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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 to description of magnetic phase transitions in nano-

systems, with accounting for the surface energy of

According to numerous data of nanometric-scalelusters, defect density, and intercluster interaction.

measurements, matter here acquires new properties aShe experimental techniques included (1) atomic
compared both W't.h single atoms and bulk SOl'd'force microscopy, differential thermal analysis, X-ray
Apart from change in the properties of isolated nanog vion ~analysis, Nssbauer spectroscopy, and
clusters, special possibilities arise on cluster aggreg 2ayleigh scatteriné of Nssbauer radiation’ for

gogté?ngagﬁ[iwCt;’ggslgtoge?;anea“&ne OJ ercglt(r)lx r;':rr:f ‘characterization of dynamic properties of nanosystems;

y : 9 ' P o ) Mossbauer spectroscopy for measuring cluster

experimental methods of preparation and investigat size and for investigating magnetic phase transitions
of clusters and nanostructures contributed to a S19M%nd determining critical cluster sizes corresponding to
ficant progress in this field and made possible formul 9 P 9

tion of the physical chemistry of nanoclusters ancail‘)’in abrupt change of magnetic properties; (3) the probe

nanocluster systems. Herewith, preparative method‘%ethod for investigating restricted pore diffusion of

: , A usters to estimate the potentials of cluster movement,
are closely related to properties under investigation [1 nd (4) catalytic testing (determination of catalyst

activity and selectivity) of the surface and bulk of

This article deals with formation of isolated and . : . "
interacting nanoclusters in nanosystems and with nerir;ometrlc layered oxides doped with transition metal

properties of the nanosystems related to cluster siz
effects and intercluster interactions. Nanoclusters and 1. FORMATION OF NANOSTRUCTURES.
nanostructures were synthesized by the (1) methodspRGANIZATION AND SELF-ORGANIZATION
of the chemistry of solids and solid-phase chemical
reactions and (2) methods of matrix nanostructuriza- Organization of nanoclusters to a nanostructure is
tion with formation of clusters in micropores by an important problem related to creation of new
chemical reactions, to proceed from isolated (matrixnaterials with double variation of properties due to
isolation) clusters to interacting ones-[A]. cluster size and intercluster interaction. The problem
consists in constructing a nanostructure from nano-
Atomic nanocluster dynamics, magnetic propertiesglusters, like a solid is composed of atoms. Herewith,
magnetic phase transitions, and catalytic propertiethe notions of“organizatiofi and “selforganizatiot
were investigated as characteristics of clusters arare rather close to each other, since they make use of
nanosystems. The theoretical methods used includede property to clusters to assemble together to form
(1) the mathematical model of nucleation in a solid-nanostructures similar to atomic structures. Naturally,
phase reaction, with accounting for thermodynamiorganization of a nanostructure is based on the same
aspects of the process, (2) the thermodynamic modetinciples and laws as formation of crystals from
of cluster atomic dynamics, with accounting foratoms. However, clusters essentially differ from atoms
cluster interaction, and (3) thermodynamic approachds that they have a real surface and intercluster and
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552 SUZDALEV

For a system of noncontacting clusters, the depen-

GIGer dence of the Gibbs energy of a single clust; on
0.8F the cluster radiuR is determined by formula (1):
0.6
0.4k AG; = 4nR%q — (413)R3pAy, 1)
0.2} . : . .
0 wherep is the density of iron atoms in the clusten
| \J\J is the change of the iron chemical potential on passing
‘8'2 . . . . a single iron atom from the mother phase into the
70 0.4 0.8 1.2 1.6 R/Ry cluster structure, ande is the surface free energy
_ _ _ density of the cluster. Let it béN atoms per one
Fig. 1. Gibbs free energyG/G, of nucleation, growth, cluster in a mixture, includingy, iron atoms. Ifn =

and sintering of clusters, calculated by formulas (3)

_ : (4/3)nR3p iron atoms ofn, are located in the cluster
and (4), vs. relative cluster sizB/R,,.

structure, then, aN >> n,, we have

interfacial boundaries. These boundaries can be
formed by comminution of a solid, for example, with

the aid of a mill or of plastic deformation. Formatloni_g?eAuo(pn is the change (measured KT units) of

Ap = Apg + In[(ng — n)/N]. @)

of nanosystems is accompanied by one more importa . ; . :
phenomenon: appearance of a great number of defe stqndard chgmlcal potential of iron on passing a
and stresses, leading to a cardinal change of thingle iron atom into the cluster structure. Clusters do

nanosystem properties. All these aspects will p&ot contact each other on the initial stage. Denoting
considered in this section. the cluster volume a¥; = (4/3R® and its surface
area asS = 4nR%, we rewrite Eq. (1) as

Nanostructures and nanosystems can be formed of
clusters of any types. However, before we considetG; = o§ — {Apg + In[(ng — n)/NJ}pV;. 3)
the formation of nanosystems from solid-phase and
matrix clusters, we have to dwell upon the processes The AG; fuction has a maximum & = R, and a
of primary cluster nucleation. minimum atR = R, (Fig. 1).

a. Nanosystems on the Basis of Solid-Phase Clusters Equation (3) char_acterlzes the stages Of. nuclegtlon
and cluster growth in a system of weakly interacting

Solid-phase clusters form in the course of soliglloncontacting clusters. Further growth of clusters
phase chemical reactions, in the process of amorphod§2dS t0 their contact and initiates sintering. The
to-crystal phase transitions, by mechanochemicdhitiation 'of clust_er sintering charactgnzgs a system of
reactions, under high pressure with shear, etc. strongly interacting clusters. Herewith, if the distance

between cluster centersR2is constant, the surface

In the process of solid-phase chemical reactiongreaS and the volume/y of a cluster having contacts
there occurs formation of primary nuclei of the futurewith k neighbors are sufficiently accurately deter-
phase, which then enlarge to nanoclusters and sintgtined by the expressions
to a massive structure, say, ceramics. Let us consider
formation of nanoclusters and nanostructures on the S, = 41R? + k2nR(R, - R),
example of thermal decomposition of iron salts. At
tempeprature above a cerEt)ain critical or thresholaf}/S = (43pR° + KABR(-2R® + TR - RY).  (4)
temperature, a labile active reaction medium begins to . :
forrrllo, where iron oxide nanoclusters arise g[10]. Correspondingly, the change of the Gibbs free
Therewith, cluster growth can be considered as i€N€rgy on the sintering stage, whéh> R, is
proceeding in a restricted volume (cell or pore volume)
in solution or melt. The reason for that is the diffusion AG = aS - {Apg + In[(ng — n)/NI}pV.  (5)
restriction that allows the concentration disturbance
of the mother phase, caused by the change in the Thus, the change of the free energy of the system
cluster size, to extend no farther than at the distandeer one cluster is determined by Eq. (3) Rk R, and
L ~ (DY)*2 Just this distance can be taken for thedy Eq. (5) atR > R. As an example, Figure 1 repre-
cluster cell size beyond which components of thesents theAG(R/R,) dependence foR, = 1.79R.,. The
mother phase cannot penetrate. dependence irFig. 1 has three minimuma separated
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Fig. 2. Gibbs free energys/G,, in the region of cluster Fig. 3. Scheme of cluster formation, growth, and sinter-
sintering initiation vs. relative cluster size/R.,, calcu- ing: (a) nucleation, (b) maximal size of a stable cluster in
lated with varied distances between cluster centgrs a weakly interacting system, (c) initiation of sintering,
1 1R, @ LIR,, 3 LTR,, 4 1L7R,, and (d) formation of a system of strongly interacting clusters.
(5) 18R, The arrows relate stages {&)) to the AG(R) curve.

