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Abstract-Magnetic, structural-dynamic, and catalytic properties of nanocluster systems including both
isolated and mutually interacting clusters of oxides of iron and other metals were studied. The influence of
dimensional effects and intercluster interactions was discovered for nanosystems including metal oxides both
with no carrier and in polymeric and carbon matrices. These effects were displayed in decrease in the critical
temperature of magnetic phase and structural transitions, appearance of a critical cluster size for first-order
magnetic phase transitions, change of the character of magnetic phase transitions, and change of atomic and
cluster dynamics, as well as of adsorption and catalytic properties.

INTRODUCTION

According to numerous data of nanometric-scale
measurements, matter here acquires new properties as
compared both with single atoms and bulk solid.
Apart from change in the properties of isolated nano-
clusters, special possibilities arise on cluster aggrega-
tion to nanostructures or on formation of matrix nano-
systems. During the last decade, the development of
experimental methods of preparation and investigation
of clusters and nanostructures contributed to a signi-
ficant progress in this field and made possible formula-
tion of the physical chemistry of nanoclusters and
nanocluster systems. Herewith, preparative methods
are closely related to properties under investigation [1].

This article deals with formation of isolated and
interacting nanoclusters in nanosystems and with new
properties of the nanosystems related to cluster size
effects and intercluster interactions. Nanoclusters and
nanostructures were synthesized by the (1) methods
of the chemistry of solids and solid-phase chemical
reactions and (2) methods of matrix nanostructuriza-
tion with formation of clusters in micropores by
chemical reactions, to proceed from isolated (matrix
isolation) clusters to interacting ones [2313].

Atomic nanocluster dynamics, magnetic properties,
magnetic phase transitions, and catalytic properties
were investigated as characteristics of clusters and
nanosystems. The theoretical methods used included
(1) the mathematical model of nucleation in a solid-
phase reaction, with accounting for thermodynamic
aspects of the process, (2) the thermodynamic model
of cluster atomic dynamics, with accounting for
cluster interaction, and (3) thermodynamic approaches

to description of magnetic phase transitions in nano-
systems, with accounting for the surface energy of
clusters, defect density, and intercluster interaction.

The experimental techniques included (1) atomic
force microscopy, differential thermal analysis, X-ray
diffraction analysis, M1ossbauer spectroscopy, and
Rayleigh scattering of M1ossbauer radiation, for
characterization of dynamic properties of nanosystems;
(2) M1ossbauer spectroscopy for measuring cluster
size and for investigating magnetic phase transitions
and determining critical cluster sizes corresponding to
an abrupt change of magnetic properties; (3) the probe
method for investigating restricted pore diffusion of
clusters to estimate the potentials of cluster movement,
and (4) catalytic testing (determination of catalyst
activity and selectivity) of the surface and bulk of
nanometric layered oxides doped with transition metal
ions.

1. FORMATION OF NANOSTRUCTURES.
ORGANIZATION AND SELF-ORGANIZATION

Organization of nanoclusters to a nanostructure is
an important problem related to creation of new
materials with double variation of properties due to
cluster size and intercluster interaction. The problem
consists in constructing a nanostructure from nano-
clusters, like a solid is composed of atoms. Herewith,
the notions of[organization] and [selforganization]
are rather close to each other, since they make use of
the property to clusters to assemble together to form
nanostructures similar to atomic structures. Naturally,
organization of a nanostructure is based on the same
principles and laws as formation of crystals from
atoms. However, clusters essentially differ from atoms
in that they have a real surface and intercluster and
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Fig. 1. Gibbs free energyG/Gcr of nucleation, growth,
and sintering of clusters, calculated by formulas (3)
and (4), vs. relative cluster sizeR/Rcr.

interfacial boundaries. These boundaries can be
formed by comminution of a solid, for example, with
the aid of a mill or of plastic deformation. Formation
of nanosystems is accompanied by one more important
phenomenon: appearance of a great number of defects
and stresses, leading to a cardinal change of the
nanosystem properties. All these aspects will be
considered in this section.

Nanostructures and nanosystems can be formed of
clusters of any types. However, before we consider
the formation of nanosystems from solid-phase and
matrix clusters, we have to dwell upon the processes
of primary cluster nucleation.

a. Nanosystems on the Basis of Solid-Phase Clusters

Solid-phase clusters form in the course of solid-
phase chemical reactions, in the process of amorphous-
to-crystal phase transitions, by mechanochemical
reactions, under high pressure with shear, etc.

In the process of solid-phase chemical reactions,
there occurs formation of primary nuclei of the future
phase, which then enlarge to nanoclusters and sinter
to a massive structure, say, ceramics. Let us consider
formation of nanoclusters and nanostructures on the
example of thermal decomposition of iron salts. At a
temperature above a certain critical or threshold
temperature, a labile active reaction medium begins to
form, where iron oxide nanoclusters arise [10].
Therewith, cluster growth can be considered as if
proceeding in a restricted volume (cell or pore volume)
in solution or melt. The reason for that is the diffusion
restriction that allows the concentration disturbance
of the mother phase, caused by the change in the
cluster size, to extend no farther than at the distance
L ~ (Dt)1/2. Just this distance can be taken for the
cluster cell size beyond which components of the
mother phase cannot penetrate.

For a system of noncontacting clusters, the depen-
dence of the Gibbs energy of a single clusterDGf on
the cluster radiusR is determined by formula (1):

DGf = 4pR2a 3 (4/3)pR3rDm, (1)

wherer is the density of iron atoms in the cluster,Dm
is the change of the iron chemical potential on passing
a single iron atom from the mother phase into the
cluster structure, anda is the surface free energy
density of the cluster. Let it beN atoms per one
cluster in a mixture, includingn0 iron atoms. Ifn =
(4/3)pR3r iron atoms ofn0 are located in the cluster
structure, then, atN >> n0, we have

Dm = Dm0 + ln [(n0 3 n)/N]. (2)

HereDm0(pT) is the change (measured inkT units) of
the standard chemical potential of iron on passing a
single iron atom into the cluster structure. Clusters do
not contact each other on the initial stage. Denoting
the cluster volume asVf = (4/3)pR3 and its surface
area asSf = 4pR2, we rewrite Eq. (1) as

DGf = aSf 3 {Dm0 + ln [(n0 3 n)/N]} rVf. (3)

The DGf fuction has a maximum atR = Rcr and a
minimum at R = Rmax (Fig. 1).

Equation (3) characterizes the stages of nucleation
and cluster growth in a system of weakly interacting
noncontacting clusters. Further growth of clusters
leads to their contact and initiates sintering. The
initiation of cluster sintering characterizes a system of
strongly interacting clusters. Herewith, if the distance
between cluster centers 2Rt is constant, the surface
areaSs and the volumeVs of a cluster having contacts
with k neighbors are sufficiently accurately deter-
mined by the expressions

Ss = 4pR2 + k2pR(Rt 3 R),

Vs = (4/3)pR3 + k(1/3)p(32R3 + 3R2Rt 3 Rt
3). (4)

Correspondingly, the change of the Gibbs free
energy on the sintering stage, whenR > Rt, is

DG = aSs 3 {Dm0 + ln [(n0 3 n)/N]} rV. (5)

Thus, the change of the free energy of the system
per one cluster is determined by Eq. (3) forR < Rt and
by Eq. (5) atR > Rt. As an example, Figure 1 repre-
sents theDG(R/Rcr) dependence forRt = 1.75Rcr. The
dependence inFig. 1 has three minimuma separated



