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I. Introduction

Most chemical compounds at low (10 ± 100 K) and ultralow
(0.2 ± 10 K) temperatures are in the solid state. Under such
conditions, the diffusional mobility is restricted. According to
the Arrhenius equation, the rates of chemical processes decrease
as temperature decreases, so the reactions become nearly `frozen'
at temperatures close to 100 K. These general considerations
underlie the development of efficient methods for cryoconserva-
tion of various chemical, food and biological products. Never-
theless, the midtwentieth century was marked by the discovery of
unusual fast (nearly explosive) reactions proceeding at low and
ultralow temperatures. These are reactions of free radicals,
halogens and halocarbons with unsaturated compounds, poly-
merisation of reactive monomers and some other processes.1 ± 4

Advances made in cryochemistry during the last decade
include the development of methods for generation and stabilisa-
tion of metal atoms and small clusters, metastable complexes and
nanoparticles, the number of metal atoms in which varies from
several to hundreds and thousands.5 ± 8 These high-energy and
highly reactive species can participate in various low-temperature
chemical reactions resulting in novel hybrid materials possessing
unusual optical and electronic properties and in highly active
sensor and catalytic systems. Cryocondensates with encapsulated

metal nanoparticles can be considered as novel chemical energy
sources and storage systems.

Of particular interest are low-temperature size effects due to
dependence of the reactivity ofmetal clusters and nanoparticles on
the number of constituent atoms. Indeed, such systems provide
examples of development of a new research avenue, viz., cryona-
nochemistry. The dependences of diffusion parameters, mechan-
ical stabilities and reactivities of samples of organic and
organometallic condensates and co-condensates on the thickness
of the growing films can also be considered as the effects specific to
cryochemistry. Thus, in cryochemical studies it is possible to draw
a line between the microscopic and macroscopic properties of
systems comprising atoms, clusters and nanoscale particles.

In this review we analyse experimental data on unusual low-
temperature reactions and new phenomena accompanying these
processes. We present some examples of chemical reactions in
supersonic jets, quantum crystals and liquid helium droplets and
on the surfaces of ice crystallites and cosmic dust particles in the
interstellar medium. Considerable attention is given to self-
assembly of inorganic clusters and nanoparticles in structured
polymer matrices and ordered mesogenic systems, resulting in the
formation of anisotropic metal ± polymer and metal ±mesogenic
nanosystems. We also illustrate the possibility of targeted prepa-
ration of nanostructured materials with prescribed properties.

II. General peculiarities of low-temperature
chemical reactions

Radicals, molecules and metal atoms and clusters are usually
stabilised using different variants of the low-temperature matrix
isolation technique and preparative cryochemistry, which are also
employed to study chemical reactions of these species. Usually,
low-temperature chemical reactions proceed under conditions of
layer-by-layer or co-condensation of reactant vapours or an inert
matrix on continuously cooling surfaces of various cryostats in
vacuo. It should be noted that reactions at the gas ± solid,
gas ± liquid and solid ± solid interfaces are also possible. Often,
carrying out a chemical reaction between two substances in a co-
condensate film requires preliminary formation of labile com-
plexes of the reactants to provide an optimum orientation of the
species in the course of mutual diffusion. Evolution of the surface
structure and energetics of chemical reactions are studied by
structural methods, microscopy, thin-film calorimetry and spec-
troscopy.
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1. Sample preparation on cold surfaces: specific features
Sample preparation techniques are critical to cryochemical
research. Currently, two methods are most widely used. The first
of them, the matrix isolation method, involves co-condensation of
the compound under study with a large excess (from a hundred to
a thousand times) of inert component (usually, an inert gas or
hydrocarbon).9, 10

This technique allowed the discovery and investigation of a
new class of compounds, viz., metastable complexes of photo-
chemically generated Rgn7HX and H7Rg7X (Rg=He, Xe,
Ar; X is electron-acceptor group, e.g., OH, SH or F, Cl, I)
molecules. These species are stabilised in low-temperature matri-
ces of inert gases.11, 12 Quantum-chemical calculations of their
electronic structures were reported.13, 14 Chaban et al.14 studied
xenon insertion into some organic molecules (e.g., HXeC2H,
HXeC6H5, HXeOC6H5) and predicted the existence of stable
inclusion compounds and linear oligomers H(XeC2)nXeH
(n5 1). The matrix isolation technique has been successfully
used for stabilisation and spectroscopic studies of radical and
molecular intermediates in pyrolysis and photolysis reactions.15 It
permits identification of labile complexes, various isomers and
conformers and investigations of their interconversions.16 A
method for stabilisation and spectroscopic investigation of radi-
cals and short-lived intermediates on an activated silica gel surface
has been proposed.17, 18

The second approach is based on co-condensation of reactant
vapours on cooled surfaces at rates that exclude collisions between
the reactant molecules in the gas phase (molecular beam con-
densation).19 Possible modifications of this technique include,
e.g., condensation of particles of the same type; layer-by-layer
condensation of particles of different types; co-condensation of
particles of different types; co-condensation of reactive species
with a large excess of inert component; co-condensation of
reactive species with a third component (an activator or initiator).
In all cases the system can be additionally activated by irradiating
samples,20, 21 exposing them to high-frequency, ultrasonic and
heat fields 22, 23 and bymechanochemically treating them.24, 25 For
instance, reactions of photogenerated mobile fluorine atoms with
the O3, NH3, C2H4 and HCN molecules in argon matrices at
10 ± 40 K have been studied in detail by EPR, IR and optical
spectroscopies.26

A general scheme of physicochemical processes occurring
during condensation of atoms and molecules on cooling surfaces
is presented in Fig. 1. Condensation-driven growth of a film
sample can be accompanied by accommodation effects, surface
diffusion, tunnelling interaction, clustering and nucleation. These
processes are determined by such parameters as the condensation
rate (particle flux through a unit of surface area per unit time) and
the surface temperature. Raising the temperature causes diffusion
of small particles, which were produced and stabilised in the first
stage, in the matrix followed by formation of larger particles and
clusters. Clearly, processes occurring (i) in the course of inter-

action between atom andmolecular beams and the surface and (ii)
on subsequent heating of the samples are of crucial importance.
They determine specific features of low-temperature chemical
reactions and control the morphology of newly formed surface
nanostructures.

The most stubborn problem is to predict and describe those
properties of low-temperature film co-condensates that are due to
their inhomogeneity and nonequilibrium nature. There are two
important consequences. First, reactive species in low-temper-
ature co-condensates are kinetically and thermodynamically non-
equivalent. Second, particles stabilised at low temperatures
possess an excess energy (as compared to the mean energy of
particles at a given temperature) and, as a rule, high reactivity
upon addition of a third reactive component. Therefore, low-
temperature co-condensates can be considered as chemical energy
storage systems. The excess energy stored in the growing film of a
low-temperature co-condensate can be estimated taking into
account the following data: the excess energies of metastable
crystalline and amorphous phases range from 5 to 20 kJ mol71,
the energies of donor ± acceptor interactions and complexation lie
between 10 and 40 kJ mol71, the enthalpies of exothermic chem-
ical reactions are 100 to 200 kJ mol71, the excess energies of
stabilised reactive species (atoms and small clusters) or the
recombination energies of radicals vary from 100 to
400 kJ mol71 and the energy of mechanical stress is nearly
10 kJ mol71 (see Ref. 7).

2. Size effects
The size effectsmanifest themselves as dependences of the physical
and chemical properties of particles under study on the number of
constituent atoms. Usually, they are divided into two main
groups. These are internal size effects associated with nonmono-
tonic change in the bulk-to-surface atom ratio and external size
effects due to the interaction of particles of different sizes and
shapes with external electric and magnetic fields. The former
group of effects is due to changes in the structural and electronic
characteristics of particles including their reactivity, binding
energy, ionisation potential, melting point, crystal structure
parameters, etc.27 ± 36 External size effects manifest themselves as
co-operative electron or lattice excitations, which in the case of,
e.g., metal nanoparticles are responsible for the appearance of
electron ± plasmon resonance bands in the optical spectra.37 ± 39

Two types of size effect can be distinguished in cryochemistry.
One of them is the effect of the size of the reacting species (number
of structural units, i.e., atoms ormolecules) on themechanism and
kinetics of their chemical transformations.40 The other effect is the
influence of the thickness of the growing low-temperature co-
condensate film on its reactivity.41, 42 In both cases small varia-
tions of the size parameters cause changes in the chemical proper-
ties of the system. Studies of interrelations between the reactivity
and size of the reacting species (thickness of condensate films) are
a topical avenue of cryochemical research.

High reactivity of metal nanoparticles is due to the presence of
uncompensated chemical bonds of the surface atoms. According
to calculations, almost all of the 10 to 15 atoms constituting a
1-nm particle can be considered as the surface atoms, while 10-nm
particles (*104 ± 106 atoms) have only 15% of the atoms on the
surface. The size effect is illustrated in Fig. 2 in which we present
data on the reactivities of niobium clusters of different sizes,
prepared using supersonic jet and mass selection techniques, in
reactions with alkyl bromides.43

The particle size can be considered as a thermodynamic
property determining the state and reactivity of the system at
low temperatures. In Fig. 3, the relative reactivities of metal
particles are schematically shown as functions of their sizes.
According to this scheme, the reactivity reduces as follows: free
atoms > oligomeric clusters > nanoparticles > aggregates >
bulk metal. Thus, metal atoms and small clusters are the most
reactive species. Usually, their properties are investigated using
the matrix isolation technique at liquid helium temperatures. An
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Figure 1. A scheme of physicochemical processes occurring during

condensation of atoms and molecules on a cold surface.