by two maxima. The minimum &R = O corresponds oxalate is shown in Fig. 3. The domain restricted by
to the initial state of the mother phase. After passingn dashed line includes four points of initiation of
R, the system changes to the first stable state at R éluster nucleation. The precritical cluster size region
Rnax @nd corresponds to an equilibrium state ofR < R.) corresponding to the stage of fluctuation
formed but noncontacting clusters (this is possible ihucleation with increasingAG(R) function is pre-
Rnax < R). The third minimum corresponds to a sented. In the regioR > R, the nucleation process
system of sintering clusters each havikgcontacts. is accompanied by decreasing free energy, proceeds
Correspondingly, the first maximum &= R, forms  spontaneously, and results in formation of a stable
a nucleation potential barrier, while the second oneluster of sizeR,,, = 5-6 nm and of a nanosystem of
forms a sintering potential barrier. Figure 2 displaysveakly interacting clusters (Fig. 3b). Sintering occurs
the shape of the sintering potential barriekat 6 and when the distance between the centers of neighboring
various R, values. Sintering proceeds with no barrierclusters (&) is sufficiently small. Herewith, iR, <
atR = 1.7R.,. Proceeding to sintering & = 1.7R,,, R, the AG(R) function increases within the region
i.e. in a system less densely populated with cluster®,,,, < R< R, and forms the sintering potential barrier
already requires overcoming a potential barrier. In amith a maximum atR = R. The potential well cor-
even less dense system Bt = 1.8R,, there is no responding to a strongly interacting system gets
sintering at all, since it requires increasieele energy. shallower with increasindg®, and disappears & =
(R)max Then sintering becomes impossible because
Two minima were obtained in the DTA and TGA it should be accompanied by increase of the free
curves [10] in the process of thermal decompositiorenergy AG > 0). SinceR,,, and R, are determined
of iron oxalate F§C,0,);-5H,O at Ty ~200 and by experimental conditions, the result of the topo-
260°C in air. According to data in [10], the first chemical reaction depends on the reactor temperature,
minimum in both the curves corresponds to ironon the duration of sintering, and on the sample
dehydration with CO and CQliberation. Therefore, prehistory. Thus, there are two main stages of nano-
a labile medium is formed abovg; ~200°C, where system formation: formation of a nanosystem with
nucleation and growth of ferric oxide clusters areweakly interacting clusters (from cluster nucleation to
possible. The second minimum is probably related tsintering initiation) and formation of a nanosystem
further liberation of CO and CQand to the initiation with strongly interacting clusters after sintering initia-
of sintering of ferric oxide clusters. The cluster size istion. The change of the character of cluster interaction
estimated by the BET procedure and by X-ray diffracchanges many properties of the nanosystem; therewith,
tion analysis, atomic force microscopy, and$sbauer the development of a strong intercluster interaction
spectroscopy. Atomic force microscopy reveals and sintering is characterized by significant interfacial
distinct picture of interacting sintering clusters for thestresses. These stresses are generated by the formation
nanocluster system obtained af = 265°C. The of an intermediate neck due to surface tension [14],
agreement between the thermodynamic model dccording top = a/x, wherea is the surface tension
cluster nucleation, growth, and sintering and theandx is the neck radius. Setting ~ 1 H/m andx ~
experimental data for thermal decomposition of ferrick nm, we obtainp ~ 10° Pa. Excess pressure also
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to interaction of solid and liquid phases, and play an
3 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 3]
! similar to Eq. (1) for solid-phase reactions. Passing to
AGYax |”miq1 \”minz Mmaxg \”0 n a solution of concentration
1 2

I’1m|n3 nmaX2 C = nO/N, (6)
Fig. 4. Function AG = f(n) characterizing growth of a
cluster of volumen (1) in a supersaturated macrobulk
solution, @) in a solution with concentratiol, (3) in a
pore, and 4) in a pore [with account for the homogeneity
factor K(o)].

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

Ap = Apg + In (ngN). )

For a closed pore where a clusterrof (4/3)rR%p

develops due to the presence of defects and dislocg,E()rnS forms

tions at the interface and attains®1Pa 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 determinin%

{

Ap = Apg + In[(ng — n/N], (®)

here Apy = W — pg is the difference between the
andard chemical potential in the liquid phase and
e chemical potential of the solid. Thus, the Gibbs
(t)r_ee energy of a cluster in a closed pore is

formation of a nanostructure and its properties. Usin
low-temperature solid-phase reactions and satisfyin
the conditions forR, and R, one can obtain solid-

phase nanoclusters of metals, oxides, and chalc

genides. N
AG = (4/3)npR3 {ﬂ_ { Apg— I 7°H . 9)
b. Nanosystems Involving Matrices PR Mo—n
where
Nanoclusters can form in pores and on the surface
of adsorbents and porous bodies, such as silicon and Ap = Apg + In (ng/N). (10)

aluminium oxides and zeolites, in pores of polymers,
lon-exchange resins, and polysorbs, and in .porou\%lume, curvedl and2 have a singularity at the point
carbons. Herewith, nanoclusters can be obtained b|¥ .» Which corresponds to a critical size of the cluster
solid-phase reactions in pores. Solid-phase metaliidi; “rpq, va?ue for a supersaturated solution or
oxide, and other clusters are also obtained in this way. su ércoolgar] liquid is dete?mined by Eq. (1). De-
However, in contrast with the approach described i b fthe | qt | . /Ny h.fcg' '
the preceding section, nanoclusters here may be is rease of the initial concentrationy/N SNIfS My,
: : ward largern (curve 2), since ny/N < 1.
lated from each other by the matrix, so that heating o
the whole nanosystem does not lead to the significant Cluster formation in a closed pore is illustrated by
increase of the cluster size due to sintering. Porousurves3 and4. A shortage of a material (say, of iron
matrices allow nanosystems to be prepared bgtoms) in the solution inside a pore results in that
impregnation with solutions or by performing athere is a liming sizen,,, beginning with which
chemical reaction in pores as micro- or nanoreactorgluster growth becomes energetically unfavorable.
Therefore, further cluster growth in the pore ceases.

Formation of nanoclusters or nuclei in supercooledrhe second important feature of the pore effect on the
liquids and supersaturated solutions in infinite volumdormation and growth of clusters is the pore hetero-
was widely investigated and discussed, in the thermayeneity that changes conditions of cluster formation
dynamic aspect inclusive [1%9] (in [15, 16], the by decreasing the work of formation of the critical
volume finitude was also taken into account). Theseluster [2]. Estimations by Eqg. (9) give the following
effects are anyhow related to heterogeneous processessults.

The form of AG(n) is shown in Fig. 4. For infinite
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(1) For the region wheren << n,

g, %
Nmin = 3203/3p2A 13, (11) of 1 X
It immediately follows from Eg. (11) that the cri- 7k
tical cluster size decreases [see Eq. (10)] with increas-
ing concentrationC. Herewith, the height of the 5|
energetic barrier for the formation of a stable cluster is 3
3F
AGpay = 16m03/3p?A 3. (12) , , ,
0 20 40 60 d, nm

((12) In the region wheren >> n,;, (Ap > 2a/pR)
and n < n,

Apg
2+ Apg .

Nmax = No

13)

Thus, the maximum cluster size in a pong .,

is always smaller tham, and increases with pore

size at a given concentration. At estimating,,, one

should, however, account for the heterogeneity effecé
diminishing n,,,,, as well as for the following fact.