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No. 4 2002

DIMENSIONAL EFFECTS AND INTERCLUSTER INTERACTIONS IN NANOSYSTEMS 553

G/Gcr

0
0.2
0.4

0.6
0.8
1.0

1.66 1.70 1.72 1.78R/Rcr

5 4

3

2

1

Fig. 2. Gibbs free energyG/Gcr in the region of cluster
sintering initiation vs. relative cluster sizeR/Rcr, calcu-
lated with varied distances between cluster centersRt:
(1) 1.7Rcr, (2) 1.73Rcr, (3) 1.75Rcr, (4) 1.77Rcr, and
(5) 1.8Rcr.

by two maxima. The minimum atR = 0 corresponds
to the initial state of the mother phase. After passing
Rcr, the system changes to the first stable state at R =
Rmax and corresponds to an equilibrium state of
formed but noncontacting clusters (this is possible if
Rmax < Rt). The third minimum corresponds to a
system of sintering clusters each havingk contacts.
Correspondingly, the first maximum atR = Rcr forms
a nucleation potential barrier, while the second one
forms a sintering potential barrier. Figure 2 displays
the shape of the sintering potential barrier atk = 6 and
various Rt values. Sintering proceeds with no barrier
at Rt = 1.7Rcr. Proceeding to sintering atRt = 1.75Rcr,
i.e. in a system less densely populated with clusters,
already requires overcoming a potential barrier. In an
even less dense system atRt = 1.8Rcr, there is no
sintering at all, since it requires increasedfree energy.

Two minima were obtained in the DTA and TGA
curves [10] in the process of thermal decomposition
of iron oxalate Fe2(C2O4)3 . 5H2O at Td ~200 and
260oC in air. According to data in [10], the first
minimum in both the curves corresponds to iron
dehydration with CO and CO2 liberation. Therefore,
a labile medium is formed aboveTd ~200oC, where
nucleation and growth of ferric oxide clusters are
possible. The second minimum is probably related to
further liberation of CO and CO2 and to the initiation
of sintering of ferric oxide clusters. The cluster size is
estimated by the BET procedure and by X-ray diffrac-
tion analysis, atomic force microscopy, and M1ossbauer
spectroscopy. Atomic force microscopy reveals a
distinct picture of interacting sintering clusters for the
nanocluster system obtained atTd = 265oC. The
agreement between the thermodynamic model of
cluster nucleation, growth, and sintering and the
experimental data for thermal decomposition of ferric

DG

Rcr R
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Fig. 3. Scheme of cluster formation, growth, and sinter-
ing: (a) nucleation, (b) maximal size of a stable cluster in
a weakly interacting system, (c) initiation of sintering,
(d) formation of a system of strongly interacting clusters.
The arrows relate stages (a)3(d) to the DG(R) curve.

oxalate is shown in Fig. 3. The domain restricted by
a dashed line includes four points of initiation of
cluster nucleation. The precritical cluster size region
(R < Rcr) corresponding to the stage of fluctuation
nucleation with increasingDG(R) function is pre-
sented. In the regionR > Rcr, the nucleation process
is accompanied by decreasing free energy, proceeds
spontaneously, and results in formation of a stable
cluster of sizeRmax = 536 nm and of a nanosystem of
weakly interacting clusters (Fig. 3b). Sintering occurs
when the distance between the centers of neighboring
clusters (2Rt) is sufficiently small. Herewith, ifRmax <
Rt, the DG(R) function increases within the region
Rmax < R < Rt and forms the sintering potential barrier
with a maximum atR = Rt. The potential well cor-
responding to a strongly interacting system gets
shallower with increasingRt and disappears atRt =
(Rt)max. Then sintering becomes impossible because
it should be accompanied by increase of the free
energy (DG > 0). SinceRmax and Rt are determined
by experimental conditions, the result of the topo-
chemical reaction depends on the reactor temperature,
on the duration of sintering, and on the sample
prehistory. Thus, there are two main stages of nano-
system formation: formation of a nanosystem with
weakly interacting clusters (from cluster nucleation to
sintering initiation) and formation of a nanosystem
with strongly interacting clusters after sintering initia-
tion. The change of the character of cluster interaction
changes many properties of the nanosystem; therewith,
the development of a strong intercluster interaction
and sintering is characterized by significant interfacial
stresses. These stresses are generated by the formation
of an intermediate neck due to surface tension [14],
according top = a/x, wherea is the surface tension
and x is the neck radius. Settinga ~ 1 H/m andx ~
1 nm, we obtainp ~ 109 Pa. Excess pressure also
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Fig. 4. Function DG = f(n) characterizing growth of a
cluster of volumen (1) in a supersaturated macrobulk
solution, (2) in a solution with concentrationC, (3) in a
pore, and (4) in a pore [with account for the homogeneity
factor K(a)].

develops due to the presence of defects and disloca-
tions at the interface and attains 109 Pa for clusters of
size about 10 nm [1]. The stress or pressure develop-
ing in the system of strongly interacting nanoclusters
are among the most important factors determining
formation of a nanostructure and its properties. Using
low-temperature solid-phase reactions and satisfying
the conditions forRt and Rmax, one can obtain solid-
phase nanoclusters of metals, oxides, and chalco-
genides.

b. Nanosystems Involving Matrices

Nanoclusters can form in pores and on the surface
of adsorbents and porous bodies, such as silicon and
aluminium oxides and zeolites, in pores of polymers,
ion-exchange resins, and polysorbs, and in porous
carbons. Herewith, nanoclusters can be obtained by
solid-phase reactions in pores. Solid-phase metal,
oxide, and other clusters are also obtained in this way.
However, in contrast with the approach described in
the preceding section, nanoclusters here may be iso-
lated from each other by the matrix, so that heating of
the whole nanosystem does not lead to the significant
increase of the cluster size due to sintering. Porous
matrices allow nanosystems to be prepared by
impregnation with solutions or by performing a
chemical reaction in pores as micro- or nanoreactors.

Formation of nanoclusters or nuclei in supercooled
liquids and supersaturated solutions in infinite volume
was widely investigated and discussed, in the thermo-
dynamic aspect inclusive [15319] (in [15, 16], the
volume finitude was also taken into account). These
effects are anyhow related to heterogeneous processes,

to interaction of solid and liquid phases, and play an
important role not only in crystallization and freezing
of a system, but also in many other processes: electro-
chemistry, adsorption, heterogeneous catalysis,
enzymatic reactions, etc. Thermodynamic estimates
for the influence of a pore on cluster formation in it
were given in [2].

For a supersaturated solution and a supercooled
liquid, the Gibbsfree energy has an equation [15319]
similar to Eq. (1) for solid-phase reactions. Passing to
a solution of concentration

C = n0/N, (6)

wheren0 is the number of solute atoms (say, iron),
N is the number of solvent atoms, yields

Dm = Dm0 + ln (n0/N). (7)

For a closed pore where a cluster ofn = (4/3)pR3r
atoms forms

Dm = Dm0 + ln [(n0 3 n)/N], (8)

where Dm0 = ml 3 ms is the difference between the
standard chemical potential in the liquid phase and
the chemical potential of the solid. Thus, the Gibbs
free energy of a cluster in a closed pore is

DG = (4/3)prR3 77 3 Dm0 3 ln 777
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where

Dm = Dm0 + ln (n0/N). (10)

The form ofDG(n) is shown in Fig. 4. For infinite
volume, curves1 and2 have a singularity at the point
nmin, which corresponds to a critical size of the cluster
nuclei. Thenmin value for a supersaturated solution or
a supercooled liquid is determined by Eq. (1). De-
crease of the initial concentrationn0 /N shifts nmin2
toward largern (curve 2), since n0 /N < 1.

