chemically inactive, gold did not attract much attention
as a catalyst until recently. However, gold ions Au”* (1 < n < 3)
in zeolites turned out to be active in the reaction

H>O + CO — H, + CO»

at 323 K.130

Lithographic systems comprising SiO»-supported platinum
nanoparticles and Al,Os-supported silver nanoparticles, which
were prepared using electronic beams, were used as model metallic
catalysts.'5! The particles with the average sizes of 20—50 nm
were spaced at 100200 nm. The thermal stability of the systems
obtained was studied by means of electron microscopy and AFM.
The system with platinum particles was stable up to 973 K,
whereas the system with silver particles was stable up to 773 K in
both vacuum and hydrogen and up to 623 K in oxygen. The
catalytic effect of a model catalyst with SiO»-supported platinum
nanoparticles was compared to that of a platinum foil in hydro-
genation and dehydrogenation of cyclohexene at 100 °C.152 The
reactivity of a system with platinum particles of 28 nm diameter
was shown to be twice as high compared with that of the foil, and
its selectivity was higher by a factor of 3.

Isomerisation of dichlorobutanes catalysed by iron-contain-
ing nanoparticles stabilised in polymeric matrices was studied.!>3
The catalytic activity was shown to depend on the nature of the
matrix and the metal content.

Photocatalytic reduction of bis(2-bipyridyl) disulfide (RSSR)
to pyridine-2-thiol (RSH) by water selectively proceeded on the
surface of titanium dioxide. The reaction rate substantially
increased when silver nanoparticles (0.24 mass %) with sizes
< 1 nm were applied on TiO,.">*

The following mechanism was assumed !>* for this reaction:

Ka
(/) RSSR + 2 AgTiO, —= 2RSAgTiO;,

(2) 2RSAETIO: —%» 2RSAETIOxe...h "),

(3) 2RSAETIOs (e—...h*) —9y 2 RSAETIOs,

(4) 2RSAETIO: (6~ .. h*) —» 2RSAg(e)TiOa(h*),
(5) 2RSAg(e)TiOx(h*) ~2s 2 RSAETIO,,
(6) 2RSAg(e~)TiOx(h*) + Ha0 2

— > 2RSAg(e)TiOs + 2H* + %oz,

(7)2RSAg(e~)TiO + 2H* > 2RSH + AgTiOs,

where K, is the equilibrium adsorption constant, 7 is the light
intensity, ¢ is the intensity of light absorption.

In the first stage, the selective adsorption of RSSR on the
surfaces of silver nanoparticles is accompanied by the cleavage of
the S—S bond. In the second stage, upon the excitation of
nanoparticles in the forbidden gap range of TiO,, an electron
(e7)—hole(h™) pair is generated. Most of electron—hole pairs
recombine (stages 3 and 5). In stage 4, charge separation occurs:
silver nanoparticles accept electrons, and holes are transferred to
the TiO; support. The positive potential of a hole is sufficient for
water to be oxidised with the formation of H* ion and O,
molecule (stage 6). In stage 7, the catalytic system is reduced
producing RSH. As a result, the deposited silver nanoparticles
seem '34 to cause the following effects:

— acceleration of RSSR adsorption;

— space separation of sites responsible for reduction (silver
particles) and oxidation (TiO, support), i.e., the effect of charge
separation;

— selective adsorption of the substance to be oxidised (RSSR)
and the reducing agent (H,O) in the reduction and oxidation sites,
which makes the process highly selective.

Comparison of TiO» and AgTiO; catalytic systems has shown
that both systems provide equal activation energies in the photo-
catalytic reduction (30 & 1.5 kJ mol—!), which suggests that the
multistage process is limited by stage 6 rather than by photo-
catalysis. Below, the reduction on TiO; is shown.

ke
2RS..TiOx(e~) + 2H* — 2RSH + TiO;.

In recent years, semiconducting nanoparticles have been
actively used in photocatalysis. In this connection, the catalytic
activities of nanoparticles of different oxides and sulfides in
aqueous and polar (acetonitrile) organic solvents were com-
pared '3 using photooxidation of pentachlorophenol (a toxic
compound used as a fungicide and a bactericide and for wood
conservation) as an example. Figure 10 shows the relative con-
centration of pentachlorophenol as a function of the time of its
exposure to light in the presence of nanoparticles of different
metal sulfides.
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Figure 10. Changes in the relative concentration of pentachlorophenol (¢)
in water with the time of its exposure to light of the wavelength
400 < 2 <700 nm (/) in the absence and (2—4) in the presence of
catalysts.!>> (/) Without catalyst (or TiO,); (2) CdS powder
(0.1 mgml—"'), (3) MoS, particles with diameters of 4.5 nm
(0.036 mg ml—"), (4) MoS, particles with diameters of 3 nm
(0.09 mg ml—1).