As the pore size increases in the rangel® nm and

more, the probability increases of formation of severag
clusters in one pore, which naturally leads to decreasg

in nmax and to the conditiom,,, << n, for large
pores.

Fig. 5. Intensity of Mossbauer spectral lines vs. pore
diameterd (T = 300 K) at ammonia concentrations in the
air of (1) 0.08 and 2) 0.008%.

FeCk-6H,0 + NHy; —> Fe(OH) + NH,CI + NH,OH

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-

xide clusters in the pore. Changes of the spectral
intensity € of Mossbauer spectra for ferric hydroxide

lusters in pores of various sizes at varied ammonia
oncentration in the air [2] (Fig. 5). Decreasing pore

Size corresponds to decreasing cluster size, as it fol-
lows, for example, from Eg. (13). Thus, it was found

that the spectrum line intensities decrease with

Heterogeneity decreases the energy barrier farluster size. Besides, for large pores decreased with
cluster formation with. Herewith, one can considerincreasing iron concentration, which can be explained

AG'.., both for the formation,AGY,,, and for the
reverse disintegrationAG/,,,, of clusters. With the
heterogeneity factoK < 1

AGY ,, = 16na®K/3p?A 3, (14)

and the pore effect decreases& . As a result,

AG' . < AGY. . at decreasing,,, (especially for

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 Eg. (14) and the hetero-
geneity factor.

One more active nanosystem-forming matrix is
porous charcoal. The deposition of metal salts, such

pores of~10 nm). The surface and volume of the poreas ferric oxalate F£C,0,);-5H,0, followed by
too, accelerate cluster formation by lowering thecalcination and reduction in a hydrogen atmosphere,
energy barrier and the heterogeneity factor [2, 19]result in formation of a mixed heterogeneous system

Formation of ferric hydroxide clusters was inves-Of Fe;0,, 7-F€,05 and metaliic iron clusters on the

tigated in organic sorbents, copolymers of styrene angrbon support. The oxide clusters were 7 to 12 nm

J¢ , o IN size and the irond-Fe) clusters, 7 to 3 nm, depend-
divinylbenzene (polysorbs), with specific surface area . . ;
up toyhundreds( gyand trze pore gize from 7 to 50 Mg on the hydrogen reduction time [7]. It is of note

hat the nanosystem possesses a self-formation
100 nm [2, 4]. The surface of polysorbs does no N :
contain functional groups, so the influence of chemi- roperty. Hydrogenization (burning out of carbon)

sorption on the cluster formation was not considere ceurs i the_cgubrse_ of hyqlrogen reo!uctlt_i_rrll. This can f
Such a nanosystem makes possible consideration f accompanied by Increasing pore size. ihe nature o

ferric hydroxide clusters weakly interacting with each oesi%;\boor} iTng?Ss}?;glgl?ﬁects the size and com-
other and with the matrix. Polysorbs were impreg-IO ! '

nated with ferric chloride solutions of various con-2 PROPERTIES OF NANOCLUSTER SYSTEMS
centrations and blown with air containing an ammonia

admixture (0.080.008%). As a consequence, the As was already noted in Section 1, isolated nano-
irreversible chemical reaction clusters possess unique properties due to their size.
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However, observation of the properties of an isolatedions and melts, the state of the cluster is determined
nanocluster is often not a less challenging problenby its Gibbs energys = f(a, p, R). The difference of
that cluster preparation. Nanoclusters mostly occur ithe Gibbs energies of the cluster in the liquid and
the state of interaction with each other, which not onlysolid states is

can change the properties of isolated nanoclusters, but

also can endow them with new properties. Herewith, AG = 41R%Aa. + (413R3pAp, (15)
the existence of cluster organization and self-organiza-

tion facilitates calculation and prediction of the pro-where Aa. = o — o, is the difference in the specific
perties of nanocluster systems. As characteristic presurface free energies\pn = w, — pg is the chemical
perties of nanosystems, atomic cluster dynamics arbtential difference for the liquid and solid states of
magnetic phase transitions are considered in thihe cluster. The quantity (4/8R°p is assumed to be
section, with account for intercluster interactionsunchanged. Evidently, for melting we havela < 0
Atomic and cluster mobility determines optical, andAu > 02 The AG(R) dependence is represented in
thermodynamic, adsorption, and some other propertidsg. 6. The critical cluster size aAG = 0 is

of nanosystems. It is worthy to consider intracluster

atomic dynamics and possible intercluster mobility in Ry = —3Aa/pAy, (16)

a nanosystem where a cluster moves as a wholgq yne ciuster is in the liquid state Rt< R.,. Equa-

tion (16) shows that the solitiquid state is im-

possible ifAa = 0, i.e. for single atoms in a matrix,

: S . . when the cluster has not yet formed. At the same time,
Intracluster atomic mobility (in melting dynamics , "cooms'to be a quantitil/ which is maximal for a free

as example) is studied by microscopy and quanturEluster. Any intercluster interaction decreases this

?r:?)glseﬁlgsér?o? g)eru austg:e(tr:g?escggieg ﬂgmggn;?d%%%%%antity and also the quantify,, that determines the
P y ?ange of possible fluctuations of the solid and liquid

Carlo) simulation. states. The cluster stability can be characterized by
Change in the thermodynamic state of a cluster cathe pressure chang® = P, — P or by the temperature
be described by the free energff = A E — TAS ~ changedT = T, — T which correspond to the chemical
whereE is the internal energy of the cluster aBds potential differenceAp = f(P, T) and draw the phases
entropy. As is knownS = —KkTIn Z (Z = Zg,expE/kT) to equilibrium at a given cluster sizé&{ and T, are
is the state distribution function, whegg andE; are  the medium pressure and the temperature of bulk body,
degeneracy and the energy of thih level). respectively).
Many publications (see, e.g., [22, 23]) are devoted 0 \y,0 yenjacen, by its expansion in powers @fP at
calculation of Z with the aid of quantum-statistical the poi . _
T . , pointP,. We also account for the relatiofg,/6P =
methods. The energy distribution of a solid cluster IS/, and Su./SP = V [24] where V, and V. are the
essentially different from that characteristic of the | IMS | ° of the clust |5 the liquid and
liquid state. As compared with liquid, the state densitymo. ecuar volumes ot the cluster in the fiquid an
; CEE . olid states, respectively, to obtain
for the solid state is higher at low energies and lowe?
at high temperatures. As a result, the temperature of Ap ~ —(V, — VQBP. (17)
the equilibrium transition from the solid to liquid state,
Teq appears. The energy changk is determined by The variablesT and P are not independent in this
vibrational and rotational energy levels of the solid.case because of the phase equilibrium condition
The free energy of the cluster increases with temperdkEq. (16)]. Therefore, we use the Clapeyr@ausius
ture. However, due to the high state density of liquidsequationdP = qdT/Ty( V, — V), whereq is the latent
the determining role belongs to the entropy factor, i.eheat of phase transition. This yiefds
the disorder of motions characteristic of liquids. The
way of calculation ofT., or the melting point of the Ap ~ —qdT/T,. (18)
cluster, depends on the state model for the solid and
liquid and is also determined by the state number, i.g.
by the cluster size. The presence of both solid and
liquid states is possible if clusters are in equilibrium
inafter, comments of A.l. Rusanov).

(T = Teq)' 2 The latter is true below the melting point of bulk sample.