572 T I Shabatina, G B Sergeev



increase in the particle size reduces the reactivity. It should be
noted that this dependence is nonmonotonic because more stable
particles, e.g., the so-called magic clusters, are periodically
formed. The reactivity is reduced to the greatest extent upon
aggregation of small clusters, i.e., as the properties of the
aggregates become more and more similar to those of bulk
material.

The particle size and reactivity can be preset using some
experimentally controllable parameters, e.g., the substrate tem-
perature, metal-to-ligand (inert component) ratio, reactant con-
densation rate, heat treatment regime of samples and the presence
of activators or stabilisers. As the condensation temperature
decreases and the proportion of the inert component increases,
diffusion-controlled processes in the system become less intense.
Using this correlation, it is possible to stabilise high-energy and

highly reactive particles in low-temperature matrices. The ratio of
the reactant condensation rates usually has a strong effect on the
size of the particles formed at a given temperature. As the metal-
to-ligand ratio and temperature increase, the proportion of metal
clusters and aggregated particles increases. The reactant conden-
sation rates affect the properties of the growing condensate film in
a complex manner. When highly reactive particles (atoms, dimers,
trimers) are deposited on a cold surface, their lifetimes are
inversely proportional to the condensation rate, being also
dependent on the nature of relaxation processes in the system.
The collision numbers of the reactant molecules with the surface
and with one another are functions of the flux intensity of the
particles being deposited. The above-mentioned factors and the
chemical nature of the reactants govern the pathways and kinetics
of low-temperature chemical reactions.

3. Defects and mechanical stress in the growing surface films
Various defects andmechanical stress produced during the growth
of condensate films affect low-temperature chemical proc-
esses.40, 41 Analysis of elastic deformations responsible for initia-
tion of chemical reactions in a film sample 40 showed that the
formation of a co-condensate film begins with growth of islands.
The growing islands can merge together, thus forming close-
packed columnar aggregates. Interfacial interactions produce
mechanical stress. As the growing film thickens, the columnar
aggregates increase in size. After reaching a critical film thickness,
cracking occurs, being accompanied by structural phase transi-
tions that initiate fast chemical reactions and crystallisation. The
initial amorphous system has an excess free energy. An increase in
internalmechanical stress during condensation of reactants causes
deformation and cracking of the film upon reaching a critical film
thickness. Plastic deformations are responsible for enhancement
of molecular mobility in the system and subsequent acceleration
of chemical processes. Elastic deformations and cracks `initiate'
fast crystallisation of amorphous films.

Development of elastic deformation and occurrence of chem-
ical reactions are interconnected by a feedback. This is a possible
reason for autowave chemical transformations in the system
during the growth of co-condensate film. The system's behaviour
is determined by the particle size, the extent of deviation from the
equilibrium state and by the rates of relaxation processes. This
approach provides a qualitative explanation for the dependence of
the reactivity of the film co-condensate on the growth conditions.
Raising the temperature causes enhancement of the molecular
mobility, thus favouring the growth of the existing nuclei rather
than nucleation. The process is accompanied by relaxation of
internal stress due to a decrease in the interface area. This causes
weakening of mechanical stress and thickening of the sample.

Mechanical stress and critical thickness of a growing film were
measured in a study of condensation of a water film using a low-
temperature tensometer and calorimeter.42 The results obtained
confirmed the existence of an interrelation between spontaneous
crystallisation of the film and chemical transformations in the
sample. Thus, low-temperature co-condensation is accompanied
by generation and storage of the mechanical energy, development
of elastic and plastic deformations in the sample, enhancement of
the molecular mobility in the system and by cracking. These
processes can initiate chemical reactions in the system.

Release of excess energy stored in the mechanically non-
equilibrium matrix component of a frozen bulk sample via brittle
fracture of the sample has been studied.44 Initiation of autowave
chemical transformations in irradiated, cryochemically stabilised
samples subjected to local fracture was observed during chlorina-
tion of saturated hydrocarbons, hydrobromination of olefins and
polymerisation of 2-methylbuta-1,3-diene. g-Radiation energy
storage in the course of low-temperature radiolysis of solid HCN
results in accumulation of stabilised radicals in the matrix.45
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Figure 2. Cluster-size dependences of reactivities of niobium clusters

Nbx in reactions with EtBr (1) and PriBr (2);43
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III. Reactions of metal atoms and small clusters in
low-temperature matrices

Metal atoms and small clusters are highly reactive species.
Because of this, investigations on their spectral and chemical
properties require the use of special equipment and the matrix
isolation technique. In particular, the Al3, Cu3, Ag3, Ga3 and
Au2Ag clusters were studied by EPR spectroscopy 46 using iso-
lation in matrices of inert gases and hydrocarbons. Dimers and
higher clusters of various metals (Nan, Agn, Aun, Crn, Mnn, Scn,
Yn, Lnn ; n=2±9) were investigated by UV and photoelectron
spectroscopies, a fluorescence technique and using quantum-
chemical calculations.47 ± 51 Currently, matrix isolation of mass-
selected clusters is employed to obtain and perform spectroscopic
studies of clusters and fragment ions of prescribed size.52 ± 56 The
matrix isolation method allowed one to synthesise, stabilise and
spectroscopically investigate a large number of coordinatively
saturated and unsaturated metal complexes with N2, O2, CO,
CO2, C2H4 and C2H2.57 ± 61

Both UV and electron (ion) beam initiated elementary
reactions in low-temperature matrices are accompanied by elec-
tronic and structural relaxation of the cryomatrices containing
various `host' atoms, molecules and ions.62, 63 Interactions
between reactive species including recombination of atoms, rad-
icals and ions are often accompanied by luminescence and
exoelectron emission.64 Using data on thermally and photo-
assisted exoelectron emission and luminescence, one can obtain
information on the mobility mechanisms of neutral and charged
reactive species and on the electronic relaxation in metastable
matrices containing various additives.65, 66 The mechanisms of
diffusion and electron transport in atomic and molecular cryoma-
trices (N2, CH4, CD4, Ar and Kr) have been discussed.67 ± 69

As mentioned above, unusual chemical reactions occurring at
low temperatures cannot be performed under normal conditions.
A general problem of cryochemistry is the impossibility of
predicting the chemical behaviour of low-temperature systems
containing metal atoms, clusters and nanoparticles based on the
properties of bulk samples. Detailed investigations on the con-
ditions for and mechanisms of low-temperature reactions involv-
ing metal atoms and clusters have been reported.5 ± 8 When
studying reactions of atoms and small clusters, a third reactive
component is often introduced in the low-temperature matrix
doped with the metal atoms or clusters to provide an additional
thermal or photochemical activation of the system. The most
impressive examples of such studies are given below.

Reactions of the first-row transition metals with CO2 and its
isoelectronic analogues (CS2 and OCS) in argon matrices were
studied by UV and Fourier IR spectroscopies and by density
functional quantum-chemical calculations.70 ± 74 These reactions
are of interest from the standpoint of activation of the CO2

molecule to involve it in low-temperature catalytic transforma-
tions. The results obtained show that these transition metals (Fe,
Co, Ni and Cu) form 1 : 1 complexes with CO2, whereas atoms of
the early elements (Sc, Ti, V, Cr) insert into C7O bonds to give
oxocarbonyls. Two isomeric Ni7CO2 complexes differing in
stability were found in the carbon dioxide matrix at 10 K.72 The
yields of the complexes dramatically decrease upon dilution of the
system with argon. When using a nitrogen matrix, complexation
enhances, resulting in more stable complexes Ni(CO2)(N2) and
Ni(CO2)(N2)2. A co-operative effect of two ligands was pointed
out. Namely, coordination of the nitrogen molecule causes
hybridisation of the 4s and 3d orbitals of the nickel atom, which
increases the degree of Ni?CO2 charge transfer in the structure
of the biligand complex compared to the monoligand complex
Ni(CO2). An analogous effect was observed in a study of the
reaction of copper vapours with dinitrogen.74 Co-condensation of
copper with dinitrogen taken in excess results in Cu2(N2) and
Cu2(N2)2 complexes with ease. Dilution of the system with argon
causes a dramatic decrease in the yields of the complexes, while

introduction of CO enhances complexation and favours the
formation of mixed biligand complexes.

Reactions of magnesium atoms and clusters with CO2 and
ethylene were studied in argon matrix at 10 ± 80 K (the metal
species were stabilised) and in low-temperature co-condensates at
77 ± 100 K by IR and UV spectroscopies and by chromatogra-
phy.75 ± 77 Both the experimental data and the results of quantum-
chemical calculations of the reaction system indicate formation of
four- and five-membered cyclic complexes in the first stage.78 Ab
initioMP2/6-31G(d) andQCISD/6-31G(d) calculations 79 showed
that conversion of CO2 into CO occurs much more easily in the
presence of Mg atoms:

Mg + CO2 MgO+ CO.

The reaction is spin allowed and the potential barrier to the
CO2?CO conversion becomes nearly halved; however, the
reaction is still highly endothermic. The reverse reaction

MgO+ CO Mg+ CO2

is an exothermic process with a potential barrier of
2.8 kcal mol71.

Reactions of samarium atoms and clusters with ethylene in the
temperature range 12 ± 30 K result in p-complexes Sm(C2H4) and
Sm(C2H4)2.80, 81 An unexpected effect was observed in studies of
reactions of metals (Mg and Sm) with a mixture of C2H4 and CO2.
Under identical conditions samarium reacts only with CO2,
whereas magnesium forms complexes with both ligands.80 The
results obtained demonstrate different reactivity of metal atoms
and clusters.