It is of note that the effect of the nanoparticle size on the
reaction rate is extremely strong for MoS; particles. This reflects
the effect of the forbidden gap width of particles on the reaction
and is associated with the corresponding change in the reduction
potential. In contrast to a common photocatalyst, viz., titanium
oxide, which is active in the UV region, molybdenum disulfide
particles measuring 3 nm catalyse the reaction in the visible range.
When SnO» nanoparticles measuring 26 and 58 nm were used, the
nanoparticle size did not significantly affect the photooxidation of
pentachlorophenol.

One can predict the development of a new direction of nano-
chemistry which is associated with realisation of chemical reac-
tions by means of AFM and STM probes. Interesting examples of
chemical modification of terminal functional groups in aggregates
of organosilicon molecules were carried out by the catalytic action
of an AFM probe covered (at open circuit conditions) with
palladium. !¢

A minimum effort required for such chemical reactions to
occuris ~2.5 pN at a scanning rate below 5 pm s~ !. It should be
noted that the typical activation energy of the bimolecular
reactions shown is ~50 kJ mol—!. At the same time, according
to estimates, the energy of surface deformation of an associate
formed by organosilicon molecules is ~ 340 kJ mol—!, which far
exceeds the activation energy.

An approach to ‘chemical lithography’, which consists in
chemical modification of functional groups in the molecules
arranged along definite preset lines in a sample, was first docu-
mented in Ref. 157.
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VIII. Nanoparticles in biology and medicine

At present, a new direction of nanochemistry is being developed
vigorously. The goal of these studies is the synthesis and applica-
tion of systems comprising metal nanoparticles (mainly, gold and
silver) and various biomolecules: DNA, peptides and oligonucleo-
tides. The optical properties of aggregates of gold nanoparticles
bound by DNA fragments containing from 27 to 72 nucleotide
pairs were discussed.!>® Alkanethiol-modified gold particles of
diameter ~ 15 nm were used. The effect of the length of an
oligonucleotide chain on the optical properties of aggregates
obtained was studied, and the position of the metal plasmon
peak was found to depend on the chain length. The sizes of
nanoparticle aggregates were determined by the kinetic method,
because their growth rate depended on the lengths of oligonucleo-
tide chains and on the distances between nanoparticles. Among

the factors that affect the growth rate of aggregates, the rate of
binding of DNA linkers ¥ with complementary DNA molecules on
the surfaces of gold nanoparticles (k) and the rate of aggregate
growth (k) are the most important. Optical changes were also
observed upon annealing of structures formed by two longest
nucleotides-linkers at temperatures below their melting point.
Thus, DNA linkers can be used for kinetic control over aggregate
growth.

A new method of introduction of biomaterials into living cells
was proposed %% based on electrospraying of metal particles with
large electrical charges and high velocities. If one disperses gene-
covered metal particles using the equipment developed, these
particles disintegrate in liquid drops under the external non-
uniform field. Gene fragments thus obtained have charges of the
same sign as the metal particles and are present in high concen-
trations. Monkey fibroblasts were used as the living cells and
either suspensions of plasmids T labelled with fluorescent peptides
or plasmids with gold nanoparticles measuring 5—10 nm were
used as the biomaterials. UV fluorescent microscopic studies have
shown plasmid suspensions with gold particles to penetrate into
cells. The fact that gold-free plasmid suspensions also penetrated
into the cells and got incorporated into its DNA is of prime
importance. This result seems to be most significant, because this
allows one to dispense with gold traditionally used for these
purposes. It was noted that electrostatic spraying opens up new
possibilities for transfection of genes and gene therapy.

Nanoparticles doped with gadolinium ions were proposed for
use as new contrast materials for NMR studies in medicine. Such
nanoparticles with diameters of 120 nm are sufficiently small to
penetrate easily into blood vessels. These have been used for
obtaining the images of hearts and gastric channels in rats.!%?