Cluster melting can be considered in terms of Equation (18) immediately follows from the thermodynamic
thermodynamic approaches [3, 5]. In the course of relationshipdp = —sdT (s is molecular entropy) and does not
solid-phase reactions or cluster formation from solu- require the ClapeyreClausius equation.

a. Intracluster Atomic Dynamics

This means that the quantiti€@and p, different for different
phases, can be simultaneously related to either phase (here-
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Fig. 7. Mossbauer spectral area Bt= 300 K for ferric
Fig. 6. Gibbs free energy of a cluster in the solid and oxide clusters vs. the temperature of thermal decomposi-
liquid state vs. cluster size forl) single atom or tion Ty of (light symbols) ferric oxalate. (Dark symbols)
fragment ¢ = 0), (2) isolated cluster, J) interacting Treatment with {) ethanol, ) isopropanol, ) Twin-65,
clusters, and 4) clusters treated with surfactants. (4) butanol, and %) sodium dodecyl sulfate.

Putting Eqg. (18) in Eq. (16) results in a hyperbolicintracluster mobility in the intermediate temperature
dependence of the temperature of the phase transitivange were revealed [1]. The results in [2, 5] for ferric

in the cluster on its radius: oxide nanoclusters are interpreted in terms of in-
creased rms displacements and melting points. Fi-
3TITy ~ -3Aa/pgR (19) gures 5 and 7 display the Feddsbauer spectral data

for ferric hydroxide clusters in polysorbs with the pore
The dependence given by Eq. (15) and representatiameter decreasing from 7.5 and 0.75 nm and for the
in Fig. 6 leads to a conclusion that, at given temperaferric oxide nanosystem obtained by thermal decom-
ture and pressure, the initially stable cluster structurposition of ferric salts, respectively. As was already
(An > 0) becomes metastable with respect to th@oted, a strong decrease in the intensity (area) of
liquid phase wherR < R,. In addition, the depen- spectral line with pore size was observed for ferric
dence given by Eq. (15) shows that the melting poinhydroxide clusters in polysorb pores (Fig. 5). Accord-
decreases with decreasing cluster size. ing to the nucleation conditions [Egs. (2) and (5)],
decreasing pore size decreases the cluster size in the

dynamics of clusters gives evidence to suggest most%ore' The dependence kig. 5 looks as related to the

. . . : nset of cluster melting, which is associated with
increased rms displacements in metal and omdg [25 hcreasing intracluster gtomic mobility. Forferric

Inr o\lg\gbﬁi-tsno’f cheé ,\%‘ggt;zioﬁgﬁggggﬁa ?Ineccrgza}j;]ng oxide clusters, the dependence of spectral @emn

b! Y asing  ihe temperaturd, of thermal decomposition of ferric
displacement £2>) was (_)bserved. An exception are | late has a minimum aF ~215C (Fig. 7). The
Auzclusters 620 nm in size, wheréa mcrease_d and .quantity T4 is related to the average cluster size,
<r“> decreased with decreasing cluster size. Thi

; . - stimated from Mssbauer spectral data and by cal-
effect is accredited to the long-wave restriction of the . . . ST
phonon spectrum. Increaseaig culations using the superparamagnetic relaxation time

% were also revealed : 9

. A i T = 1exXpKV/KT) with 15 = 107 s and K = 2x

];?Lsig'rg OZII%?\ m(/nvistho?ngr]eea:gcrif?g girfse?cear;dnislzg- 10° J/nt, whereK is the magnetic anisotropy constant
: 9 ’ and V is the cluster volume. It was found that the

tropy mlght be an Important property of atomic cluster size increases with temperature frdm2 nm
dynamics. Such an anisotropy of atomic oscillations tT. = 215C to d ~4 nm atT. = 235C. Thus. the
along and across the surface, was observed for iron , d d ' X

. ight-hand branch of the curve ifig. 7 is associated
and tin atoms on the developed surfacengfl,O, . . . : : .
silica gels, and zeolites. with decreasing quantityA and increasing atomic

mobility, as with iron hydroxide clusters in polysorb
Decreasing melting point down to room temperajpores. Notably, there is no motion of a cluster as a
ture was observed in gold and tin nanoclusters [1]jwhole in ferric hydroxide and oxide clusters, as judged
For tin, the separation of melting and freezing pointdrom the fact that the spectra lack thieroad spectral
and a peculiar solidiquid state possessing higher componerit related to restricted diffusion of clusters

Analysis of experimental data on the atomic
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to compare it with theR(V) value observed in the

0.8« @ Mossbauer spectra. Using for g p = 5.18x
fr 5 10f g/m? [5], Ao ~1 J/nf and q ~2x107° J, R =
0.6 (0.1-1.0)Ty/ST nm at T,, = 300 K, we obtainR
04l v ~0.1-1.2 nm, which corresponds to the cluster size
' of 2 nm from the Mbssbauer spectrum. We also note
0.2k v that the appearance of a peculiar sdiiguid state
v with a higher atomic mobility can explain the effect
0 : ' . . . . : of adsorption strength lowering (Rehbinder’s effect)

01 02 03 04 05 06 0.7
h

[26] on the atomic-molecular level, due to wetting and
strain under the action of surfactants.

Mossbauer 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
Mossbauer radiation, which we elaborated earlier for
studying proteins and other biopolymers [27].

We studied the atomic mobility of polymeric
020406081.01.2141.61.82.0 networks and of water molecules included in a poly-
h mer or a sorbent [11]. The objects for study were
(@) SGC-7 acrylate cationite (Institute of Chemical
Fig. 8. Integral elastic fraction of Rayleigh scattering of ~ Technology, Russia) on the basis of polyacrylic acid
Mossbauer radiatiofyy vs. water/polymer weigh ratit cross-linked with divinyl benzene to the cross-linking
for (a) SGK-7 acrylate cationite (2%) [(dots) experiment  degree 2 wt% and (b) Porolas TM polymeric sorbent
and (solid line) calculation under the assumption that (Institute of Chemical Technology, Russia) on the
fr(H,0) = 0, fg(p) = 0.77 = const] and (b) Porolas TM basis of the copolymer of divinylbenzene (70%) and
polymeric sorbent [(dots) experiment and (solid line)  ethylstyrene (30%).
calculation under assumption thi{(H,0) = 0, fg(p) =
0.67 = const].

The acrylate cationite strongly swells on hydration,
which increases the atomic mobility of the polymeric

in pores (this topic will be discussed in the sectionnetwork' Figure 8 represents the data on the Rayleigh

dealing with intercluster dynamics). Therefore,s‘catterlng of Mbssbauer radiation at increasing

: : dration for SGC-7 (2%). For a dehydrated weakly
%ﬁ;ﬁgﬁ inspectral area are related to intraclust I?,oss-linked sample, the elastic fractigp= 0.77 of

the Rayleigh scattering of tksbauer radiation is
The left, ascending branch of the dependence imrge enough and characteristic of the polymer in the

related to further decrease Ty and, correspondingly, glassy or crystalline state. The integral valuefgis

in cluster size. In fact, this leads to disappearance aframatically decreased by hydration (Fig. 8a). To

clusters and appearance of single atoms, dimers, adétermine the hydration dependence of the polymeric

trimers of F&" as nuclei ofy-ferric oxide clusters (cf. network of the cationite in itself, we should take into