Cluster formation in a closed pore is illustrated by
curves3 and4. A shortage of a material (say, of iron
atoms) in the solution inside a pore results in that
there is a liming sizenmax beginning with which
cluster growth becomes energetically unfavorable.
Therefore, further cluster growth in the pore ceases.
The second important feature of the pore effect on the
formation and growth of clusters is the pore hetero-
geneity that changes conditions of cluster formation
by decreasing the work of formation of the critical
cluster [2]. Estimations by Eq. (9) give the following
results.
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(1) For the region wheren << n0

nmin = 32a3/3r2Dm0
3. (11)

It immediately follows from Eq. (11) that the cri-
tical cluster size decreases [see Eq. (10)] with increas-
ing concentrationC. Herewith, the height of the
energetic barrier for the formation of a stable cluster is

DGmax = 16pa3/3r2Dm0
2. (12)

(2) In the region wheren >> nmin (Dm > 2a/rR)
and n < n0

nmax = n0 777
2 + Dm0

Dm0
. (13)

Thus, the maximum cluster size in a porenmax
is always smaller thann0 and increases with pore
size at a given concentration. At estimatingnmax, one
should, however, account for the heterogeneity effect
diminishing nmax, as well as for the following fact.
As the pore size increases in the range 103100 nm and
more, the probability increases of formation of several
clusters in one pore, which naturally leads to decrease
in nmax and to the conditionnmax << n0 for large
pores.

Heterogeneity decreases the energy barrier for
cluster formation with. Herewith, one can consider
DGr

max both for the formation,DGd
max, and for the

reverse disintegration,DGr
max, of clusters. With the

heterogeneity factorK < 1

DGd
max = 16pa3K/3r2Dm0

2, (14)

and the pore effect decreasesDGr
max. As a result,

DGr
max < DGd

max at decreasingnmax (especially for
pores of~10 nm). The surface and volume of the pore,
too, accelerate cluster formation by lowering the
energy barrier and the heterogeneity factor [2, 19].

Formation of ferric hydroxide clusters was inves-
tigated in organic sorbents, copolymers of styrene and
divinylbenzene (polysorbs), with specific surface areas
up to hundreds m2/g and the pore size from 7 to 503
100 nm [2, 4]. The surface of polysorbs does not
contain functional groups, so the influence of chemi-
sorption on the cluster formation was not considered.
Such a nanosystem makes possible consideration of
ferric hydroxide clusters weakly interacting with each
other and with the matrix. Polysorbs were impreg-
nated with ferric chloride solutions of various con-
centrations and blown with air containing an ammonia
admixture (0.0830.008%). As a consequence, the
irreversible chemical reaction
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Fig. 5. Intensity of M1ossbauer spectral lines vs. pore
diameterd (T = 300 K) at ammonia concentrations in the
air of (1) 0.08 and (2) 0.008%.

FeCl3 .6H2O + NH3 76 Fe(OH)3 + NH4Cl + NH4OH

took place in a pore, and single molecules of ferric
hydroxide formed. This changed the pH of the
medium and caused growth of insoluble ferric hydr-
oxide clusters in the pore. Changes of the spectral
intensity e of M1ossbauer spectra for ferric hydroxide
clusters in pores of various sizes at varied ammonia
concentration in the air [2] (Fig. 5). Decreasing pore
size corresponds to decreasing cluster size, as it fol-
lows, for example, from Eq. (13). Thus, it was found
that the spectrum line intensitiese decrease with
cluster size. Besides,e for large pores decreased with
increasing iron concentration, which can be explained
by formation of several clusters of smaller sizes in one
pore. A sig-nificant increase of the cluster formation
rate in a pore as compared with a macrovolume was
also noted, in accordance with Eq. (14) and the hetero-
geneity factor.

One more active nanosystem-forming matrix is
porous charcoal. The deposition of metal salts, such
as ferric oxalate Fe2(C2O4)3 .5H2O, followed by
calcination and reduction in a hydrogen atmosphere,
result in formation of a mixed heterogeneous system
of Fe3O4, g-Fe2O3, and metallic iron clusters on the
carbon support. The oxide clusters were 7 to 12 nm
in size and the iron (a-Fe) clusters, 7 to 3 nm, depend-
ing on the hydrogen reduction time [7]. It is of note
that the nanosystem possesses a self-formation
property. Hydrogenization (burning out of carbon)
occurs in the course of hydrogen reduction. This can
be accompanied by increasing pore size. The nature of
the carbon surface strongly affects the size and com-
position of clusters [20, 21].

2. PROPERTIES OF NANOCLUSTER SYSTEMS

As was already noted in Section 1, isolated nano-
clusters possess unique properties due to their size.
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However, observation of the properties of an isolated
nanocluster is often not a less challenging problem
that cluster preparation. Nanoclusters mostly occur in
the state of interaction with each other, which not only
can change the properties of isolated nanoclusters, but
also can endow them with new properties. Herewith,
the existence of cluster organization and self-organiza-
tion facilitates calculation and prediction of the pro-
perties of nanocluster systems. As characteristic pro-
perties of nanosystems, atomic cluster dynamics and
magnetic phase transitions are considered in this
section, with account for intercluster interactions.
Atomic and cluster mobility determines optical,
thermodynamic, adsorption, and some other properties
of nanosystems. It is worthy to consider intracluster
atomic dynamics and possible intercluster mobility in
a nanosystem where a cluster moves as a whole.

a. Intracluster Atomic Dynamics

Intracluster atomic mobility (in melting dynamics
as example) is studied by microscopy and quantum
statistics, as well as methods based on thermodynamic
models and computer (molecular dynamics or Monte
Carlo) simulation.

Change in the thermodynamic state of a cluster can
be described by the free energyDF = D E 3 TDS,
whereE is the internal energy of the cluster andS is
entropy. As is known,S = 3kTln Z (Z = Sgiexp(Ei/kT)
is the state distribution function, wheregi and Ei are
degeneracy and the energy of theith level).
Many publications (see, e.g., [22, 23]) are devoted to
calculation of Z with the aid of quantum-statistical
methods. The energy distribution of a solid cluster is
essentially different from that characteristic of the
liquid state. As compared with liquid, the state density
for the solid state is higher at low energies and lower
at high temperatures. As a result, the temperature of
the equilibrium transition from the solid to liquid state,
Teq, appears. The energy changeDE is determined by
vibrational and rotational energy levels of the solid.
The free energy of the cluster increases with tempera-
ture. However, due to the high state density of liquids,
the determining role belongs to the entropy factor, i.e.
the disorder of motions characteristic of liquids. The
way of calculation ofTeq or the melting point of the
cluster, depends on the state model for the solid and
liquid and is also determined by the state number, i.e.
by the cluster size. The presence of both solid and
liquid states is possible if clusters are in equilibrium
(T = Teq).

Cluster melting can be considered in terms of
thermodynamic approaches [3, 5]. In the course of
solid-phase reactions or cluster formation from solu-

tions and melts, the state of the cluster is determined
by its Gibbs energyG = f(a, m, R). The difference of
the Gibbs energies of the cluster in the liquid and
solid states is

DG = 4pR2Da + (4/3)pR3rDm, (15)

whereDa = al 3 as is the difference in the specific
surface free energies,Dm = ml 3 ms is the chemical
potential difference for the liquid and solid states of
the cluster. The quantity (4/3)pR3r is assumed to be
unchanged.1 Evidently, for melting we haveDa < 0
andDm > 0.2 TheDG(R) dependence is represented in
Fig. 6. The critical cluster size atDG = 0 is

Rcr = 33Da/rDm, (16)

and the cluster is in the liquid state atR < Rcr. Equa-
tion (16) shows that the solid3liquid state is im-
possible ifDa = 0, i.e. for single atoms in a matrix,
when the cluster has not yet formed. At the same time,
Da seems to be a quantity which is maximal for a free
cluster. Any intercluster interaction decreases this
quantity and also the quantityRcr that determines the
range of possible fluctuations of the solid and liquid
states. The cluster stability can be characterized by
the pressure changedP = P0 3 P or by the temperature
changedT = T0 3 T which correspond to the chemical
potential differenceDm = f(P, T) and draw the phases
to equilibrium at a given cluster size (P0 and T0 are
the medium pressure and the temperature of bulk body,
respectively).