Approaches to using biomolecules for identification of com-
mon inorganic materials are being developed. These can be
realised by applying the principles of selective binding known
from molecular biology. Selective binding of peptides to different
semiconductors was proposed as a method of preparation of
nanocrystalline ensembles.!¢! It was shown that nanocrystalline
semiconductors can be used for the isolation of certain peptides
which bind specifically to the semiconductor surface. Five differ-
ent faces of semiconducting single crystals were used, as the
substrates, viz., GaAs(100), GaAs(111)Ga (with Ga atoms on
the surface), GaAs(111)As (with As atoms on the surface),
InP(100) and Si(100). Each substrate was found to select and
bind certain amino acid sequences from a large number of random
peptides. The nanocrystalline ensembles obtained were studied
using antibodies labelled with 20-nm gold nanoparticles and the
methods of transmission and fluorescent microscopy, photoelec-
tron spectroscopy and atomic-force and scanning tunnelling
microscopy.

Figure 11 illustrates two different approaches to the develop-
ment of biomolecular ensembles on surfaces of inorganic materi-
als.'%2 Development of these approaches is a challenge to
materials science of the XXIst century.

In this context, attention should be drawn to a study !¢ in
which the prospects of synthesising two- and three-dimensional
nanostructures based on biological principles were considered. It
is believed that the strategy of synthesising complex ensembles
from simpler ones will be developed in the new century. Biological
structures may be used as surface detectors which organise bind-
ing of large organic and inorganic building blocks. Indeed, in this
approach, the principles developed in the course of evolution for
building new functional structures may be used for synthesising
new materials.

9/ Linkers are nonhelical segments of a double-stranded DNA which
interlink compact DNA segments stabilised by peptides and polyamines.

T Plasmids are extrachromosome formations representing closed circles of
double-stranded DNA.
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Figure 11. Two approaches to assembly of inorganic materials into
complex structures with the use of biological molecules.

(a) The use of complementarity of two biomolecules, (b) the use of
biomolecule interaction with an inorganic material.'®?

IX. Conclusion

The analysis of studies published in recent years shows that many
aspects of nanochemistry of metals and semiconductors are
gaining importance, and considerable progress has been made
towards their solution.

The factors that affect the sizes and shapes of nanoparticles
during their synthesis, the processes of self-assembly of both
nanoparticles themselves and ligands that stabilise them are
being actively studied. The list of polymers, surfactants, reversed
micelles and thiols, which are traditionally used for the stabilisa-
tion of nanoparticles, was successfully replenished with den-
drimers. The use of nanoparticles in catalysis has been extended,
as well as the use of semiconducting particles in photocatalysis.
The studies in which metal nanoparticles are used in carrying out
unusual reactions are conducted more intensively. The problem of
synthesising and studying the reactions of non-protected metal
nanoparticles becomes increasingly pressing. Interest is shifting to
reactions of metal nanoparticles measuring less than 1 nm. In this
aspect, the use of inert gas at low and superlow temperatures as the
matrices for the synthesis of nanoparticles seems to be very
promising.

Yet another challenging direction of nanochemistry may be
developed at the boundary of such sciences as biology, organic
and inorganic chemistry and materials science. Mutual ‘recogni-
tion” and joint self-assembly of inorganic and biological molecules
are the key problems which being solved, will provide new
advanced materials. !4

At the beginning of 2000, a new programme aimed at the
development of fundamental and applied studies in nanotechnol-
ogy was formulated in the USA.1%5 In 2001, this issue is addition-
ally financed by 500 million dollars. The following directions were
chosen as the most challenging:

— the use of modern experimental equipment for studying the
processes which involve nanoparticles or proceed on the surfaces
of nanostructures;

— elucidation of the roles nanoparticles play in such impor-
tant processes as deposition of proteins, desorption of contami-
nants, stabilisation of colloidal dispersions, aggregation of
micelles and control over microorganism mobility;

— development of experimental techniques and their com-
puterisation for studying the role of nanoparticles in the processes
that occur in the atmosphere and water sources;

— the use of mesoporous structures integrated with appro-
priate microcomponents to provide highly sensitive and highly
selective contamination detectors.

In conclusion, it should be stated that at present the studies of
nanoparticle properties form an interdisciplinary scientific field
which largely determines the development of the other neighbour-
ing fields.

The author is grateful to his co-workers, post-graduate
students and students of the Laboratory of Low-Temperature
Chemistry for their assistance in the preparation of this review.
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Foundation of Basic Research (Project No. 99-03-32206).
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