Unusual behaviour of magnesium atoms and clusters in
reactions with halocarbons has been reported.82 ± 85 In particular,
carbon tetrachloride does not react with bulk magnesium at
ambient temperatures. The situation changes in the case of co-
condensation of magnesium vapour and CCl4 at 77 ± 80 K.
Magnesium atoms and clusters efficiently react with CCl4 to give
a variety of intermediates and stable products.75

The spectra of Mg/CCl4/Ar (Mg :Ar=1 : 1000) co-conden-
sates at 12 K first of all exhibited a decrease in the intensity of
absorption of small magnesium clusters followed by consumption
of magnesium atoms (Fig. 4).83 The results of IR spectroscopic
study showed that the major reaction products are C2Cl6 and
C2Cl4 .

Magnesium atoms and clusters possess different reactivities in
reactions with alkyl(aryl) halides (RX, X=F, Cl, Br, I).84

Magnesium atoms initiate radical recombination and dispropor-
tionation reactions with the formation of various products.
Reactions in Mg/RX co-condensates (Mg :RX=1 : 1 to 1 : 100)
resulted in aggregation of magnesium atoms and preferred for-
mation of CCl3MgCl (a Grignard reagent). Magnesium and
calcium clusters were shown to be more reactive species than the
corresponding atoms.86 The relative reactivity ofmetal particles in
reactions with alkyl halides reduces as follows:
Ca2>Mg4>Mg3>Mg2>Ca>Mg. The reactivity of methyl
halides reduces in the order CH3I>CH3F>CH3Br>CH3Cl.

Co-condensation of sodium, magnesium and samarium
vapours with alcohols causes a competition between two proc-
esses, e.g.,75

Mg + CCl4

CCl3MgCl CHCl3
H2O

CCl3
.

C2Cl6

CCl2
..

C2Cl4

Sm

ROH

80 K

aggregation

RSmOH
80 K

ROH
RH+ (RO)1.5Sm(OH)1.5

Smn

ROH

80 ± 300 K
Sm(OR)3 + H2
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At 77 K, metal atoms stabilised at low metal concentrations
(metal : ligand& 1 : 500) reduce alcohols to hydrocarbons. Metal
clusters formed in co-condensates at metal-to-ligand ratios of
about 1 : 5 form alcoholates.87

The dependence of the reactivity of metal particles on the co-
condensation conditions was confirmed by the results of studies
on the synthesis and catalytic properties of samarium±hydro-
carbon co-condensates 88 with hexane, cyclohexane, hex-1-ene
and cyclohexene chosen as the model compounds. Comparison
of the catalytic systems obtained by low-temperature co-conden-
sation of (i) samarium and hexane and (ii) samarium and cyclo-
hexene revealed higher activity of the former system in the
hydrogenation of hex-1-ene. Similar results were obtained in
studies of cyclohexene hydrogenation using a catalytic system
prepared by low-temperature co-condensation of samarium and
cyclohexane. Thus, there is a `matrix memory' effect, i.e., the
system prepared by low-temperature co-condensation governs the
reactivity and selectivity of subsequent catalytic transformations.
It is possible to draw an analogy to enzymatic reactions, where the
enzyme ± substrate interactions are accompanied by rearrange-
ment of the active site to match the substrate structure.

A systematic study of co-condensates of some transition
metals with CH4/Ar mixtures at 10 K was carried out by Kla-
bunde et al.89 Oxidative insertion of electronically excited metal
atoms into C7H bonds has been reported.90 The reactions of
laser ablated iron atoms with methane and ethylene were studied
by MoÈ ssbauer and IR spectroscopies in doped argon matrices at
17 K; quantum-chemical calculations of newly formed species
and stable products were also performed.89, 90 The excited iron
atoms are inserted into the C7H bond of methane to give

CH3FeH.91 The first reaction stage involves decomposition of
methane molecule to give a methyl radical CH3

.
and a hydrogen

atom. The reaction in a methane matrix results in products of the
interaction between primary radicals CH3

.
and H atoms with one

another (C2H6, C2H4, C2H2) and with iron atoms, viz., com-
pounds CH3FeH and Fe2H2(CH3)4 with Fe7H7Fe bridging
bonds. Reactions of iron atoms with dilute ethylene in argon
matrix give a Fe(C2H4) complex. As the concentration of ethylene
increases, complex Fe(C2H4)2 becomes the major product. A
study by MoÈ ssbauer spectroscopy revealed the formation of
monomeric and dimeric halides FeF3 and Fe2F6 and FeI2 and
Fe2I4 in the reactions of iron with halogen donors SF6 and
CH3I.92, 93

Co-condensation of transition metal atoms with aromatic
hydrocarbons at 77 ± 80 K often results in bisarene complexes of
(formally) zero-valent metals.94 For instance, co-condensation of
lanthanide atoms and 1,3,5-tris-tert-butylbenzene produces ther-
mally stable `sandwich' complexes of Nd, Tb, Dy, Ho, Er and Lu,
as well as thermally unstable complexes of La, Pr, Sm, Eu, Tm and
Yb.94 Metal complexes with phosphorus and nitrogen derivatives
of aromatic hydrocarbons have been synthesised.94 Reactions of
titanium and vanadium vapours with 1,4-di-tert-butylbuta-1,3-
diene resulted in novel compounds of general formula [M(Z2-
But2C4H2)2] (M=Ti, V).95 The complexes obtained can be
modified by introducing various ligands, e.g., phosphines, diaza-
dienes and isonitriles, which replace the diene ligand, thus forming
novel `half-sandwich' complexes.

Low-temperature co-condensates of lanthanides (Sm, Eu)
with mesogenic ligands 4-pentyl-4 0-cyanobiphenyl (5CB) and
4-octyl-4 0-cyanobiphenyl (8CB) were studied by IR and UV
spectroscopies in the temperature range 90 ± 300 K. Formation
of two labile complexes with 1 : 2 and 1 : 1 metal-to-ligand ratios
was established.96, 97 Complex Sm(CB)2 undergoes a solid-phase
transformation into Sm2(CB)2 (CB is 4-alkyl-4 0-cyanobiphenyl)
in the temperature range 170 ± 210 K. The process exhibits a
polychronous kinetics,97 which can be due to the presence of
some solid-phase reactivity distribution of the complexes.98 The
IR spectra of Sm/5CB co-condensates with various metal-to-
ligand ratios were studied at 95 ± 273 K and at 95 K. Two new
(compared to the IR spectrum of a neat 5CB film) bands with
maxima at 2135 and 2085 cm71 were observed in the region of
stretching vibrations of the CN group. Based on a nearly
100 cm71 shift towards the low-frequency region, these bands
were assigned to the absorption bands of p-complexes. At 90 ±
95 K, the spectrum of co-condensate exhibits a single absorption
band at 2135 cm71. The absorption at 2085 cm71 increases, while
the absorption at 2135 cm71 decreases on heating of the sample
from 95 to 213 K. Thus, here we deal with conversion of one
complex into the other. In addition, changes in the band intensity
ratio upon variation of the metal-to-ligand ratio suggest the
presence of two complexes of different compositions.97 The UV
and visible spectra of Sm/5CB film co-condensates revealed two
new overlapped absorption bands with maxima at 390 and
420 nm.97 Absorption in this spectral region is characteristic of
charge-transfer complexes of transition metals with molecules of
unsaturated organic compounds. The band intensities are also
temperature dependent. This trend serves as an additional argu-
ment in favour of the existence of two complexes.

Labile 1 : 1 complexes of difluorostannylene (a hetero-element
carbene analogue) with some aromatic molecules (benzene,
chlorobenzene and toluene) were obtained and characterised by
matrix IR spectroscopy.99 Co-condensation of vanadium and
chromium vapours with tetraphenylsilane ligands results in stable
`sandwich' complexes. Low-temperature co-condensation of
vapours was employed to prepare novel di- and trinuclear clusters
of molybdenum, rhenium and palladium.100 Iron complexes
containing Z6-arenes and trichlorosilyl ligands (Fig. 5) were also
synthesised by co-condensation of vapours of the corresponding
reactants.101
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Reaction products of iron atoms with polycyclic aromatic
hydrocarbons (PAH) pyrene and coronene were studied by UV
and Fourier IR spectroscopies in argon and nitrogen matrices.102

The spectra of the co-condensates revealed the presence of
mononuclear p-complexes of iron atom with pyrene,
Fe(C16H10)n (n=1, 2), which are stable at temperatures of up to
24 K. In the structure of the p-complex, the iron atom is above the
centre of one of the two outer aromatic rings. Formation of
unstable Fe7H complexes with one or two hydrogen atoms of
one aromatic ring of the ligand molecule or with two hydrogen
atoms of different rings was also detected. The coronenemolecule,
which contains a large number of fused aromatic rings, preferen-
tially reacts with iron dimer to give p-complexes Fe2(C24H12)n
(n=1, 2). These species are thermally stable up to the sublimation
temperature of the argon matrix (40 K) and exhibit stability to
200 ± 700 nm radiation. Two iron atoms can be arranged above
two adjacent aromatic rings of the same ligand molecule or
perpendicular to the ring plane, thus bonding two ligand mole-
cules. The latter type of bonding can result in `multi-sandwich'
complexes. Relatively stable iron ± PAH compounds comprising
several iron atoms, small (nanoscale) iron aggregates formed
under the action of external factors and thin films on carbon
surfaces can be responsible for characteristic 3.3, 7.8, 8.6 and
11.3 mm IR radiation, which is often observed in space.103 ± 105

IV. Reactions in quantum crystals and superfluid
helium nanodroplets at ultralow temperatures

The use of quantum crystals (solid 3He, 4He, ortho- and para-
hydrogen, HD) 106 ± 109 and nanodroplets of quantum liquids
(superfluid liquid helium) as matrices is of particular interest for
investigations of chemical reactions at ultralow tempera-
tures.110 ± 113

Here, one deals with weak intermolecular interactions
(absence of matrix effects), absence of `cage effects' for photo-
induced processes and quantisation of rotational motion of guest
molecules. As a consequence, IR spectra exhibit narrow spectral
lines with fully resolved rotational structure.114 ± 116 The effects
observed are of great importance for astrophysics and astrochem-
istry 117, 118 because the most abundant substances in space are
hydrogen, helium and products of their ionisation by cosmic rays
(H�2 , H

�
3 and He�).