Fig. 6 for A = 0). Thus, the minimum in the account the contributions of polymer and water atoms

dependencé = f(T,) at Ty = 215°C can be assigned to the integral value off;. For a multicomponent

to the onset of formation ferric oxide clusters. system

As was already noted above, intercluster interac- Us
tions should strongly affect atomic cluster mobility. z {ciz _Jfgj}
This results in decreased surface energy (quantty (o= ! i A
Fig. 6). Intercluster interactions and stresses can be R™ ’ (20)
abated by treatment with surfactants in combination 3 {C-E ﬂ(f 2 4 F.)}
with mechanical treatment. Upon the action of sur- i T

factants, the spectral area considerably diminished

(Fig. 7). Thus, abating intercluster interactions in-where summation overis carried out over all atoms
creases intracluster atomic mobility and lowersof theith component with atomic magg, concentra-
melting point. Equation (16) allows one to estimatetion U;, atomic scattering factof,, and Compton
the R, value for melting ofy-ferric oxide clusters and scattering amplituder;.
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As follows from Fig. 8a, the experimentdik(h) Much Porolas TM pores are smaller than 3 nm.
points lie considerably lower than the integral curveThis size is smaller than in the Vycor porous glass
computed with the aid of Eq. (20) under the assumpwhere the NMbssbauer effect is observed for liquids
tion thatfg(h) in independent of the hydration degree[29]. It is very small water clusters in the smallest
for the polymer andfg(H,O) = O for water in the pores (0.7 g per gram sorbent) which we consider
polymer. Similar results were obtained earlier in in-responsible for the elastic fraction of Rayleigh scatter-
vestigations on the hydration dependence of theng of Mossbauer radiatiorig(H,0) > 0.
dynamics of biopolymers by the method of Rayleigh
scattering of Nbssbauer radiation. This means thatth
the elastic fraction of the Rayleigh scattering of
Mossbauer radiation of the polymeric network itself
decreases on hydration.

It can be assumed that thid result is explained by
e 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

From the resultingg(h) values one can obtain the the sorbent pore confinement.
rms displacement of atoms, using the equation
b. Intercluster Dynamics
fr = aexpQZ<x?>), (21)

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.

wherea = R/(R + C), R and C are the intensities of
Rayleigh and Compton radiation, respectiyelygzx
is the rms displacement of atonm®, = 1.53 A the
wave vector of Rayle)igh scattering of désbauer
radiation. As a result, x> = 0.11 A° (h = 0) and
<x?> = 0.91 A2 (h = 0.66). Convenient nanosystems for investigating this
motion are ion-exchange cationites, copolymers of
tstyrene and divinylbenzene of various cross-linkage
egrees (1%, 2%, and 12%) and with various sets of
anopores, accommodating 3-nm ferric hydroxide

There is quite a different dependencefgffor the
Porolas TM polymeric sorbent (Fig. 8b). This sorben
is hydrophobic. The supramolecular structure of th

sorbent is a system of rigidly cross-linked, with ;
mutually penetrating chains, polymeric globulesclusters [30]. Thus, the nanoclusters are placed in cells

: = h ize varies with cross-linkage degree and
which are 100 nm in size and also possess somg10S€ slzé  varies t 9 g

. . ) oo which confine diffusion of ferric hydroxide clusters.
internal porosity. By analogy with the cationite, one ) :
might expect the operation of the simplest modeIThe Mossbauer spectra of the hydroxide clusters in

including a rigid_polymeric_network, whose intra- YSIemS wilh variable cross inkage degree are re-
molecular mobility is independent of hydration ElOO nm/s) cha?éctéristicall IDcontain a narrowpand a
because of the intrinsic rigidity of the network andBroad comoonents y

the weak interaction with watefg{h) = const], and P '

the free water whosamobility is assumed to be  The motion of ferric hydroxide clusters can be un-

unlimited fr(H,0) = 0]. The results of measurementsderstood on the basis of the model of restricted diffu-

contradict this model. In contrast with the cationite,sion in the field of a certain potential. Moreover, the

all the experimental points lie well above the modelpotential shape and the diffusion rate can be obtained
curve. This makes one to assuifpgén) > O at least for from the temperature dependence of the area of the
a part of water molecules. narrow component and from the shape of the broad

It is well known that the Néssbauer effect is absent component. A Nbssbauer spectrum consists of a set

in liquids of low viscosity because of large (as com-.orft el_n(;ri?ntz components with narrow lines with the
pared with solids) atomic displacements and stronb y

diffusion broadenings of Kissbauer lines. This also > 2
relates to the Rayleigh scattering ofokbauer radia- Ao=17? |f kR URMGTAR|",
tion. Nevertheless, the dsbauer effect was observed

in liquids located in small pores of a solid [28, 29]. _f URITPER

This can be assigned both to the small size (several z=)¢€ :

nanometers) and to the strong interaction of molecules

of the liquid with the solid matrix [29]. In this con- where k is the radiation wave vector anR is the
nection, our observation of a low-mobility water in acluster radius. Analysis of th&, = f(T) function make
nanosystem with a weak watesolid interaction is of possible reconstruction of the motion potenti4R).
especial interest. From the temperature dependenég = f(T) for
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Fig. 9. Mossbauer spectra of ferric hydroxide in the ion-exchane sulfonated resin at various temperatures. Cross-linkage
degree, %: (a) 1, (b) 2, and (c) 12.
T 5 1 For ka = 3.6, the potential well radiua = 0.5 A.
3 The spectrum calculated with such parameters nicely
u fits experiment. Increased cell size (sample A) yields
a = 0.62 A, 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 0.6A. Similar motions with
restricted diffusion are observed in ferric oxyhydroxide
clusters in the iron-collecting protein ferritin [31].
/ J/ c. Magnetic Phase Transitions
0 0.5A R Similarly to bulk magnetics, isolated nanoclusters
Fig. 10. Shape of potential wells for the motion of ferric and nanosystems feature second-order phase transi-
hydroxide clusters in the ion-exchange sulfonated resin.  tions, Langevin magnetization dependences [32], and
Cross-linkage degree, %1)(1, (2) 2, and @) 12. disappearance of magnetic order and spontaneous
magnetization at the Curie temperatureor the Neel
sample B (2% cross linkage) we haidg = 0.06 T = temperaturely. In addition, nanosystems can possess

264-243 K) and the potential shape as a squarsuperparamagnetism, which leads to effective lower-
(spherical) well with elastic walls (Fig. 10). If one ing of T, and Ty. These transitions are also charac-
assumes that only the diffusion coefficient is temperaterized by smooth temperature dependences of

ture-dependent in a spherical cell of radajshen magnetization. However, first-order magnetic phase
transitions were observed for a number of clusters of
_g(sinka - ka coska)? metal oxides, when a nanosystem lost its spontaneous
- (ka)® : magnetization abruptly at a certaiy, 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 m
observable by magnetization measurements, because 1.0
clusters are scattered in size aiigd,. This scatter '
inevitably leads to smooth changes in magnetization 0.8
and is hardly distinguished from the superparamag-

netic behavior. However, paramagnetic and mag- 0.6
netically ordered states can be distinguished with the 0.4
aid of Mossbauer spectroscopy. Such jump magnetic

phase transitions were observed in nanoclusters and 0.2r

iron oxide nanosystems [1, 6] and explained in terms 0 ! ! ! ! L
of first-order magnetic phase transitions. Note that 02 04 06 08 1.0 12 14
first-order magnetic phase transitions were observed T Mo

in a number of bulk oxides and alloys of transition
and rare-earth metals [32] and interpreted from a Fig. 11. Cluster magnetization at varioysvs. tempera-
thermodynamic standpoint [33]. ture (see text).