We replaceDm by its expansion in powers ofDP at
the pointP0. We also account for the relationsdml/dP =
Vl and dms/dP = Vs [24] where Vl and Vs are the
molecular volumes of the cluster in the liquid and
solid states, respectively, to obtain

Dm ; 3(Vl 3 Vs)dP. (17)

The variablesT and P are not independent in this
case because of the phase equilibrium condition
[Eq. (16)]. Therefore, we use the Clapeyron3Clausius
equationdP = qdT/T0( Vl 3 Vs), whereq is the latent
heat of phase transition. This yields3

Dm ; 3qdT/T0. (18)

ÄÄÄÄÄÄÄÄÄÄÄÄ

1 This means that the quantitiesR andr, different for different
phases, can be simultaneously related to either phase (here-
inafter, comments of A.I. Rusanov).

2 The latter is true below the melting point of bulk sample.
3 Equation (18) immediately follows from the thermodynamic

relationshipdm = 3sdT (s is molecular entropy) and does not
require the Clapeyron3Clausius equation.
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Fig. 6. Gibbs free energy of a cluster in the solid and
liquid state vs. cluster size for (1) single atom or
fragment (a = 0), (2) isolated cluster, (3) interacting
clusters, and (4) clusters treated with surfactants.

Putting Eq. (18) in Eq. (16) results in a hyperbolic
dependence of the temperature of the phase transition
in the cluster on its radius:

dT/T0 ; 33Da/rqR. (19)

The dependence given by Eq. (15) and represented
in Fig. 6 leads to a conclusion that, at given tempera-
ture and pressure, the initially stable cluster structure
(Dm > 0) becomes metastable with respect to the
liquid phase whenR < Rcr. In addition, the depen-
dence given by Eq. (15) shows that the melting point
decreases with decreasing cluster size.

Analysis of experimental data on the atomic
dynamics of clusters gives evidence to suggest mostly
increased rms displacements in metal and oxide [25].
In W, b-Sn, Fe, anda-Fe2O3It clusters, decreasing
probability of the M1ossbauer effectfa (and increasing
displacement <r 2>) was observed. An exception are
Au clusters 6320 nm in size, wherefa increased and
< r2> decreased with decreasing cluster size. This
effect is accredited to the long-wave restriction of the
phonon spectrum. Increased <r 2> were also revealed
for thin oxide films on the surface ofb-Sn and Fe
clusters. Along with increased <r 2>, surface aniso-
tropy might be an important property of atomic
dynamics. Such an anisotropy of atomic oscillations,
along and across the surface, was observed for iron
and tin atoms on the developed surface ofh-Al 2O3,
silica gels, and zeolites.

Decreasing melting point down to room tempera-
ture was observed in gold and tin nanoclusters [1].
For tin, the separation of melting and freezing points
and a peculiar solid3liquid state possessing higher
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Fig. 7. M1ossbauer spectral area atT = 300 K for ferric
oxide clusters vs. the temperature of thermal decomposi-
tion Td of (light symbols) ferric oxalate. (Dark symbols)
Treatment with (1) ethanol, (2) isopropanol, (3) Twin-65,
(4) butanol, and (5) sodium dodecyl sulfate.

intracluster mobility in the intermediate temperature
range were revealed [1]. The results in [2, 5] for ferric
oxide nanoclusters are interpreted in terms of in-
creased rms displacements and melting points. Fi-
gures 5 and 7 display the Fe M1ossbauer spectral data
for ferric hydroxide clusters in polysorbs with the pore
diameter decreasing from 7.5 and 0.75 nm and for the
ferric oxide nanosystem obtained by thermal decom-
position of ferric salts, respectively. As was already
noted, a strong decrease in the intensity (area) of
spectral line with pore size was observed for ferric
hydroxide clusters in polysorb pores (Fig. 5). Accord-
ing to the nucleation conditions [Eqs. (2) and (5)],
decreasing pore size decreases the cluster size in the
pore. The dependence inFig. 5 looks as related to the
onset of cluster melting, which is associated with
increasing intracluster atomic mobility. Forg-ferric
oxide clusters, the dependence of spectral areaA on
the temperatureTd of thermal decomposition of ferric
oxalate has a minimum atT ~215oC (Fig. 7). The
quantity Td is related to the average cluster size,
estimated from M1ossbauer spectral data and by cal-
culations using the superparamagnetic relaxation time
t = t0exp(KV/kT) with t0 = 1039 s and K = 20
105 J/m3, whereK is the magnetic anisotropy constant
and V is the cluster volume. It was found that the
cluster size increases with temperature fromd ~2 nm
at Td = 215oC to d ~4 nm atTd = 235oC. Thus, the
right-hand branch of the curve inFig. 7 is associated
with decreasing quantityA and increasing atomic
mobility, as with iron hydroxide clusters in polysorb
pores. Notably, there is no motion of a cluster as a
whole in ferric hydroxide and oxide clusters, as judged
from the fact that the spectra lack the[broad spectral
component] related to restricted diffusion of clusters
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Fig. 8. Integral elastic fraction of Rayleigh scattering of
M1ossbauer radiationfR vs. water/polymer weigh ratioh
for (a) SGK-7 acrylate cationite (2%) [(dots) experiment
and (solid line) calculation under the assumption that
fR(H2O) = 0, fR(p) = 0.77 = const] and (b) Porolas TM
polymeric sorbent [(dots) experiment and (solid line)
calculation under assumption thatfR(H2O) = 0, fR(p) =
0.67 = const].

in pores (this topic will be discussed in the section
dealing with intercluster dynamics). Therefore,
changes in spectral area are related to intracluster
mobility.

The left, ascending branch of the dependence is
related to further decrease inTd and, correspondingly,
in cluster size. In fact, this leads to disappearance of
clusters and appearance of single atoms, dimers, and
trimers of Fe3+ as nuclei ofg-ferric oxide clusters (cf.
Fig. 6 for Da = 0). Thus, the minimum in the
dependenceA = f(Td) at Td = 215oC can be assigned
to the onset of formation ferric oxide clusters.

As was already noted above, intercluster interac-
tions should strongly affect atomic cluster mobility.
This results in decreased surface energy (quantityDa,
Fig. 6). Intercluster interactions and stresses can be
abated by treatment with surfactants in combination
with mechanical treatment. Upon the action of sur-
factants, the spectral area considerably diminished
(Fig. 7). Thus, abating intercluster interactions in-
creases intracluster atomic mobility and lowers
melting point. Equation (16) allows one to estimate
the Rcr value for melting ofg-ferric oxide clusters and

to compare it with theR(V) value observed in the
M1ossbauer spectra. Using for Fe2O3 r = 5.180
106 g/m3 [5], Da ~1 J/m2 and q ~2010319 J, R =
(0.131.0)T0/dT nm at Tm = 300 K, we obtainR
~0.131.2 nm, which corresponds to the cluster sized
of 2 nm from the M1ossbauer spectrum. We also note
that the appearance of a peculiar solid3liquid state
with a higher atomic mobility can explain the effect
of adsorption strength lowering (Rehbinder’s effect)
[26] on the atomic-molecular level, due to wetting and
strain under the action of surfactants.

M1ossbauer spectroscopy is unsuitable for systems
containing no iron. Therefore, the atomic cluster
mobility in nanosystems containing no iron was
studied by the method of Rayleigh scattering of
M1ossbauer radiation, which we elaborated earlier for
studying proteins and other biopolymers [27].

We studied the atomic mobility of polymeric
networks and of water molecules included in a poly-
mer or a sorbent [11]. The objects for study were
(a) SGC-7 acrylate cationite (Institute of Chemical
Technology, Russia) on the basis of polyacrylic acid
cross-linked with divinyl benzene to the cross-linking
degree 2 wt% and (b) Porolas TM polymeric sorbent
(Institute of Chemical Technology, Russia) on the
basis of the copolymer of divinylbenzene (70%) and
ethylstyrene (30%).