The use of superfluid helium nanodroplets (HeN,
N& 102 ± 105) as matrices opens up new prospects for investiga-
tions of atoms, clusters, metastable molecules and complexes.119

Nanodroplets are prepared by supersonic expansion of helium gas
jets under high pressure at low temperatures. Surface evaporation
causes cooling of a nanodroplet, so a temperature of 0.2 to 0.4 K is
maintained inside it. Atoms and molecules can be included into
helium nanodroplets by trapping the dopant in the gas phase

(Fig. 6).120 ± 123 Molecules, clusters and loosely bound complexes
can be synthesised immediately during trapping of dopant atoms
(molecules) into helium nanodroplets. Currently, this method is
employed to obtain and perform spectral characterisation of
alkali metal,124, 125 magnesium 120 and silver 126, 127 clusters and
rubidium±helium exciplexes.128 Alkali metal atoms form loosely
bound surface states due to Coulombic repulsion between the
helium electrons and the valence electrons of the metal. The van
der Waals metal clusters formed on the surface of nanodroplets
are in the high-spin state. This phenomenon was studied by
femtosecond multiphonon ionisation spectroscopy.121 The mass
distribution of spin-polarised clusters is shown in Fig. 7. Thus,
even large clusters (N>10) are completely spin-polarised. The
observed alternation of the intensities of the peaks corresponding
to clusters of different sizes is due to specific features of the
mechanism of laser-induced spin relaxation.

The vibronic spectra of mixed clusters M4HeN and M3HeN
comprising aromatic molecules (M) and helium atoms have been
studied at 0.4 K.129 Taking these systems as examples, the intra-
molecular fine vibronic structure of S0? S1 electronic transitions
in the spectra of various molecules was experimentally studied.
Peculiar features of formation of atomic and molecular clusters
during free gas expansion in vacuum have been considered.130

The structures of impurity systems prepared by trapping D2,
Ne, N2 and Kr into the bulk of superfluid 4He were studied by
X-ray diffraction and ultrasonically.131 The van de Waals inter-
actions between the components result in the formation of a
nanoscale system similar to aerogel, which comprises clusters of
impurity molecules and atoms of size 50� 20 �A and density of up
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to 1020 atom cm73. The possibility of stabilisation of high con-
centrations of atoms in such systems makes them promising
energy sources. Water nanoclusters surrounded by layers of solid
and liquid helium have been reported. They form a specific
`watergel', which acts as a matrix stabiliser and a dispersion
medium.131, 132

Unusual tunnelling chemical reactions of light impurity atoms
and molecules

D+H2 HD+H,

D+HD D2 +H

were investigated in solid helium at *1.35 K.133, 134 Deuterium
atoms efficiently replace hydrogen atoms in the H2 and HD
molecules, thus favouring accumulation of rather high steady-
state concentrations of hydrogen atoms (up to 1018 cm73).

An EPR study of tunnelling reactions of hydrogen atoms
produced by g-radiolysis of amixture of ortho- and parahydrogen
at 4.2 K 135, 136 showed that diffusion of atoms in solid hydrogen
occurs by repeating tunnelling reactions

H+ p-H2 p-H2 + H

and is completed with a highly exothermic reaction

H+H(+M) H2(+M),

where M is a third particle acting as an energy drain.
Radiolysis of solid parahydrogen containing small amounts of

deuterium impurity at 4.2 K causes formation of electron `bub-
bles' that dissociate via tunnelling recombination with cations
stabilised in the system.137 In both cases the efficiency of tunnel-
ling reactions is determined by weak interactions with orthohy-
drogen impurity and by energy dissipation in the matrix.135 The
contributions of two main mechanisms (sequential two-body
process involving quasi-bound resonant states and tunnelling
and a direct three-body recombination involving matrix atoms
or molecules) to atom± atom recombination in matrices of inert
gases have been analysed.138, 139

Studies on photoinduced reactions of dopant molecules (CH4,
CO2, NO) in solid parahydrogen matrices have been
reported.140, 141 The absence of cage effects for the primary
radicals and efficient reactions of `hot' photofragments

CH2 +H2 CH4,

CO2 + H CO+OH,

OH+H2 H2O+H,

NO+H HNO,

N+ 2H2 NH3 + H,

O+H2 H2O

are due to weak intermolecular interactions with the matrix
molecules.

The possibility of using tunnelling reactions of hydrogen
atoms for hydrogenation of various organic and inorganic com-
pounds under conditions of cryochemical synthesis has been
considered.142, 143 Experiments carried out at 10 K showed that
cyclic olefins (cyclopentene and cyclohexene) nearly instantane-
ously (in a few seconds) react with hydrogen atoms to give the
corresponding cyclic alkanes.142, 143 The reaction of hydrogen
atomswith solid CO results in quantitative yields of formaldehyde
and methanol.144 The last-mentioned compound is efficiently
formed upon additional UV irradiation of the system. These
laboratory studies have first demonstrated the possibility of syn-
thesis of these compounds in interstellar ice as a result of
tunnelling reactions of hydrogen atoms with CO molecules. It
was also shown that matrix-stabilised C, O and N atoms can be
involved in reactions occurring on spraying H atoms over solid
samples at 10 K. The reactions result in CH4, H2O and NH3. The
authors of this study 144 considered the possibility of tunnelling

interaction of H atoms with acetylene, ethylene, propylene and
carbon monoxide in the temperature range 10 ± 60 K. In all the
cases the reaction rates increase as the temperature decreases from
50 down to 10 K and reach maximum values at 10 K (Fig. 8).
Negative temperature dependence of the rate constant for tunnel-
ling reaction of hydrogen atoms with acetylene in highly dilute
samples in xenon or carbon dioxide matrices was unambiguously
proved. The effect observed was explained by the possibility of
increasing the steady-state concentration of hydrogen atoms in
the solid film and by an increase in the rate constant for tunnelling
reaction on lowering the temperature. Negative temperature
dependences of the rate constants for tunnelling reactions were
theoretically predicted by Hiraoka and Sato.144 The influence of
various factors (mutual arrangement of atoms, structural rear-
rangement of reactants and medium, orientational intermolecular
vibrations) on the rates of tunnelling reactions and on the temper-
ature dependence of the rate constants for tunnelling reactions
involving hydrogen atoms has also been analysed.139, 145 ± 149

V. Reactions in low-temperature film co-
condensates

Vacuum co-condensation of reactant vapours on cooled surfaces
of spectral and preparative cryostats provides conditions that
exclude collisions between the reactant molecules in the gas phase.
As a rule, in this case the reaction occurs within a thin surface
layer. On heating, chemical reactions proceed in the bulk of the
sample due to enhancement of the molecular mobilities of the
reactants. In Fig. 9 we present a general scheme of successive and
concerted reactions occurring in the course of low-temperature
co-condensation of vaporous metals (M) and various organic or
inorganic ligands (L). At low temperatures and high dilutions,
reactions of metal atoms mainly occur. In more concentrated
systems, aggregation is possible, resulting in the formation of
clusters, nanoparticles, organometallic compounds and ligand-
stabilised mono- and polynuclear complexes of metals and nano-
particles.

Fast spontaneous reactions occurring in the absence of
external factors are of greatest interest for cryochemistry of film
co-condensates. Such reactions involve consumption of internal
energy stored in the film co-condensate; some of them are
considered in this review. They proceed by different mechanisms
but exhibit an identical kinetics pattern, namely, these are fast
(almost explosive) solid-phase low-temperature reactions.

Examples can be found in such reactions as olefin halogen-
ation and hydrohalogenation involving formation of unstable
donor ± acceptor complexes that prescribe a certain organisation
of the reactant molecules, which is necessary to perform the solid-
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phase chemical transformations.150, 151 No reactions occur in the
absence of complexation. This is confirmed by the results of
hydrohalogenation of 2-methylbut-2-ene. The reaction rate
depends on the extent of complexation in the system 2-methyl-
but-2-ene ±HCl (HCl : olefin=6 : 1) at 80 K as follows:

Degree of complexation (%) 100 50 0

Conversion (%)

on co-condensation 39 22 0

on annealing 25 13 0

An explosive reaction was observed in the growing films of
magnesium± 1,2-dichloroethane co-condensate 41

Mg + CH2Cl7CH2Cl CH2=CH2 +MgCl2.