A thermodynamic model of magnetic phase transiwherey = (3/2NkTynB%(1 — pnP)™, andT,, = Ty(1 -
tions in nanoclusters was proposed in [6]. Clusters arBnP) shows changes il with pressure (cluster
assumed to possess a strong magnetostriction effesyyrface tensionP = 2a/R).

i.e. they change volume in passing from the magne-
tically ordered state to paramagnetic. Herewith, th
Curie point of a substance depends on its volume:

Figure 11 displays the temperature dependence
?(T/TCO) for various y values. The character of a
magnetic phase transition is determined by the
parametery: for a second-order magnetic transition

v < 1 and for a first-order magnetic transition>1.

The descending branch of the temperature dependence
corresponds to a maximum of the free energe,

Te = Tol(X + BV - Vo)/Vol, (22)

where T, is the Curie point of bulk material without
changing volumef is the magnetostriction constant, : .

. .1y = 1. The quantityy can be represented in the form
V andV, are the molecular volumes in the magnetical- — T_JT., whereT,, = (3/2)NkT§n[32. Thus, aty > 1,

ly ordered and paramagnetic states, respectively. T Re cluster passes from the magnetically ordered state

change in the free energy density on the transmoto paramagnetic via a first-order phase transition if the

from the magnetically ordered state to paramagneti .
is given by the equation Custer size
R < = 20fn(d — TJT.) ™ 2
AGy = —L/2NKTI? + L2n[(V — Vg/Vgl? Rer = 2ufn( e Ted (25)
+ 2/R)(V — VgV, + 1/2NKTIn (1 — m3)/4 For Iarge_ _clusters, there exist only s_econd-order
phase transitions that can also show up in supermag-
+mn @+ m - mj (23)  netism at temperaturekT > KV.

where the first term corresponds to the exchange First- and second-order phase transitions were
energy density in the molecular field approximationobserved in ferrihydrite F&iOg-4H,O clusters in
(m = M/M is the relative magnetizationl, is the Polysorb pores [6]. As was already noted, such a
saturation magnetization); the second term corregystem of clusters in pores allows the cluster size to
ponds to the strain energy; the third term is thebe decreased by decreasing pore size and the initial
surface energyo( is the surface tension); and the!ron _con(_:entratlon_ In a pore. Moreover,_ It 'makes
fourth terms is the entropic term for the temperatur?0ssible investigation both of a system with isolated
dependence of magnetizatiol (is the number of clusters and of a system w_lth interacting c!usters if
atoms with Spin ]_/Zk is Boltzmann’'s constant, an¢| there are several clusters in one pore. .Flgu'res_ 12
is compressibility). and 13 show the Kissbauer spectra of ferrihydrite in
polysorb pores 13 and 20 nm in size witfFe con-
After minimizing the free energy and solving the centrations C of 1.2x10° and 1.2102 M,
set of equationsdG,/dV = 0 anddG,/d,, = 0, we respectively. As readily seen, the spectra at 4.2 K
obtain contain a quadrupole doublet, a central component
of the spectrum, and a magnetic hyperfine structure
T/Te, = M(1/3ym? + 1){1/2In [1(1 + m)(1 - m]} %, (24)  with relatively narrow lines (with account for the dis-
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Fig. 12. Mossbauer spectra of ferrihydrite cluste £
1.2x10°3 M) in polysorbs with the pore size (a, b) 13 Fig. 13. Mossbauer spectra of ferrihydrite cluste€ £
and (c) 20 nm. Temperature, K: (a) 4.2, (b) 10, and 1.2x1072 M) in polysorbs with the pore size 13 nm.
(c) 4.2. Temperature, K: (a) 4.2, (b) 6, and (c) 10.

ordered cluster structure). As the temperature is inestimation of the upper cluster size from the broaden-
creased, a part of the magnetic hyperfine structure ohg of the magnetic hyperfine structure lines
the spectrum changes to a paramagnetic doublgfFig. 12c), which yieldedR ~ 2 nm.

bypassing intermediate forms associated with super-
paramagnetism. Increasing iron concentration IeadsAté)
g\ﬁéegs&ng rgliisrﬁlrasrlig' eNai\rﬁe(;EEz:??g.s’ltBr;e Iislfee(t:tg?szt t'(?R ~ 1-2 nm for an isolated g:luster In a pore. Thu_s,
at 4.2 and 10 K in Figs. 12b and 12b, i.e. there is %lesf 1an&dz superparamagnetic relaxation data yield
jump transition from the quadrupole doublet to the'cr = ~ nm.

magnetic hyperfine structure. For a larger cluster size Further growth of clusters and strengthening of
or in the presence of several interacting clusters in théeir interaction are accompanied by appearance of
pore of 13 nm at 10 K (Fig. 12c¢), line broadening issecond-order magnetic transitions. The magnetic
observed, i.e. the presence of intermediate form#yyperfine structure lines broaden strongly, which
the attributes of superparamagnetism, between thmakes the first-order phase transition impossible to
guadrupole doublet and the magnetic hyperfine strudistinguish on the background of the second-order
ture. The results represented in Figs. 12 and 13 allowhase transition. Estimating the sige, by Eq. (25)

us to suppose occurrence of a first-order magnetifor the critical size using constants yiel®, ~ 1,
phase transition (as a jump) in ferrihydrite clusterswhich coincides with experimental results in the order
within the temperature range 4 K. For smallest of magnitude.

clusters € = 1.2x 107 M), there is practically no line
broadening and no evidence for a second-ordq;

. e ansition were also observed nrFe,0;, a-FeOOH,
magnetic transition (the phenomenon of superpara, v-Fe,0; nanoclusters and in the proteins ferritin
magnetism). For larger clusters at 10 K, in addition

to the first-order phase transition, a second-ordezggogargo(?ggglp(gLC)Iu[il]ng the magnetic nucleus
magnetic transition is observed, accompanied b '

broadening and shifting of the magnetic hyperfine As was already noted, magnetic phase transitions
structure lines due to superparamagnetism. Th@ a nanocluster system depend on temperature and
appearance of superparamagnetism at 10 K allowedluster size. Excess external pressure is one more

The estimation of the cluster size in pores from the
ta on the iron concentratid® = 1.2x 107 M leads

Effects similar to the first-order magnetic phase
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parameter determining the character of magnetic phaggercluster interactions arise in the process of cluster
transition, T, and R,. The change inlT, was deter- sintering because of the development of a large defect
mined in Eq. (24) aJ ., = To(1 — PnP), the decrease density and of heterogeneity of the system with dif-
of the critical temperature of phase transition occurferent volumes of elementary cells, for example, of
ring due to the capillary pressure, = 2o/R. The y-Fe,O5 with the spinel structure ang-Fe,O5 with the
change of external pressuf®, by AP changes the corundum structure. In such nanosystems, first-order
temperature of magnetic transition in a cluster by thenagnetic phase transitions were observed, as well in

guantity [8] ferrinydrite clusters 43 nm in size in the polymeric
matrix. Figure 14 represents theolssbauer spectra of
AT /Ty ~ APQu/R — 1/pn)~L. (26) the o—y-Fe,0; nanosystem, characterizing jump