The acrylate cationite strongly swells on hydration,
which increases the atomic mobility of the polymeric
network. Figure 8 represents the data on the Rayleigh
scattering of M1ossbauer radiation at increasing
hydration for SGC-7 (2%). For a dehydrated weakly
cross-linked sample, the elastic fractionfR = 0.77 of
the Rayleigh scattering of M1ossbauer radiation is
large enough and characteristic of the polymer in the
glassy or crystalline state. The integral value offR is
dramatically decreased by hydration (Fig. 8a). To
determine the hydration dependence of the polymeric
network of the cationite in itself, we should take into
account the contributions of polymer and water atoms
to the integral value offR. For a multicomponent
system

fR = 7777777777

S CiS 7 f 2
oj

�
�
�i j

Uj

Aj

�
�
�

S CiS 7 (f 2
oj + Fj)

�
�
�i j

Uj

Aj

�
�
�

, (20)

where summation overj is carried out over all atoms
of the ith component with atomic massAj, concentra-
tion Uj, atomic scattering factorfoj, and Compton
scattering amplitudeFj.



RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 72 No. 4 2002

DIMENSIONAL EFFECTS AND INTERCLUSTER INTERACTIONS IN NANOSYSTEMS 559

As follows from Fig. 8a, the experimentalfR(h)
points lie considerably lower than the integral curve
computed with the aid of Eq. (20) under the assump-
tion that fR(h) in independent of the hydration degree
for the polymer andfR(H2O) = 0 for water in the
polymer. Similar results were obtained earlier in in-
vestigations on the hydration dependence of the
dynamics of biopolymers by the method of Rayleigh
scattering of M1ossbauer radiation. This means that
the elastic fraction of the Rayleigh scattering of
M1ossbauer radiation of the polymeric network itself
decreases on hydration.

From the resultingfR(h) values one can obtain the
rms displacement of atoms, using the equation

fR = aexp(3Q2<x2>), (21)

wherea = R/(R + C), R and C are the intensities of
Rayleigh and Compton radiation, respectively, <x2>
is the rms displacement of atoms,Q = 1.53A31 the
wave vector of Rayleigh scattering of M1ossbauer
radiation. As a result, <x2> = 0.11 A2 (h = 0) and
<x2> = 0.91 A2 (h = 0.66).

There is quite a different dependence offR for the
Porolas TM polymeric sorbent (Fig. 8b). This sorbent
is hydrophobic. The supramolecular structure of the
sorbent is a system of rigidly cross-linked, with
mutually penetrating chains, polymeric globules
which are 100 nm in size and also possess some
internal porosity. By analogy with the cationite, one
might expect the operation of the simplest model
including a rigid polymeric network, whose intra-
molecular mobility is independent of hydration
because of the intrinsic rigidity of the network and
the weak interaction with water [fR(h) = const], and
the free water whosemobility is assumed to be
unlimited [fR(H2O) = 0]. The results of measurements
contradict this model. In contrast with the cationite,
all the experimental points lie well above the model
curve. This makes one to assumefR(h) > 0 at least for
a part of water molecules.

It is well known that the M1ossbauer effect is absent
in liquids of low viscosity because of large (as com-
pared with solids) atomic displacements and strong
diffusion broadenings of M1ossbauer lines. This also
relates to the Rayleigh scattering of M1ossbauer radia-
tion. Nevertheless, the M1ossbauer effect was observed
in liquids located in small pores of a solid [28, 29].
This can be assigned both to the small size (several
nanometers) and to the strong interaction of molecules
of the liquid with the solid matrix [29]. In this con-
nection, our observation of a low-mobility water in a
nanosystem with a weak water3solid interaction is of
especial interest.

Much Porolas TM pores are smaller than 3 nm.
This size is smaller than in the Vycor porous glass
where the M1ossbauer effect is observed for liquids
[29]. It is very small water clusters in the smallest
pores (0.7 g per gram sorbent) which we consider
responsible for the elastic fraction of Rayleigh scatter-
ing of M1ossbauer radiationfR(H2O) > 0.

It can be assumed that thid result is explained by
the small size of the cluster, when decreasing number
of vacancies or density fluctuations decrease the rate
of self-diffusion of water molecules within the cluster
which as a whole is also of low mobility because of
the sorbent pore confinement.

b. Intercluster Dynamics

The motion of a cluster as a whole in a nano-
system is a specific field related both to membrane
permeability and diffusion in nanosystems and to the
low-frequency contribution to thermal properties: heat
capacity, heat conduction, etc.

Convenient nanosystems for investigating this
motion are ion-exchange cationites, copolymers of
styrene and divinylbenzene of various cross-linkage
degrees (1%, 2%, and 12%) and with various sets of
nanopores, accommodating 3-nm ferric hydroxide
clusters [30]. Thus, the nanoclusters are placed in cells
whose size varies with cross-linkage degree and
which confine diffusion of ferric hydroxide clusters.
The M1ossbauer spectra of the hydroxide clusters in
systems with variable cross-linkage degree are re-
presented in Fig. 9. The spectra(scan rate up to
+100 nm/s) characteristically contain a narrow and a
broad components.

The motion of ferric hydroxide clusters can be un-
derstood on the basis of the model of restricted diffu-
sion in the field of a certain potential. Moreover, the
potential shape and the diffusion rate can be obtained
from the temperature dependence of the area of the
narrow component and from the shape of the broad
component. A M1ossbauer spectrum consists of a set
of Lorentz components with narrow lines with the
intensity

A0 = z329{}eikRe3u(R)/kBTd3R9
2

,
6 6

z ={}e3u(R)/Td3R,

where k is the radiation wave vector andR is the
cluster radius. Analysis of theA0 = f(T) function make
possible reconstruction of the motion potentialV(R).
From the temperature dependenceA0 = f(T) for
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Fig. 10. Shape of potential wells for the motion of ferric
hydroxide clusters in the ion-exchange sulfonated resin.
Cross-linkage degree, %: (1) 1, (2) 2, and (3) 12.

sample B (2% cross linkage) we haveA0 = 0.06 (T =
2643243 K) and the potential shape as a square
(spherical) well with elastic walls (Fig. 10). If one
assumes that only the diffusion coefficient is tempera-
ture-dependent in a spherical cell of radiusa, then

A0 = 77777777
g(sin ka 3 ka coska)2

(ka)6
.

For ka = 3.6, the potential well radiusa = 0.5 A.
The spectrum calculated with such parameters nicely
fits experiment. Increased cell size (sample A) yields
a = 0.62A, and decreased cell size (sample C) leads
to complete restriction of cluster motion by the poly-
meric network. Thus, the maximum gap between the
cluster and network is 0.62A. Similar motions with
restricted diffusion are observed in ferric oxyhydroxide
clusters in the iron-collecting protein ferritin [31].

c. Magnetic Phase Transitions

Similarly to bulk magnetics, isolated nanoclusters
and nanosystems feature second-order phase transi-
tions, Langevin magnetization dependences [32], and
disappearance of magnetic order and spontaneous
magnetization at the Curie temperatureTc or the Neel
temperatureTN. In addition, nanosystems can possess
superparamagnetism, which leads to effective lower-
ing of Tc and TN. These transitions are also charac-
terized by smooth temperature dependences of
magnetization. However, first-order magnetic phase
transitions were observed for a number of clusters of
metal oxides, when a nanosystem lost its spontaneous
magnetization abruptly at a certainTcc or at a certain
critical cluster size (smaller clusters passed to the
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paramagnetic, rather than superparamagnetic state).
First-order magnetic phase transitions are hardly
observable by magnetization measurements, because
clusters are scattered in size andTcc. This scatter
inevitably leads to smooth changes in magnetization
and is hardly distinguished from the superparamag-
netic behavior. However, paramagnetic and mag-
netically ordered states can be distinguished with the
aid of M1ossbauer spectroscopy. Such jump magnetic
phase transitions were observed in nanoclusters and
iron oxide nanosystems [1, 6] and explained in terms
of first-order magnetic phase transitions. Note that
first-order magnetic phase transitions were observed
in a number of bulk oxides and alloys of transition
and rare-earth metals [32] and interpreted from a
thermodynamic standpoint [33].