The reaction products were obtained in nearly 100% yields as
the film thickness reaches a critical value (Lc). There is a clear-cut
distinction between the reacted and unreacted film regions.
Explosive reaction can be accompanied by mechanical fracture
of the film. The critical thickness depends on the reactant ratio and
on the temperature of the sample. TheLc value is minimum at 1 : 1
Mg :CH2Cl ±CH2Cl ratio. As the temperature of the sample
increases, the region of the explosive reaction becomes more
narrow. The reaction is accompanied by fast heat release and
crystallisation of the initially amorphous co-condensate film. The
process acquires awave character and the internal energy stored in
the co-condensate film initiates explosive reaction. A decrease in
the reactant condensation rates and an increase in the temperature
of the co-condensate improve the efficiency of relaxation proc-
esses in the film, thus making explosive processes less probable.
Similar effects were also observed in a study on the reactions of
acetyl chloride with diethylamine and cyclopentadiene with tita-
nium tetrachloride.152 Growth of co-condensate film is accompa-
nied by generation and accumulation of internal strain (excess
internal energy) in the sample, which initiates a vigorous reaction
and fast crystallisation of the co-condensate after reaching a
critical value. Explosive polymerisation reactions initiated by
magnesium vapours were observed.153

The HCN molecule was found in various space objects,
namely, giant clouds of interstellar dust, comets and other galactic
objects.154, 155 It is commonly accepted that the formation of this
molecule is a result of one of the main stages of pre-biological
chemical evolution, because processes involving HCN can result
in amino acids, purines, pyrimidines and other bioactive com-
pounds.154 Chemical reactions of HCN and its derivatives, viz.,
cryopolymerisation of HCN and its copolymerisation with ace-
taldehyde and ethylene oxide as well as polymerisation of cya-
nogen bromide under conditions similar to those in the interstellar
medium (low temperature and initiation by g-radiation and local
brittle fracture) have been studied in detail.156 ± 158

VI. Cryochemical synthesis and reactions involving
metal nanoparticles

Metal nanoparticles of size 1 to 10 nm are of crucial interest for
cryochemical research, because in this case small variations of the
particle size cause significant changes in their physical and
chemical properties. Such objects can be considered as surface
structures, because most of the constituent atoms are surface or
near-surface ones. An increase in the concentration of uncompen-
sated valence bonds enhances the particles' reactivities.

Main methods for preparation of metal clusters and nano-
particles have been well documented.159 ± 162 Going to low and
ultralow temperatures opens up new prospects for production of
small metal particles.

Interesting results were obtained using metal evaporation
under static pressure of inert gas in the reaction vessel or the
inert gas stream technique. A metal can be evaporated by resistive
heating and by exposing it to electron or laser beams. Metal
clusters and nanoparticles are deposited on internal walls of a
reactor or on various substrates.160 In particular, copper, silver
and gold particles of size nearly 10 nm were produced by gas-
phase evaporation followed by trapping the freshly obtained
particles in frozen liquids (ethanol, methanol and some alka-
nes).6, 163 Magnesium particles of size 2 nm were obtained by
condensation in liquid helium nanodroplets; larger magnesium
particles of size*100 nm were prepared by condensation in solid
argon.19 Laser evaporation has been employed in studies of
almost all metals. For instance, low-energy neutral clusters of
iron, cobalt, nickel and nanostructured films of thickness up to
100 nm were produced by deposition on various cooled sub-
strates.19 Laser and electron beam evaporation of metals are
convenient for preparation of bimetallic nanoparticles. A mass
spectrometric study of particles formed by co-vapourisation of
zinc, cadmium, mercury and sodium revealed the possibility of
formation of bimetallic particles comprising one heavy atom
surrounded by several (up to 18) sodium atoms.19 Experiments
with sources of ionised cluster beams allowed control of the
kinetic energy of the clusters deposited by applying an accelerating
potential difference.164, 165 Gas-phase cluster beams can be size
selected and deposited on appropriate substrates. For instance,
Ptn and Pdn (n=1±15) particles were produced on the (100)
surface of Ag single crystals.166

Novel organometallic clusters and solvated metal nanopar-
ticles are also obtained by condensation of metal vapours.5, 19

Usually, vapours of metals and organic components are co-
deposited on the surfaces of reaction vessels cooled down to
77 ± 100 K and lower temperatures. At such temperatures, metal
atoms and clusters insert into solid organic matrices. During
warm-up of the samples the atoms and small clusters aggregate
into large metal clusters and particles of size 10 ± 30 nm, which
form stable colloidal solutions at room temperature. Further
growth of the particles is restricted by solvation and electrostatic
effects.

Co-condensation of silver and methyl acrylate vapours on the
surface cooled to 77 K followed by heating of the system to room
temperature causes partial polymerisation of methyl acrylate and
formation of organic colloids comprising silver nanoparticles
stabilised by the polymer layer. At room temperature, the optical
absorption spectrum of molten co-condensate exhibits a maxi-
mum at 400 nm, which is characteristic of spherical silver particles
of diameter less than 20 nm.167 Transmission electron microscopy
data indicate formation of silver particles of size less than 15 nm.
Co-condensation of silver, lead and methyl acrylate vapours
results in colloids of polymer-stabilised bimetallic nanopar-
ticles.168 The size of lead particles and bimetallic Pb/Ag particles
thus obtained is at most 5 nm, which is much smaller than the size
of individual silver particles formed under analogous conditions.

Formation of metal nanoparticles during low-temperature co-
condensation of silver and 2-(dimethylamino)ethyl methacrylate
vapours was studied by optical spectroscopy and dynamic light
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scattering.169 Experimental data as well as the results of electron
microscopy investigation of the co-condensates heated up to room
temperature indicate initial formation of silver nanoparticles 5 to
12 nm in diameter stabilised in the polymer layer. Low-temper-
ature synthesis of colloidal silver nanoparticles in water, acetone
and toluene has also been reported.170

Co-condensation of two metals allows preparation of bimet-
allic core ± shell particles. For instance, analysis of Fe/Li co-
condensates revealed the presence of particles comprising an iron
metal core coated with a Li2O/Li2CO3/Fe2O3 protective layer.171

The same approach was employed for the synthesis of bimetallic
core ± shell nanoparticles in Fe/Mg co-condensates (Fig. 10).172

These results have first demonstrated the possibility of using
cryochemistry for preparation of bimetallic metastable clusters
of metals that are immiscible under normal conditions.

Surface-immobilised metal particles of size 3 ± 8 nm were
obtained by impregnating oxide (Al2O3, SiO2, MgO) matrices
with molten organometallic co-condensate.173 Bimetallic particles
stabilised on an oxide surface were also prepared by co-condensa-
tion of reactant vapours.174 Colloidal solutions of metal nano-
particles provide an efficient tool for fabrication of
nanostructured metallic coatings by solvent evaporation. Such
films possess unique properties, viz., a higher resistance compared
to metal films produced by other methods and the ability to re-
dissolve in appropriate solvents.

Redox reactions on the surface of gold nanoelectrodes,
resulting in deposition of the second metal (Pb, Cd, Tl), have
been studied.175 The reactions are initiated by electron transfer
from radiolytically generated organic free radicals to the gold
nanoparticles rather than application of an external electric field.
Because of the large surface area of nanoparticles the reaction can
be monitored with a spectrophotometer. Deposition of the second
metal causes changes in the size, chemical nature and redox
properties of the gold nanoparticles. The physicochemical behav-
iour of the bimetallic particles thus produced depends on the
electronic properties of the adatom layer and on electron exchange
at the interface between two metals with different electron work
function.

Bukhtiyarov and Slin'ko reported a comprehensive review on
the properties of metal nanoparticles stabilised on solid surfa-
ces.176 They analysed the reactivities and selectivities of metal
particles in relation to particle size and to the atomic and
electronic structure of bulk metals. This allowed consideration of
the properties of metal clusters and nanoparticles and of the active
sites of heterogeneous catalysts in the framework of a unified
approach.

Studies on the reactivity of metal nanoparticles over a wide
temperature range revealed novel unusual chemical reactions.
Namely, silver nanoparticles encapsulated into poly(p-xylylene)
films possess catalytic activity in the reaction of methanol oxida-

tion into formaldehyde, silver nanoparticles stabilised on an
alumina surface catalyse epoxidation of ethylene 7 while the
reaction of zinc nanoparticles with CCl4 in water causes an
increase in the rate of dechlorination and results in methane.177

VII. Assembly of hybrid nanostructures at low
temperatures

Novel technologies widely use nanoscale hybrid materials
(organic compound ±metal; metal ± semiconductor; metal ± di-
electric) that are stable at room temperature.178 These materials
are characterised by large interface areas and extended boundaries
between different structural elements. Interactions of such nano-
scale structures with photons and electrons cause manifestation of
unusual optical, magnetic and electrophysical properties.179, 180

The properties of individual nanoparticles and nanostructured
films, methods for their preparation, self-organisation of nano-
particles, growth of oriented nanoscale films and template syn-
thesis of nanoparticles have been reviewed.27 ± 33 In the text below
we present some examples of preparation of these materials using
cryochemical techniques.

1. Low-temperature condensation and surface reactions
Various hybrid nanostructures were fabricated by condensation
of atom-molecular beams on cooled dielectric, semiconductor and
metal surfaces. For instance, multilayer dinitrogen films adsorbed
on a graphite surface were studied at 12 ± 20 K.181 This allowed
determination of the tilt angles of the molecular axes with respect
to the graphite surface and establishment of two main types of
molecular packing within the layer with an increase in the surface
coverage from submonolayer to formation of a bilayer structure.
Detailed neutron diffraction studies on the growth mode of
methyl chloride (CH3Cl), dichloromethane (CH2Cl2) and chloro-
form (CHCl3) condensate films on a graphite surface have been
reported.182, 183

Monolayers of long-chain saturated hydrocarbons were
adsorbed on the Cu(111) surface cooled down to 80 ± 160 K.184

At low temperatures, octane forms a commensurate crystal lattice
and undergoes a first-order phase transition on heating. Nonane
forms a domain surface structure with parallel arrangement of
molecules and experiences an unusual, strongly broadened phase
transition on heating. This is consistent with the known odd ± even
effect observed in the structures of solid alkanes. Whereas alkanes
CnH2n+2 with even n values have structures with monoclinic or
triclinic unit cells, odd-numbered alkanes have an orthorhombic
unit cell. These organic layers adsorbed on metal surfaces can be
used in molecular electronics and optoelectronics.185 ± 187 Electron
transfer in structured layers of hexafluorobenzene and phenylthiol
on the Cu(111) surface has been studied.188 The interaction
between organic molecules and the surface layer of the metal
crystal affects charge transfer across the interface.