magnetic transitions from the magnetically ordered
Thus, increasing pressure in a system of nancstate (magnetic hyperfine structure) to the para-
clusters should decreask,, and increase the pro- magnetic state (central doublet). These magnetic
bability of the first-order magnetic phase transition.transitions proceed at lower (as compared with bulk
In [8], two nanosystems were studies, where ther- andy-Fe,0O5 T, = 856 andT, = 965 K, respec-
interaction of iron hydroxide clusters with a polymerictively) critical pointsT., = 120-300 K. The decrease
and biopolymeric network was changed by hydrationin T, cannot be a consequence of superparamag-
The first system was an ion-exchange resin (sulretism because of large dimensions of clusters, so that
fonated cationite) including ferric hydroxide clustersthe calculation leads to relaxation times several orders
3 nm in size. The second system was the globuldarger thant,, As a result, magnetizatioB;, ~50 t
protein ferritin containing ferric hydroxide clusters disappears abruptly #,, ~0, which is associated with
6 nm in size. The excess pressure on a cluster walse transformation of the magnetic hyperfine structure
determined by the strain of the polymeric matrix,of y-Fe,O5 into a paramagnetic doublet (Fig. 13) and
produced by the increase in the water volume owrharacterizes a first-order phase transition.
crystallization (freezing) and was
The reasons for this phenomenon in such a nano-
AP = (1my)AVIV. (27) system are related to strong intercluster interactions
leading to significant stresses in the nanosystem.
At AV/V = 0.09 for water and Iy, = (5-10) GPa These stresses stimulate pressures up to several giga-
[8], the estimation yield&\P = (0.45-0.9) GPa, which pascals, which develop on sintering [14] of elementary
is comparable, by magnitude, with the capillary preseells of a- and y-Fe,O5 with different volumes and
sure in a 1.5-nm cluster~{L GPa). The pressure- under the action of defects and dislocations. As was
induced decrease ifi,, can be estimated by Eq. (27). shown earlier [34, 35], the density of defects can be a
SettingP = 2a/R ~1 GPa,p = 10%, n = 101 m%J, maximum just at the size 280 nm. This induces
and 1N ~10-28 n?, we obtainAT,, = (0.1-1.0)T,,.  stresses and jump magnetic phase transitions with
Thus, the decreaséT., can attain the order of lowering T, values characteristic for a certain cluster
magnitude of the quantityl, itself. size. Further increase in cluster size decreases the
fraction of interfaces and the defect density, so that
sbauer spectra of the sulfonated cationite in the rangggelkcluster properties aﬁproach the characctleélstlcs of
T =4.2 30 K and of ferritin in the range 4.8 K . ulk matter. Magnetic phase transitions and decrease
in T, in clusters were proposed to describe in terms

[8]. It was shown that hydration with subsequentof the following model. Ifn, is the initial number of

freezing decreased,, which was determined at the gefects in a cluster and, is the number of defects

equality of the paramagnetic part and the magneti C .
hyperfine structure of the spectra. The following assing in the intercluster space, we have

quantities were determined,, ~ 9-10 K for hydrated
sulfonated cationiteT ., # 13-14 K for dry sulfonated
cationite, T, ~# 30 K for hydrated ferritin, and’, ~

30-34 K for dry ferritin. Comparison of th&_, values
yields the temperature shiiAT,, ~ 3-4 K, which

agrees with thermodynamic estimates.

The AT, value can be estimated from theost

Ng = N, + ng = cgNg = const,

where n, is the number of defects remaining in the

cluster andN, is the number of atoms in the inter-

cluster space. Assuming that the magnetic phase

transition temperaturel, decreases with increasing
First-order magnetic phase transitions stimulatedoncentration of cluster defects = n/N, (N, is the

by intercluster stresses and defects also arise in naneamber of atoms in the cluster) and the dependence is

systems with larger nanoclusters {30 nm), obtained linear at smalk, at the temperaturé., of a defectless

by solid-phase chemical reactions [9]. Significantcluster, we obtain
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Fig. 14. Mossbauer spectra of the-Fe,0O3—y-Fe,05 nanosystem at various temperatures. Temperature, K: (a) 77, (b) 120,
(c) 160, and (d) 300. (Solid lines) Results of computer deconvolution of the spectra.

T, = Tl + By, cluster, andn is the magnetic moment of the system.
Dividing the cluster volumeV = Nw + nyv and
wherep < 0 is a constant. Accounting for magnetiza-accounting for the atomic volumes and the defect
tion m, the thermodynamic potential of a system canvolume v, we obtainvdn, = dV. In consideration of

be expressed as dS/dv = 2/R for a sphere, we obtaindS/dp =
) vdS/dV = 2v/R If the conditionsdG/dn = 0 and
G = Apn, + a8n,) - (L2NKT1 +pa)m dG/dm= 0 are fulfilled simultaneously, Eq. (28) can
+ NKH(1/2)In [(1 — m?)/4] + min [(1 + m)/(1 - m)]}, (28) e reduced to the form
whereAp = Ap,, + KTIn (N;n/Nny) is the difference of 1 + Bcy)a(RAL + q(RKexp[vdp(R)/KT,,
the chemical potentials of defects inside and outside >
the clustera is the surface tension of the clust&is — SUBMI(Ted/ N}
the cluster surfacelN is the number of spins in the - [(@2)MIn[(X + m)/(1 - M)]T/T,) = 0, (29)
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whereq(R) = [(1 + r/R)® - 1] = [(1 + (a)(@/R)® - 1],
dp(R) = 2a/R, andu = N/N, is the spin number con- 10r1

centration in the cluster is the lattice constant, is _

the thickness of intercluster space. At calculating the £ 0.8F

magnetization curven(T/T,,), we used the following 8

parameters: (1Bc,; (2) K = exptAuy/kT.,); (3) uB; 8 o6l

(4) rla; (5) 2avialkT, Figure 15 represents the g

dependence of magnetizatiomon T/T., for clusters oy 04

with R ranging from 50@ to 3a. From the curve with § a

the parameterfc, = -50, K = 0.01,up =-3,r/a =1, 2

2av/akT,, = 50 we can see that the dependence of & 0.2f

magnetic phase transition on cluster radius changes *~ 0

from a smooth curve characteristic of a second-order

phase transition to a jump transition. Along with the 0.2 04 06 08 10 12
first-order magnetic phase transition (Figs. 14a Relative temperaturel(Tco)
and 16a), two more phase transitions were observed

in this nanosystem: a weak ferromagnegigtiferro- Fig. 15. Nanosystem magnetization calculated with
magnetic transition and a collective magnetic phase account for defect density at variouR/a values vs.
transition with formation of twin nanostructures. temperature.

~ Magnetic phase transitions like weak fer_romagnel-ooIe moment of the’’Fe nucleus,® is the angle
tism  (noncollinear - antiferromagnetisrantiferro- between the direction of atomic spin and the direction
magnetism (collinear antiferromagnetism) were Ob'of the electric field gradient on the nucleusjs the
served ina-Fe,0; crystals. Weak antiferromagnetism electron charge. The high-temperature phase of
was also observed for MnGOCOCQ, MnF, and for a-Fe,05 corresponds taAEQ = +0.2 mm/s and the
trimetric crystals with the structure of rare'earthlow-terﬁperature phase, &, — 0.3 mm/s. We now
fer!rltes MeFeQ (Me is a rare-earth element) [32]'.consider the specificity of this phase transition. For
This effect is related to the state of a fe_rrom:;lgnetl(%he nanosystem (Fig. 16b), the low-temperature phase
with a certain small degree of noncollinearity of f o-Fe,0, with the péraméteAEQ:—OB mm/s cor-
sublattice magnetization. The sublattice maglnet'z""t'oﬁesponds3to collinear antiferromagnetism The transi-
noncollinearity of antiferromagnetic structure was '