A thermodynamic model of magnetic phase transi-
tions in nanoclusters was proposed in [6]. Clusters are
assumed to possess a strong magnetostriction effect,
i.e. they change volume in passing from the magne-
tically ordered state to paramagnetic. Herewith, the
Curie point of a substance depends on its volume:

Tc = T0[(1 + b(V 3 V0)/V0], (22)

whereT0 is the Curie point of bulk material without
changing volume,b is the magnetostriction constant,
V andV0 are the molecular volumes in the magnetical-
ly ordered and paramagnetic states, respectively. The
change in the free energy density on the transition
from the magnetically ordered state to paramagnetic
is given by the equation

DGV = 31/2NkTm2 + 1/2h[(V 3 V0)/V0]2

+ 2(a/R)(V 3 V0)/V0 + 1/2NkT[ln (1 3 m2)/4

+ mln (1 + m)(1 3 m)], (23)

where the first term corresponds to the exchange
energy density in the molecular field approximation
(m = M/Ms is the relative magnetization,Ms is the
saturation magnetization); the second term corres-
ponds to the strain energy; the third term is the
surface energy (a is the surface tension); and the
fourth terms is the entropic term for the temperature
dependence of magnetization (N is the number of
atoms with spin 1/2,k is Boltzmann’s constant, andh
is compressibility).

After minimizing the free energy and solving the
set of equationsdGV/dV = 0 and dGV/dm = 0, we
obtain

T/Tco = m(1/3gm2 + 1){1/2ln [1(1 + m)(1 3 m)]} 31, (24)

m
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Fig. 11. Cluster magnetization at variousg vs. tempera-
ture (see text).

whereg = (3/2)NkT0hb
2(1 3 bhP)31, andTco = T0(1 3

bhP) shows changes inT0 with pressure (cluster
surface tension,P = 2a/R).

Figure 11 displays the temperature dependencem =
f(T/Tco) for various g values. The character of a
magnetic phase transition is determined by the
parameterg: for a second-order magnetic transition
g < 1 and for a first-order magnetic transitiong >1.
The descending branch of the temperature dependence
corresponds to a maximum of the free energy,i.e.
g > 1. The quantityg can be represented in the form
g = Tcc/Tco whereTcc = (3/2)NkT0

2hb2. Thus, atg > 1,
the cluster passes from the magnetically ordered state
to paramagnetic via a first-order phase transition if the
cluster size

R < Rcr = 2abh(1 3 Tcc/Tco)
31. (25)

For large clusters, there exist only second-order
phase transitions that can also show up in supermag-
netism at temperatureskT > KV.

First- and second-order phase transitions were
observed in ferrihydrite Fe5HO8 .4H2O clusters in
polysorb pores [6]. As was already noted, such a
system of clusters in pores allows the cluster size to
be decreased by decreasing pore size and the initial
iron concentration in a pore. Moreover, it makes
possible investigation both of a system with isolated
clusters and of a system with interacting clusters if
there are several clusters in one pore. Figures 12
and 13 show the M1ossbauer spectra of ferrihydrite in
polysorb pores 13 and 20 nm in size with57Fe con-
centrations C of 1.201033 and 1.201032 M,
respectively. As readily seen, the spectra at 4.2 K
contain a quadrupole doublet, a central component
of the spectrum, and a magnetic hyperfine structure
with relatively narrow lines (with account for the dis-
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Fig. 12. M1ossbauer spectra of ferrihydrite clusters (C =
1.201033 M) in polysorbs with the pore size (a, b) 13
and (c) 20 nm. Temperature, K: (a) 4.2, (b) 10, and
(c) 4.2.

ordered cluster structure). As the temperature is in-
creased, a part of the magnetic hyperfine structure of
the spectrum changes to a paramagnetic doublet,
bypassing intermediate forms associated with super-
paramagnetism. Increasing iron concentration leads to
increasing cluster size. Nevertheless, the spectra at 4.2
and 6 K are similar to each other(Fig. 13), like those
at 4.2 and 10 K in Figs. 12b and 12b, i.e. there is a
jump transition from the quadrupole doublet to the
magnetic hyperfine structure. For a larger cluster size
or in the presence of several interacting clusters in the
pore of 13 nm at 10 K (Fig. 12c), line broadening is
observed, i.e. the presence of intermediate forms,
the attributes of superparamagnetism, between the
quadrupole doublet and the magnetic hyperfine struc-
ture. The results represented in Figs. 12 and 13 allow
us to suppose occurrence of a first-order magnetic
phase transition (as a jump) in ferrihydrite clusters
within the temperature range 4.236 K. For smallest
clusters (C = 1.201033 M), there is practically no line
broadening and no evidence for a second-order
magnetic transition (the phenomenon of superpara-
magnetism). For larger clusters at 10 K, in addition
to the first-order phase transition, a second-order
magnetic transition is observed, accompanied by
broadening and shifting of the magnetic hyperfine
structure lines due to superparamagnetism. The
appearance of superparamagnetism at 10 K allowed
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Fig. 13. M1ossbauer spectra of ferrihydrite clusters (C =
1.201032 M) in polysorbs with the pore size 13 nm.
Temperature, K: (a) 4.2, (b) 6, and (c) 10.

estimation of the upper cluster size from the broaden-
ing of the magnetic hyperfine structure lines
(Fig. 12c), which yieldedR ; 2 nm.

The estimation of the cluster size in pores from the
data on the iron concentrationC = 1.201033 M leads
to R ; 132 nm for an isolated cluster in a pore. Thus,
these and superparamagnetic relaxation data yield
Rcr ; 1.532 nm.

Further growth of clusters and strengthening of
their interaction are accompanied by appearance of
second-order magnetic transitions. The magnetic
hyperfine structure lines broaden strongly, which
makes the first-order phase transition impossible to
distinguish on the background of the second-order
phase transition. Estimating the sizeRcr by Eq. (25)
for the critical size using constants yieldsRcr ; 1,
which coincides with experimental results in the order
of magnitude.

Effects similar to the first-order magnetic phase
transition were also observed ina-Fe2O3, a-FeOOH,
and g-Fe2O3 nanoclusters and in the proteins ferritin
and hemosiderin including the magnetic nucleus
(FeOOH)8 . (FeOOPO3H) [1].

As was already noted, magnetic phase transitions
in a nanocluster system depend on temperature and
cluster size. Excess external pressure is one more
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parameter determining the character of magnetic phase
transition, Tc and Rcr. The change inTc was deter-
mined in Eq. (24) asTco = T0(1 3 bhP), the decrease
of the critical temperature of phase transition occur-
ring due to the capillary pressurePs = 2a/R. The
change of external pressureP0 by DP changes the
temperature of magnetic transition in a cluster by the
quantity [8]

DTco/T0 ~ DP(2a/R 3 1/bh)31. (26)

Thus, increasing pressure in a system of nano-
clusters should decreaseTco and increase the pro-
bability of the first-order magnetic phase transition.
In [8], two nanosystems were studies, where the
interaction of iron hydroxide clusters with a polymeric
and biopolymeric network was changed by hydration.
The first system was an ion-exchange resin (sul-
fonated cationite) including ferric hydroxide clusters
3 nm in size. The second system was the globular
protein ferritin containing ferric hydroxide clusters
6 nm in size. The excess pressure on a cluster was
determined by the strain of the polymeric matrix,
produced by the increase in the water volume on
crystallization (freezing) and was

DP = (1/hm)DV/V. (27)

At DV/V = 0.09 for water and 1/hm = (5310) GPa
[8], the estimation yieldsDP = (0.4530.9) GPa, which
is comparable, by magnitude, with the capillary pres-
sure in a 1.5-nm cluster (~1 GPa). The pressure-
induced decrease inTco can be estimated by Eq. (27).
SettingP = 2a/R ~1 GPa,b = 102, h = 10311 m2/J,
and 1/N ~10328 m3, we obtainDTco = (0.131.0)Tco.
Thus, the decreaseDTco can attain the order of
magnitude of the quantityTco itself.