Ultrathin gold films were prepared by low-temperature con-
densation on a silicon surface at 173 ± 300 K.189 It was found that
the surface of the silicon crystal and the pure metal layer are
separated by a layer of amorphous gold silicide 13 ± 28 �A thick.190

A study of 0.3 nm silver films deposited on the Si(111), Si(100) and
Ge(001) surfaces at 100 ± 300 K revealed formation of ordered 2D
structures,191 which are assigned to themost promising objects for
creation of a novel class of 2D superconductors with
Tc=2 ± 8 K.191 As the thickness of the silver layer increases,
island 3D structures aremainly formed. Cold-deposited silver thin
films exhibited second harmonic generation.192 Analysis of the
results obtained confirmed a homogeneous structure of the
deposited 3D silver films of thickness 15 ± 20 nm. Lead films
prepared by depositing Pb on the Si(111) surface provide the
most convenient system for analysing various effects in the
absence of interdiffusion and chemical reactions.193 The Schottky
barrier to a Pb/Si diode depends on the structure of the near-
surface layer at the interface. Using surface X-ray diffraction, it
was shown that growth of initially amorphous film is followed by
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its crystallisation towell-ordered Pb(111) structures after reaching
a critical thickness of 5 atomic Pb layers. Layer-by-layer deposi-
tion at 100 K allows suppression of the growth of 3D island
structures.

Interfacial bimetallic systems formed by deposition of ad-
atoms of the secondmetal on the crystal surface of themajormetal
component are of considerable interest.194 ± 196 Catalytic activity
of such systems has long been known; however, reliable inves-
tigation techniques were developed only in the last decade.
Condensation of adatoms on metal surfaces at 100 ± 200 K
eliminates all types ofmobility, except for surface diffusion during
the film growth. Specific features of nucleation and the kinetics of
formation of layer-by-layer deposited surface monolayers and
island films as well as the growth of bulk 3D phases are first of all
determined by close values of the lattice parameters of the two
metals, by the ability to form bimetallic compounds and alloys, by
strain in the growing film and by the relaxation mechanism of
excess elastic energy. The lifetime of the adatom in the excited
state and the electron states of the metal surface at low temper-
atures can be studied by time-resolved two-photon photoemission
spectroscopy.197 It was established that ternary hybrid metal
nanostructures Cu/Co/Cu(001), Pd/Co/Pd(001) and Fe/Cu/
Fe(001) possess unusual magnetic properties including magnetic
anisotropy and tunnelling magnetoresistance. Substances exhibit-
ing these properties can be used as magnetic sensors and magnetic
recording systems.198 Deposition of metal atoms and clusters on
an oxide surface is of particular interest because this technique
allows preparation of size-selected metal particles and modelling
of the efficiency and selectivity of catalysts.199, 200

The vapour deposition technique allows controlled condensa-
tion of atoms and clusters on various surfaces by thermal or
photochemical decomposition of precursor vapours.201 Con-
trolled adsorption and decomposition of iron pentacarbonyl,
chromium hexacarbonyl and cyclopentadienylrhodium dicar-
bonyl on the single-crystal surfaces of Ag, Pt, Au and Cu at
80 ± 300 K were studied by reflection absorption IR spectro-
scopy.202, 203 Photodissociation of neutral molecules on cold
surfaces of various metals was studied; some examples are
provided by the CH3I/Cu(110),204 ButNO2/Ag(111) 205 and
NH3/Pt(111), Ge(100), Si(100) pairs.206, 207

Yet another promising method of cryochemical research,
which allows preparation of hybrid nanostructures, involves the
action of aggressive gases on the surface of metal crystals at low
temperatures. Chlorination of different crystallographic planes of
silver and copper single crystals has been studied.208 A 2-nm thick
metal chloride layer is formed upon exposure of the Ag(111)
surface to chlorine gas at 150 ± 250 K. Thin layers of silver and
copper chlorides can be used for fabrication of nanocrystalline
materials (metal clusters dispersed in the bulk of the chloride
phase: Agx/AgCl and Cux/CuCl). Local oxidation of titanium,
aluminium and copper surfaces was performed by exposing them
to an oxygen stream accompanied by scanning the corresponding
local area with the probe tip of a scanning tunnelling microscope.
By applying an appropriate potential difference between the
surface and the probe tip and moving the probe tip across the
specified surface area it is possible to `draw' metal oxide lines
10 ± 20 nm thick (Fig. 11).209 A local nanoscale etching technique
was also used formodification of the surface of a silicon crystal.210

Nanoscale silicon rods on the surface treated were prepared by
nitration and subsequent oxidation of the surface monolayer.
Efficient etching of the Si(111) surface by thermalised hydrogen
atoms was performed at 105 K.207, 211 The products obtained,
silanes and disilanes, were removed from the surface by heating
the samples to 480 K.

Silver, copper and platinum crystals are good catalysts of
oxidation processes. However, organic molecules are poorly
adsorbed on their surfaces at temperatures above 150 K. The
situation changes in the presence of adsorbed oxygen.212 Efficient
low-temperature oxidation of cyanogen (CN)2, carbonmonoxide,
ethyl iodide, methanol, nitrobenzene and styrenemolecules on the

Ag(110), Pt(113) and Cu(110) surfaces was carried out in the
presence of adsorbed oxygen.213 ± 215

The most important oxidation processes in the environment
and in living organisms involve dioxygen. They can also retain
selectivity at low temperatures as, e.g., industrial catalytic proc-
esses involving C1-molecules on gold-containing catalysts.
A complete catalytic cycle for the transformation

CO+ 1/2O2 CO2

on gold cluster anions AuÿN is illustrated by Fig. 12. The reaction
exhibits nonmonotonic cluster-size dependences of the amount of
adsorbed carbon oxide and of the conversion efficiency (Fig. 13).
This reflects improved stabilities of nanoclusters with closed outer
electron shells (N=8, 14, 18 and 20).216 ± 218

Dissociative adsorption of methane on the surface of Ni single
crystals was considered as a model for reforming on small nickel
crystallites dispersed in a highly porous Al2O3/MgO matrix.219

Reactions of hydrogen atoms with acetone on graphite mono-
layers coated on the Pt(111) surface were studied by high-
resolution electron energy loss spectroscopy and thermal desorp-
tion spectroscopy at 90 K.219

2. Polymer films containing metal nanoparticles
Low-temperature vacuum codeposition ofmetal (Ag,Mg,Cd, Zn,
Pb, Sm, Sn, Mn) vapours with p-xylylene, which polymerises at
low temperatures (100 ± 120 K), was employed to prepare metal
nanoparticles (d=5±10 nm) encapsulated into polymer
films.220 ± 227 Polymerisation at cryogenic temperatures and for-
mation of the polymer network preclude subsequent aggregation
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of the metal particles. Poly-p-xylylene films containing encapsu-
lated metal nanoparticles can be separated at room temperature
and investigated by various spectral and physicochemical meth-
ods. The following scheme of cryochemical synthesis of poly(p-
xylylene) films containing nanoscale metal particles (M) was
proposed:

The films obtained were studied by transmission electron
microscopy and X-ray diffraction. The content of metal in the
samples was determined by X-ray fluorescence analysis. It was
found that globular lead particles are homogeneously dispersed in
the film (Fig. 14). The average particle size was 5.5 nm, being
independent of the metal content in the film from 0.1 to
6.5 mass%. The particles were treated as crystals.224 The lattice
parameters of the zinc and cadmium particles encapsulated into
poly(p-xylylene) films were in good agreement with the lattice
parameters of bulk metals. Exposure of the films to oxygen over a
period of several days led to formation of new metal-oxide
crystalline phases ZnO and CdO.224

Poly(p-xylylene) is a typical insulator. Encapsulation of lead
nanoparticles into the film (up to 10% by mass) has no effect on
the material's characteristics, the resistivity of the films is
1016 O cm72 (see Ref. 225). Changes in the conductivities of the
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samples were studied during low-temperature co-condensation of
vaporous components and on heating of the samples in the
temperature range 80 ± 300 K.225 Polymer films containing nano-
scale lead particles exhibit activity as gas and vapour sensors
towards various organic and inorganic substances.226 ± 230 The
conductivity of the film samples varies by four to six orders of
magnitude.

3. Hybrid metal ±mesogen nanosystems
Ordered nanoscale structures are of considerable interest because
of unusual physical and chemical properties. The use of liquid
crystals as self-organising organic matrices opens up new pros-
pects for the synthesis of anisotropic metal nanoparticles and their
compounds and for fabrication of organised ensembles of nano-
rods and nanowires based on them.