: . ion to the state of noncollinear antiferromagnetism
calculated on the basis of the influence of weal%,vi,[h AEq = 0-0.1 mm/s occurs above = 120 K. As

magnetic interactions and appeare_d W'th. Increasing result, the Morin transition temperature decreases to
temperature as a consequence of instability of equiz ~~ 120 K. the high-temperature phase having a
librated antiferromagnetism. As was already notedlb’\\/}v(;r AE, vélu e 9 P P 9

the nanosystem contains the phase @ffFe,0,
possessing the spinel-type cubic structure and the Thus, nanosystems includingFe,O; nanoclusters
phase ofy-Fe,O; with the structure of corundum feature jump first-order phase transitions from col-
possessing a rhombohedral lattice. For butke,O;, linear ferromagnetic to noncollinear antiferromagnetic
there is a magnetic phase transition, also known as tl{possessing weak antiferromagnetism). The decrease
Morin transition, atT,, ~ 260 K, when matter changes in T,, is related to the proportion between the
its type of magnetic ordering by jump. So there ismagnetic dipole energf,, and the exchange energy
collinear antiferromagnetism &j, < 260 K and non- E,, The latter decreases with cluster size because of
collinear antiferromagnetism (weak ferromagnetismyplecreased ., for Fe,O5. This circumstance increases
at Ty, > 260 K. This transition is caused by the typethe probability of existence of noncollinear antiferro-
of internal symmetry of the crystal, which admits magnetism. As a result, the Morin transition occurs
distortions at increasing temperature, accompanied giready atT,, = 120 K.

spin turning by 98. In Mossbauer spectroscopy, the Noteworthy is one more important feature of the

collinearity-noncollinearity  phase transition  of lgorin transition in the nanosystems. In spite of the
sublattice magnetic moments is traced by the chanqude size distribution of clusters, the phase transition

in the sign and magnitude of quadrupole splitting in ' N I
spectrum possessing magnetic hyperfine structure?occurs at a fixed temperatufig, ~ 120 K. This gives

evidence for collective transformation of the whole
AE4 = (1/8)2qQ(3cog0 — 1) nanosystem, when the phase transition in a single
Q 3 " e e
cluster initiates the phase transition of the whole
whereq is the electric field gradient is the quadru- sample. Similar phase transitions with instantaneous
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Fig. 16. Results of computer simulation of the ddsbauer spectra of the-Fe,O3—y-Fe,O3 nanosystem: temperature
dependences of (a) spectral areas for different forms of iron, (b) quadrupole&Ebifof magnetic hyperfine structure, and

(c) isomer shift. {) Paramagnetic component (quadrupole double?), rhagnetic component of-Fe,O3, (3) magnetic
component ofx-Fe,03, and @) component corresponding to the twin structure. The dashed line shows the region of the Morin
phase transition.

collective phase transformations of the whole sampldependence of the isomeric shift (Fig. 16c) points to a

were observed in austend®artensite transitions in dramatic change i at T = 120 K. As a resulty for

carbon steels (martensite transitions) [36]. the a. phase decreases and for theohase increases
jumpwise to the average valde= 0.45 mm/s. These

the”:e%-F;zgtﬁj rgag‘gﬁgjifrngsf' thée gﬁge_rgl roegurlgggs OTyata suggest the collective transformation ofdhend
b 165 P v phases into aru-like phase with preserved cubic

was revealed by Mssbauer spectroscopy. The pre- ) .
sence of the tv?//o phases;-Felzoog and y-pgezog, isp spinel symmetry. This effect can be explained by

observed at low temperatures. Abofe= 120 K, assuming formation of a twin nanostructure. The
a-Fe,0, and y-Fe,0, convert in a single common phenomenon of twinning is known for crystallization
structure similar, in terms of the paramet&E , to Pprocesses at mechanical strains and for sintering of
the o phase but preserving the X-ray diffractionnuclei. Twinning occurs on fast thermal expansion or
structures of thea and y phases. The temperature contraction and on heating of strained crystals [1].
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In the course of formation of the nanosystem, ther@xidative decomposition of hydrogen sulfide on
was sintering of iron oxides nuclei with subsequentarbon carriers [13]. It was established that the
fast cooling, which led to formation of strongly inter- clusters of nonstoichiometric magnetite and pyrrhotine
acting clusters. This interaction produces stresses amge active structures on the oxidative decomposition
pressures in clusters and causes magnetic phase tramgihydrogen sulfide. The activity of magnetite clusters
tions. Probably, similar interactions give rise to twinis associated to the presence on the surface of a
collective transitions in the nanosystem. terminal (not bridging) lattice oxygen, oxygen
Thus, twin transitions in the nanosystem are resyacancies, and labile forms of atomic oxygen. The

ponsible for a specific temperature phase transitiorf. P o ance of =& sulfide fragments on the spinel

The nanoheterogeneous-y system of ferric oxides su:r]f%ce points to qllssomatlvg adso_rﬁtl%n of hydrogefn
changes to a one-phase, according to thasdbauer slu ae oln E:II:]IOH_IC vacanu]?s W'tl eplosmon Toh
spectral data, twin structure where thephase re- elemental suliur in near-surface cluster layers. The

develops similarly to the phase with electron transfer high activity and stability of catalysts on the micro-

to thea phase (then the isomer shift increases). SucRorous carrier are probably caused by the presence of

transition seems to be a new property of a heteror_elatlvely large clusters of nonstoichiometric mag-

geneous nanosystem where a cluster possessingn tite, 510 nm in size, incapsulated in pore mouths.
collinear first-order phase transition and a collinearA thelcluster S|zedd9hcreases, t.h(?\ m;b'l'ty of the
noncollinear antiferromagnetic transition with spintermlna oxygen and the net activity decrease.
turning by 90 (Morin transition) acts as transition  For two Co-Mo-Bi—Fe-Sb-K-O nanocrystalline
generator and causes collective transition to a twicatalysts differing by the way of introduction of
nanostructure. Indeed, the temperature of twinningntimony and potassium, the mobility of lattice
phase transitionT, = 120 K for the nanosystem oxygen in the reaction of partial oxidation of propy-
coincides with the temperature of the antiferromaglene to acrolein was studied [12]. The amount of
netic-weak ferromagnetic transitioi, = 120 K. As lattice oxygen participating in the elementary stages
a result, the collective Morin transition (which is very of the reaction was determined by two independent
sensitive to defects in bulk material) initiates the newimethods: from the yield of oxygen-containing pro-

type phase transition. ducts of the oxidation of propylene with the catalyst
oxygen in the pulse mode and with the aid ob$A
d. Catalytic Properties sbauer spectroscopy. The agreement of the resulting

data shows that the active oxygen of the catalyst

The catalytic properties of a nanosystem ardattice is formed by redox transformations of ferric
determined by the surface state of a cluster, by themolybdate entering into the composition of the
cluster size, and by interaction of the cluster withcatalysts. The diffusion rate constants for the lattice
a matrix. oxygen were estimated within the frames of the dif-

) ) . . fusion m . It w hown that i i
Clusters in carbon and oxide matrices were mves-uso odel. It was sho that increasing oxygen

tigated. Clusters of iron oxide and metallic irOnmoblllty leads to increasing net catalyst productivity

3-10 nm in size were prepared by thermal decomposf"—md decreasing selectivity of the oxidation process.

tion of ferric oxalate with subsequent reduction in a

charcoal matrix [7]. Such nanosystems are used for ACKNOWLEDGMENTS
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