The DTco value can be estimated from the M1os-
sbauer spectra of the sulfonated cationite in the range
T = 4.23 30 K and of ferritin in the range 4.2378 K
[8]. It was shown that hydration with subsequent
freezing decreasedTco which was determined at the
equality of the paramagnetic part and the magnetic
hyperfine structure of the spectra. The following
quantities were determined:Tco ; 9310 K for hydrated
sulfonated cationite,Tco ; 13314 K for dry sulfonated
cationite,Tco ; 30 K for hydrated ferritin, andTco ;
30334 K for dry ferritin. Comparison of theTco values
yields the temperature shiftDTco ; 334 K, which
agrees with thermodynamic estimates.

First-order magnetic phase transitions stimulated
by intercluster stresses and defects also arise in nano-
systems with larger nanoclusters (20350 nm), obtained
by solid-phase chemical reactions [9]. Significant

intercluster interactions arise in the process of cluster
sintering because of the development of a large defect
density and of heterogeneity of the system with dif-
ferent volumes of elementary cells, for example, of
g-Fe2O3 with the spinel structure anda-Fe2O3 with the
corundum structure. In such nanosystems, first-order
magnetic phase transitions were observed, as well in
ferrihydrite clusters 133 nm in size in the polymeric
matrix. Figure 14 represents the M1ossbauer spectra of
the a3g-Fe2O3 nanosystem, characterizing jump
magnetic transitions from the magnetically ordered
state (magnetic hyperfine structure) to the para-
magnetic state (central doublet). These magnetic
transitions proceed at lower (as compared with bulk
a- and g-Fe2O3, T0 = 856 andT0 = 965 K, respec-
tively) critical pointsTco = 1203300 K. The decrease
in Tco cannot be a consequence of superparamag-
netism because of large dimensions of clusters, so that
the calculation leads to relaxation times several orders
larger thantexp. As a result, magnetizationBin ~50 t
disappears abruptly toBin ~0, which is associated with
the transformation of the magnetic hyperfine structure
of g-Fe2O3 into a paramagnetic doublet (Fig. 13) and
characterizes a first-order phase transition.

The reasons for this phenomenon in such a nano-
system are related to strong intercluster interactions
leading to significant stresses in the nanosystem.
These stresses stimulate pressures up to several giga-
pascals, which develop on sintering [14] of elementary
cells of a- and g-Fe2O3 with different volumes and
under the action of defects and dislocations. As was
shown earlier [34, 35], the density of defects can be a
maximum just at the size 20330 nm. This induces
stresses and jump magnetic phase transitions with
lowering Tco values characteristic for a certain cluster
size. Further increase in cluster size decreases the
fraction of interfaces and the defect density, so that
the cluster properties approach the characteristics of
bulk matter. Magnetic phase transitions and decrease
in Tc in clusters were proposed to describe in terms
of the following model. Ifn0 is the initial number of
defects in a cluster andnc is the number of defects
passing in the intercluster space, we have

n0 = nv + ns = c0Ns = const,

where nv is the number of defects remaining in the
cluster andNs is the number of atoms in the inter-
cluster space. Assuming that the magnetic phase
transition temperatureTc decreases with increasing
concentration of cluster defectscv = nv/Nv (Nv is the
number of atoms in the cluster) and the dependence is
linear at smallcv at the temperatureTco of a defectless
cluster, we obtain
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Tc = Tco(1 + bcv),

whereb < 0 is a constant. Accounting for magnetiza-
tion m, the thermodynamic potential of a system can
be expressed as

G = Dmnv + aS(nv) 3 (1/2)NvkTcR(1 +bav)m
2

+ NkT{(1/2)ln [(1 3 m2)/4] + mln [(1 + m)/(1 3 m)]}, (28)

whereDm = Dmo + kTln (Nsnv/Nvns) is the difference of
the chemical potentials of defects inside and outside
the cluster,a is the surface tension of the cluster,S is
the cluster surface,N is the number of spins in the

cluster, andm is the magnetic moment of the system.
Dividing the cluster volumeV = Nvw + nvv and
accounting for the atomic volumew and the defect
volume v, we obtainvdnv = dV. In consideration of
dS/dV = 2/R for a sphere, we obtaindS/dnv =
vdS/dV = 2v/R. If the conditions dG/dn = 0 and
dG/dm= 0 are fulfilled simultaneously, Eq. (28) can
be reduced to the form

1 + (bco)q(R)/{1 + q(R)Kexp[(vdp(R)/kTco

3 5(ub)m2)(Tco/T)]}

3 [(1/2)/m]ln[(1 + m)/(1 3 m)]T/Tco) = 0, (29)
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whereq(R) = [(1 + r/R)3 3 1] = [(1 + (r/a)(a/R))3 3 1],
dp(R) = 2a/R, andu = N/Nv is the spin number con-
centration in the cluster,a is the lattice constant,r is
the thickness of intercluster space. At calculating the
magnetization curvem(T/Tco), we used the following
parameters: (1)bco; (2) K = exp(3Dm0/kTco); (3) ub;
(4) r/a; (5) 2av/a/kTco. Figure 15 represents the
dependence of magnetizationm on T/Tco for clusters
with R ranging from 500a to 3a. From the curve with
the parametersbco = 350, K = 0.01,ub = 33, r/a = 1,
2av/akTco = 50 we can see that the dependence of
magnetic phase transition on cluster radius changes
from a smooth curve characteristic of a second-order
phase transition to a jump transition. Along with the
first-order magnetic phase transition (Figs. 14a
and 16a), two more phase transitions were observed
in this nanosystem: a weak ferromagnetic3antiferro-
magnetic transition and a collective magnetic phase
transition with formation of twin nanostructures.

Magnetic phase transitions like weak ferromagne-
tism (noncollinear antiferromagnetism)3antiferro-
magnetism (collinear antiferromagnetism) were ob-
served ina-Fe2O3 crystals. Weak antiferromagnetism
was also observed for MnCO3, CoCO3, MnF2, and for
trimetric crystals with the structure of rare-earth
ferrites MeFeO3 (Me is a rare-earth element) [32].
This effect is related to the state of a ferromagnetic
with a certain small degree of noncollinearity of
sublattice magnetization. The sublattice magnetization
noncollinearity of antiferromagnetic structure was
calculated on the basis of the influence of weak
magnetic interactions and appeared with increasing
temperature as a consequence of instability of equi-
librated antiferromagnetism. As was already noted,
the nanosystem contains the phase ofa-Fe2O3
possessing the spinel-type cubic structure and the
phase of g-Fe2O3 with the structure of corundum
possessing a rhombohedral lattice. For bulka-Fe2O3,
there is a magnetic phase transition, also known as the
Morin transition, atTM ; 260 K, when matter changes
its type of magnetic ordering by jump. So there is
collinear antiferromagnetism atTM < 260 K and non-
collinear antiferromagnetism (weak ferromagnetism)
at TM > 260 K. This transition is caused by the type
of internal symmetry of the crystal, which admits
distortions at increasing temperature, accompanied by
spin turning by 90o. In M1ossbauer spectroscopy, the
collinearity3noncollinearity phase transition of
sublattice magnetic moments is traced by the change
in the sign and magnitude of quadrupole splitting in a
spectrum possessing magnetic hyperfine structure:

DEQ = (1/8)e2qQ(3cos2q 3 1),

whereq is the electric field gradient,Q is the quadru-
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Fig. 15. Nanosystem magnetization calculated with
account for defect density at variousR/a values vs.
temperature.

pole moment of the57Fe nucleus,q is the angle
between the direction of atomic spin and the direction
of the electric field gradient on the nucleus,e is the
electron charge. The high-temperature phase of
a-Fe2O3 corresponds toDEQ = +0.2 mm/s and the
low-temperature phase, toEQ = 30.3 mm/s. We now
consider the specificity of this phase transition. For
the nanosystem (Fig. 16b), the low-temperature phase
of a-Fe2O3 with the parameterDEQ = 30.3 mm/s cor-
responds to collinear antiferromagnetism. The transi-
tion to the state of noncollinear antiferromagnetism
with DEQ = 030.1 mm/s occurs aboveT = 120 K. As
a result, the Morin transition temperature decreases to
TM ; 120 K, the high-temperature phase having a
lower DEQ value.

Thus, nanosystems includinga-Fe2O3 nanoclusters
feature jump first-order phase transitions from col-
linear ferromagnetic to noncollinear antiferromagnetic
(possessing weak antiferromagnetism). The decrease
in TM is related to the proportion between the
magnetic dipole energyEM and the exchange energy
Eex. The latter decreases with cluster size because of
decreasedTco for Fe2O3. This circumstance increases
the probability of existence of noncollinear antiferro-
magnetism. As a result, the Morin transition occurs
already atTM = 120 K.

Noteworthy is one more important feature of the
Morin transition in the nanosystems. In spite of the
wide size distribution of clusters, the phase transition
occurs at a fixed temperatureTM ~ 120 K. This gives
evidence for collective transformation of the whole
nanosystem, when the phase transition in a single
cluster initiates the phase transition of the whole
sample. Similar phase transitions with instantaneous
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Fig. 16. Results of computer simulation of the M1ossbauer spectra of thea-Fe2O33g-Fe2O3 nanosystem: temperature
dependences of (a) spectral areas for different forms of iron, (b) quadrupole shiftDEQ of magnetic hyperfine structure, and
(c) isomer shift. (1) Paramagnetic component (quadrupole doublet), (2) magnetic component ofg-Fe2O3, (3) magnetic
component ofa-Fe2O3, and (4) component corresponding to the twin structure. The dashed line shows the region of the Morin
phase transition.

collective phase transformations of the whole sample
were observed in austenite3martensite transitions in
carbon steels (martensite transitions) [36].

In a-Fe2O3 nanosystems, a general regularity of
the temperature behavior of thea- andg-Fe2O3 phases
was revealed by M1ossbauer spectroscopy. The pre-
sence of the two phases,a-Fe2O3 and g-Fe2O3, is
observed at low temperatures. AboveT = 120 K,
a-Fe2O3 and g-Fe2O3 convert in a single common
structure similar, in terms of the parameterDE

a
, to

the a phase but preserving the X-ray diffraction
structures of thea and g phases. The temperature

dependence of the isomeric shift (Fig. 16c) points to a
dramatic change ind at T = 120 K. As a result,d for
the a phase decreases and for theg phase increases
jumpwise to the average valued = 0.45 mm/s. These
data suggest the collective transformation of thea and
g phases into ana-like phase with preserved cubic
spinel symmetry. This effect can be explained by
assuming formation of a twin nanostructure. The
phenomenon of twinning is known for crystallization
processes at mechanical strains and for sintering of
nuclei. Twinning occurs on fast thermal expansion or
contraction and on heating of strained crystals [1].
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In the course of formation of the nanosystem, there
was sintering of iron oxides nuclei with subsequent
fast cooling, which led to formation of strongly inter-
acting clusters. This interaction produces stresses and
pressures in clusters and causes magnetic phase transi-
tions. Probably, similar interactions give rise to twin
collective transitions in the nanosystem.

Thus, twin transitions in the nanosystem are res-
ponsible for a specific temperature phase transition.
The nanoheterogeneousa3g system of ferric oxides
changes to a one-phase, according to the M1ossbauer
spectral data, twin structure where thea phase re-
develops similarly to theg phase with electron transfer
to thea phase (then the isomer shift increases). Such
transition seems to be a new property of a hetero-
geneous nanosystem where a cluster possessing a
collinear first-order phase transition and a collinear3
noncollinear antiferromagnetic transition with spin
turning by 90o (Morin transition) acts as transition
generator and causes collective transition to a twin
nanostructure. Indeed, the temperature of twinning
phase transitionTt = 120 K for the nanosystem
coincides with the temperature of the antiferromag-
netic3weak ferromagnetic transitionTM = 120 K. As
a result, the collective Morin transition (which is very
sensitive to defects in bulk material) initiates the new-
type phase transition.

d. Catalytic Properties

The catalytic properties of a nanosystem are
determined by the surface state of a cluster, by the
cluster size, and by interaction of the cluster with
a matrix.

Clusters in carbon and oxide matrices were inves-
tigated. Clusters of iron oxide and metallic iron
3310 nm in size were prepared by thermal decomposi-
tion of ferric oxalate with subsequent reduction in a
charcoal matrix [7]. Such nanosystems are used for
directed transportation of medicinals in the body. For
this reason, of interest are systems containing nano-
clusters with as-high-as-possible magnetic moment
and high adsorption capacity.

In the process of thermal decomposition in a
hydrogen atmosphere, the pore size and the carbon
adsorptivity sharply increased as functions of the iron
content and the cluster size in the process of catalytic
hydrogenation of the carbon matrix. This effect is
related to burning-out of carbon pores and senhan-
cement of cluster3matrix interaction initiated by
hydrogen chemisorption.

The structure3function relationship for catalysts
was studied on iron-containing cluster catalysts of

oxidative decomposition of hydrogen sulfide on
carbon carriers [13]. It was established that the
clusters of nonstoichiometric magnetite and pyrrhotine
are active structures on the oxidative decomposition
of hydrogen sulfide. The activity of magnetite clusters
is associated to the presence on the surface of a
terminal (not bridging) lattice oxygen, oxygen
vacancies, and labile forms of atomic oxygen. The
appearance of Fe3S sulfide fragments on the spinel
surface points to dissociative adsorption of hydrogen
sulfide on anionic vacancies with deposition of
elemental sulfur in near-surface cluster layers. The
high activity and stability of catalysts on the micro-
porous carrier are probably caused by the presence of
relatively large clusters of nonstoichiometric mag-
netite, 5310 nm in size, incapsulated in pore mouths.
As the cluster size decreases, the mobility of the
terminal oxygen and the net activity decrease.

For two Co3Mo3Bi3Fe3Sb3K3O nanocrystalline
catalysts differing by the way of introduction of
antimony and potassium, the mobility of lattice
oxygen in the reaction of partial oxidation of propy-
lene to acrolein was studied [12]. The amount of
lattice oxygen participating in the elementary stages
of the reaction was determined by two independent
methods: from the yield of oxygen-containing pro-
ducts of the oxidation of propylene with the catalyst
oxygen in the pulse mode and with the aid of M1os-
sbauer spectroscopy. The agreement of the resulting
data shows that the active oxygen of the catalyst
lattice is formed by redox transformations of ferric
molybdate entering into the composition of the
catalysts. The diffusion rate constants for the lattice
oxygen were estimated within the frames of the dif-
fusion model. It was shown that increasing oxygen
mobility leads to increasing net catalyst productivity
and decreasing selectivity of the oxidation process.
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