Silver-containing cyanobiphenyl films were prepared by vac-
uum co-condensation of vaporous components on cooled CaF2,
quartz and copper surfaces.231 ± 233 Silver/4-alkyl-40-cyanobi-
phenyl co-condensate samples were studied by EPR, IR and UV-
visible spectroscopies in the temperature range 80 ± 350 K and by
transmission electron microscopy at room temperature. The
spectral features observed were analysed using the results of
model quantum-chemical calculations of the equilibrium struc-
tures and vibrational analysis.234

Spectroscopic studies of binary Ag/CB co-condensate films
with the component ratio varied from 1 : 1 to 1 : 100, as well as
investigation of ternary Ag/CB/decane co-condensate films at
90 K revealed the presence of metastable complexes formed as a
result of interaction between silver atoms and cyanobiphenyl
molecules. In particular, the IR spectra of the Ag/5CB co-
condensates exhibited two new bands at 2080 and 2030 cm71 in
the region of CN stretching vibrations (see Ref. 231). These bands
are shifted by7150 and7200 cm71, respectively, with respect to
the corresponding band of 5CB (2230 cm71). The observed
decrease in the stretching vibration frequencies indicates the
formation of a silver ± cyanobiphenyl p-complex. Indeed, partial
donation of electron density from the bonding orbital of silver to
the ligand antibonding orbital should cause elongation of the
multiple bond in the complex and, hence, a decrease in its vibra-
tional frequency. The frequency shifts by 100 ± 200 cm71 towards
the low-frequency region were observed in a study on p-complex-
ation of some transition metals with unsaturated compounds.235

The spectra of the Ag/5CB and Ag/5CB/C10H22 co-condensates
also exhibited a new band in the region 650 ± 660 cm71, whichwas
assigned to the vibrations of the metal ± ligand bond in the
p-complex Ag(5CB). Similar results were obtained for co-con-
densates of silver with 8CB and 4-octyloxy-4-cyanobiphenyl
(8OCB). In both cases the intensities of the IR bands of p-com-
plexes changed with the co-condensate temperature following an
identical pattern. Because of this, the bands were assigned to the
same complex. Complexes Ag(CB) are stable at low temperatures
and decompose on heating of the co-condensates to 200 ± 300 K
into starting CB and silver clusters. At room temperature, the IR
spectrum of Ag/CB co-condensate is similar to that of the CB
condensate film. The results obtained are consistent with the low
thermal stabilities of the complexes of zero-valence metals with
unsaturated compounds.

The formation of p-complexes in the system under study was
confirmed by the results of quantum-chemical calculations of 5CB
and of the central cyanophenyl fragment of the complex.234 The
calculations were carried out by the multiconfiguration self-
consistent field method and by the restricted Hartree ±Fock
method for open-shell systems. The Stevens ±Basch ± Krauss
effective core pseudopotential was employed for all heavy atoms.
Both geometry optimization of and vibrational analysis for the
(PhCN)Ag, (PhCN)Ag+ and (PhCN)Ag2 particles have demon-
strated that global energy minima for these systems correspond to
s-complexes with linear arrangement of the C7N_Ag fragment.
The shifts of the C7N stretching vibration frequencies in the
complexes relative to the corresponding value for the ligand

molecule were +9, 77 and +20 cm71 for the equilibrium
N_Ag distances of 2.81, 2.24, and 2.46 �A, respectively. There-
fore, the calculated configurations do not correspond to real
structures in the Ag/5CB films since the experimentally observed
shifts of the CN stretching vibration frequency are 7150 and
7200 cm71.

At the same time liquid-crystalline cyanobiphenyls are known
to form dimeric structures in the solid and liquid-crystalline
phases. Structural studies 236, 237 showed that cyanobiphenyl mol-
ecules in the solid phases are arranged in the `head-to-tail' manner.
Based on this, the following structure of the silver ± cyanobiphenyl
complex was proposed (shown is the central part of the complex):

The cyano groups in this structure are nonequivalent and give
two bands in the IR spectrum of the complex.

Multiconfiguration self-consistent field calculations revealed
the possibility of two ground-state electronic configurations of the
complex, (PhCN)2Ag and (PhCN)ÿ2 Ag�.234 At long interligand
distances R (R5 4.7 �A), neutral silver atoms fill the interligand
cavities. At R<4.7 �A, the charge-transfer configuration
(PhCN)ÿ2 Ag� dominates. If R=4.4 �A (a charge-transfer com-
plex), the calculated shifts of the C7N vibrational frequencies in
the (PhCN)2Ag complex relative to the corresponding value for
the PhCN molecule (2501 cm71) were found to be 7150 and
7175 cm71, which is in agreement with the experimentally
observed shifts for the Ag/5CB films at 90 K.

Thermal behaviour of the metal-containing atom±molecular
systems based on co-condensates of silver and mesogenic cyano-
biphenyl 5CB was investigated in the temperature range
80 ± 300 K.233 At 80 K, the EPR spectra of the co-condensates
exhibited well-resolved signals of hyperfine coupling (HFC) with
the metal atoms. This indicates formation of complexes between
silver atoms and mesogenic ligands under conditions of low-
temperature co-condensation. The parameters of the doublets,
obtained by simulating the spectra of the Ag/5CB and Ag/5Py co-
condensates are characteristic of p-complexes of the 107Ag
(J=1/2) and 109Ag (J=1/2) atoms. By comparing the HFC
constants of the complexes with those of free atoms
[A(107Ag)=611 and A(109Ag)=705.4 G] 46 it is possible to
estimate the unpaired s-electron density on the metal atom:
rs=0.89 (Ag/5CB). The central signal in the region characteristic
of the g-factor of a free electron is due to absorption of the silver
clusters stabilised in the 5CBmatrix. Similar signals were observed
for concentrated samples of co-condensates of silver with inert
gases and hydrocarbons. They were treated as the spin resonance
signals of conduction electrons in the metal nanoclusters. The
average size of silver clusters in the Ag/5CB co-condensate
(Ag : 5CB=1 : 10) estimated from the experimental spectrum
recorded at 90 K is 1 ± 2 nm (several tens of atoms). Raising the
temperature from 80 to 150 K causes a decrease in the relative
intensities of the doublets in the spectrum and an increase in the
relative intensity of the central component, which indicates
thermal degradation of the complex and the growth of silver
nanoclusters. The possibility of formation of silver nanoclusters
by UV irradiation of samples at 80 ± 90 K was demonstrated.238

Heating of such samples above 200 K also causes a rapid decrease
in the intensity of the central line in the EPR spectra and the
appearance of a broad background absorption, which can be
explained by the formation of larger silver nanoparticles and their
aggregates.

At 90 K, the optical absorption spectra of Ag/5CB co-
condensates exhibited 233 a structured band at 360 nm. Quan-
tum-chemical calculations of excited states of the complex
revealed a number of intense transitions corresponding to

C N

CN

Ag

.
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metal ± ligand and ligand ± ligand charge transfer in this region.239

It should be noted that small clusters of silver can also absorb in
the region 390 ± 420 nm.37 The structured band at 360 nm dis-
appears on heating of the co-condensate film to 200 ± 300 K.234

Thus, heating of the sample to room temperature causes thermal
degradation of the complex and aggregation of the silver atoms
thus released. The broad band with a maximum at 440 nm which
appeared in this case is due to absorption of surface plasmons of
nanoscale silver particles 240 that are formed as a result of
aggregation of silver atoms upon decomposition of the complex.
Fast heating of the co-condensate to 300 K causes a transition of
the sample to the nematic mesophase. This is followed by an
increase in the absorption of the plasmon resonance in the long-
wavelength region of the UV spectrum, which can be due to both
the growth of silver particles due to further aggregation and the
formation of non-spherical anisotropic metal particles in the
orientationally ordered matrix.

Thus, the sample prepared by low-temperature co-condensa-
tion of the metal (silver) and mesogenic component vapours and
heated to room temperature is a material containing silver nano-
particles stabilised in the cyanobiphenyl matrix.240 The material
retains nematic properties. The samples obtained and the pure
5CB are characterised by an identical thermogram pattern and by
textures typical of the nematic phase.

Low-temperature layer-by-layer co-condensation of silver,
5CB and p-xylylene vapours followed by heating of the film
sample results in encapsulation of the metal ±mesogen system
into the polymer film.240 An electron microscopy study of the
films prepared by encapsulating silver-containing 4-pentyl-4 0-
cyanobiphenyl into poly(p-xylylene) under conditions of vacuum
co-condensation of reactants revealed the presence of two types of

metal particles stabilised in the mesogenic matrix at room temper-
ature.240 These are globular silver particles of diameters 15 to
30 nm and anisotropic rod-like particles more than 200 nm long
(Fig. 15). The UV spectrum of the Ag/5CB films in poly(p-
xylylene) exhibits a broad absorption band at 440 ± 600 nm at
room temperature. An increase in the metal-to-ligand ratio in the
sample causes a preferred growth of rod-like silver particles.

Thus, silver-containing mesogenic cyanobiphenyl films pre-
pared by low-temperature co-condensation of component
vapours (molecular beam regime) incorporate metastable p-com-
plexes of the metal with dimeric cyanobiphenyl molecules. The
formation of metastable p-complexes in the temperature range
90 ± 200 Kwas confirmed by EPR, IR andUV spectroscopies and
by the results of quantum-chemical calculations of a model
silver ± cyanophenyl system. Raising the temperature causes deg-
radation of thermally unstable complexes and aggregation of
silver atoms in the anisotropic liquid-crystalline matrix, resulting
in silver nanoclusters and nanoparticles. Thermal and photo-
induced decomposition of the complexes in the temperature
range 90 ± 200 K is accompanied by the formation of nanoscale
silver clusters and further aggregation of these species in the
anisotropic matrix. The formation of globular metal particles
(15 ± 30 nm) and anisotropic metal ±mesogen nanostructures
including rod-like aggregates more that 200 nm long stabilised in
the cyanobiphenyl matrix was established.

4. Nanoparticle ensembles and superlattices
Recently, intensive research on preparation and self-assembly of
nanoparticles on various surfaces has been carried out.241, 242

These investigations are aimed at finding possible applications of
surface nanostructures and nanostructured films in various nano-
electronic data recording and processing devices, optical and
magnetic filters, displays, switches, etc.

Silver and gold nanoparticles are convenient for studying self-
assembly effects. Periodic structures are formed immediately in
colloidal solutions of gold and silver nanoparticles stabilised by a
variety of thiol- and nitrogen-containing ligands 125, 243 and on
various surfacesmodified with amines and thiols.244 Formation of
alternating positively and negatively charged gold and silver
nanoparticles and their organisation into ordered structures on
glass surfaces in the presence of 4-aminothiophene and 4-carb-
oxythiophene was observed.245 Detailed analysis of the stabilisa-
tion of the metal nanoparticles by ligands and of their
organisation into periodic 1D, 2D and 3D structures has been
reported.246

Self-assembly of spherical gold nanoparticles 2 ± 5 nm in
diameter into rod-like aggregates has been studied.247 It was
shown that the size, shape and morphology of aggregates can be
controlled by varying the substrate temperature. For instance, the
species prepared were spherical aggregates of particles of diameter
97� 17 nm (23 8C), spherical particles of size 0.5 ± 1 mm
(723 8C) and nearly 50-nm long chain-like 1D aggregates com-
prised of spherical units (intermediate temperature, 10 8C). It was
assumed that the formation of large globular aggregates from
small spherical particles involves an intermediate stage in which
linear aggregates are formed and that this stage is controlled by
the enthalpy-to-entropy contribution ratio. Orientationally
ordered gold nanorods were prepared.247 Using femto- and nano-
second lasers, nanorods were reversibly transformed into spher-
ical nanoparticles.

Self-assembly of Sb4 clusters on the surface of highly ordered
pyrolytic graphite or molybdenum disulfide was studied.248 The
evolution of the structure andmorphology pattern of the particles
with an increase in the surface coverage was studied by electron
microscopy and electron diffraction (Fig. 16). It was found that
amorphous spherical nanoparticles are formed at low surface
coverages. After reaching a critical size of 120 nm (at room
temperature), finger-like island and planar 2D structures were
formed. Well-shaped, orientationally ordered 3D nanocrystals
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Figure 15. Optical absorption spectra of a Ag/5CB (Ag : 5CB=1 : 10) co-

condensate film at 90 (1), 200 (2) and 300 K (3) (a) and an electron

micrograph of the film at 300 K (b) (1 cm=100 nm).240
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with narrow size distribution grew with increasing surface cover-
age. Thus, the authors of this study observed a size-dependent
structural phase transition from the amorphous to the crystalline
state. An analogous transition was earlier observed in the for-
mation of gold nanocrystals by deposition on a graphite sur-
face 249 and ice crystals from amorphous supercooled water
vapour.250 The phase transition observed depends on the con-
densation rate, surface coverage and the temperature of the
sample.

The influence of the nature and surface morphology of the
substrate (pyrolytic graphite or molybdenum disulfide) on the
formation of ordered 2D and 3D superlattices was observed
taking dodecanethiol-stabilised silver nanoparticles of diameter
5.8 nm as examples.251 Control of substrate morphology is of
great importance for pharmaceutical and food-industry applica-
tions.252 For instance, self-assembled organothiol monolayers on
the Au(111) surface were used as templates for the growth of
glycine crystals.252 Highly ordered styrene structures on the
Si(100) surface were produced by scanning the corresponding
local areas with the probe tip of a scanning tunnelling microscope.
By modifying the silicon surface it is possible to change the
orientation and length of molecular arrays on the surface, control
their direction and vary the angle of chain propagation.

Self-ordering of alkanethiol monolayers on the surface of gold
nanoparticles has been reported.253 Introduction of fluorocarbon
substituents improves the stability of the ordered layers. Their
thermal stability increases with an increase in the number, n, of
methylene groups in the organic stabilisermolecule. At n=33, the
ordered films do not experience thermal degradation at 150 8C for
1 h in air. Gold nanoparticles stabilised by fluoroalkyl ligands can
form hexagonal close-packed and cell structures.254 The type of
ordering is primarily determined by the nanoparticle size ratio and
by steric hindrance produced by the stabilising ligands. Stable
nanosystems comprising gold particles (d=4 nm) incorporated
into polyethyleneimine and poly(L-lysine) films and additionally
stabilised by carboxylic acids were obtained.255

Monolayers of ordered 2D structures comprised of ligand-
stabilised nanoparticles can be used as selective chemoresistive
sensors for volatile organic compounds. In particular, ordered 2D
structures formed in monolayers of gold nanoparticles stabilised
by alkanethiol ligands (Fig. 17) are highly sensitive to toluene,
tetrachloroethylene, propan-1-ol and water vapour.256 Ordered
thin-film surface structures built of functionalised organic mole-
cules specifically bound to the surfaces of metallic and polymeric
substrates also exhibit the properties of selective sensors. As an
example, Fig. 18 presents a scheme of organisation of resorcin-[4]-
arene monolayers that are covalently bound to the Au(111)
surface and can selectively bind various organic molecules
(CCl2=CCl2, CCl2=CHCl, CCl4 and toluene).257

Highly ordered organic monolayers adsorbed on the surface
of inorganic nanoparticles can be used for selective binding of
various functional blocks to organise hybrid nanostructures. This
can be done using, e.g., biomacromolecules. In particular, the
ability of peptides and DNA molecules to show molecular
`recognition' can be modelled using relevant synthetic analogues.

Recent advances in molecular biology allowed one to obtain
natural and synthetic biomolecules, which can selectively bind
metal and metal oxide particles. There are two approaches to
exploiting biomolecules as the `glue' for different inorganic
blocks.257 The first involves mutual organisation due to `pro-
grammed' interaction between biomolecules with the known
`recognition' mechanism. In this case, the hybrid material is
generated from two different inorganic blocks modified with
molecules of peptides, antibodies, oligonucleotides or other bio-
ligands complementary to one another. The second strategy
involves specific interactions between inorganic blocks bearing
particular functional groups and the bifunctional biomolecule.
Recently, this approach was implemented practically.258

Nanostructured surfaces prepared by deposition of size-
selected metal clusters and nanoparticles can be used for selective
binding and immobilisation of particular biomolecules. Such
systems are promising for fabrication of sensitive biochips. For
instance, by depositing size-selected gold clusters onto graphite
surfaces it is possible to create stable organised structures for
selective binding of such practically important biomolecules as
peroxidase and DNA.259 ± 260 This method also permits optical
detection of individual biomolecules bound to the nanoparticle
surface.261

Figure 16. Evolution of the morphology pattern of antimony nanoclusters Sb4 on the surface of highly ordered pyrolytic graphite with an increase in the

surface coverage (from left to right) according to electron microscopy data.248
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VIII. Conclusion

Cryochemistry allows one to investigate highly reactive particles,
atoms, clusters, metal nanoparticles and their organised ensem-
bles. At cryogenic temperatures, chemical interactions begin at the
atomic level. Co-condensation and subsequent warm-up of sam-
ples are characterised by competition between aggregation and
stabilisation of atoms and small clusters in matrices. Introduction
of complexing ligands and reactive species into the system causes
additional chemical and physicochemical processes resulting in
unusual chemical compounds and complexes. Aggregation of
atoms and their interaction with ligands occur almost barrier-
lessly. High reactivities of metal atoms, clusters and nanoparticles
preclude establishment of correlations between the particle sizes
(number of atoms in the particle) and their reactivities. This
problem, as well as the problems of synthesis and stabilisation of
atoms, clusters and nanoparticles can be solved only by carrying
out spectroscopic studies at cryogenic temperatures.262 Based on
the results obtained thus far, the size of the reacting particle can be
considered as a parameter which determines the state and chem-
ical properties of a reaction system along with the temperature.263

At cryogenic temperatures, processes occur under strongly
nonequilibrium conditions in metastable systems characterised by
a broad reactivity distribution of the reacting species. This

manifests itself as peculiar features of the kinetics of low-temper-
ature processes.

Operation at cryogenic temperatures allows preparation of
small particles of size less than 1 nm. Potential applications of
such species are related to the search for highly efficient stabilisers
of nanoparticles. Novel catalysts and sorbents, optical and anti-
corrosive coatings, pharmaceuticals and dyes, degassing agents
and bioactive components can be prepared at cryogenic temper-
atures. High reactivities of small stabilised particles make it
possible for them to be considered as chemical systems for energy
accumulation and storage and as specific nanoscale chemical
reactors. Such systems allow the carrying out of novel chemical
reactions and unusual chemical transformations, which cannot
proceed under normal conditions.

Currently, efficient cryochemical methods for stabilisation of
nanoparticles in matrices and on various surfaces and procedures
for fabrication of nanostructured film materials with prescribed
optical, magnetic, electrophysical and mechanical characteristics
are being developed. The future of these approaches is closely
related to extension of the field of possible practical applications
of nanosystems in nanotechnologies.264, 265 These are primarily
creation of toxic gas sensors, highly selective and reactive catalytic
systems, membranes and highly porous sorbents with large sur-
face areas and prescribed pore sizes, novel ultrahard and super-
plastic materials, coating-protective nanoalloys, absorbing and
reflecting ceramics, pharmaceuticals with improved bioavailabil-
ity and controlled delivery, novel hybrid organometallic materials
and bio-metalloceramic composites.

This review has been written with financial support from the
Russian Foundation for Basic Research (Project
Nos. 99-03-32206, 00-03-32944, 02-03-32469) and the `Russian
Universities' Programme.
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