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Numerous experimental data indicate that nanosystems develop by stages. The evolution
route of closed nanosystems includes stages of nanoparticle nucleation, growth, ripening, and
agglomeration, and texture and composition ordering. In closed systems, nanodispersed sub�
stances occur in the nano�state for a limited period of time, which can be changed by varying
the supersaturation of the medium with respect to nanoparticles. Nanoparticles in open sys�
tems tend to degrade due to chemical transformations, dissolution, or evaporation and the
lifetime of open systems can be estimated. At every stage of development of nanosystems, the
rates of variation of the state parameters of nanoparticles fluctuate over a scale much exceeding
the molecular scale. The behavior of the set of nanoparticles is described by a Fokker—Planck
type equation, which may underlie the formulation of the principal equation of physicochemi�
cal evolution of nanosystem.
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Introduction

Substances composed of nanometer�sized particles
have always aroused the interest of researchers. In the last
decade, this interest enhanced due to the prospects of
nanotechnology.1 A large body of data on the formation
and subsequent variation of the properties of nano�
dispersed substances has been accumulated. Some of the
regularities are considered in this study using the experi�
mental results obtained mainly at the laboratory of Het�
erogeneous Processes, the Moscow State University.

In this paper, the behavior of nanosystems is consid�
ered in relation to the precipitation from aqueous solu�
tions, condensation, and gas chemical reactions of model
substances over rather narrow range of process condi�
tions. However, this does not deprive the results of studies
of the desired generality. All facts given below were inter�
preted resorting to mathematical models, which allow
one to reveal the generality of the regularities found and
to identify the range of conditions in which these regu�
larities are significant. Comparison of the generalized
mathematical models with experimental data demonstrates
that all real sets of nanoparticles formed in homogeneous
supersaturated media develop according to a unified sce�
nario described below, which ends, most often, in their
disappearance. Processes resulting in the degradation and
disappearance of nanosystems can be appreciably retarded,
which is the object of effort of synthetic chemists who
attempt to stabilize nanoparticles to male them "nano�
processable". In some cases, nanoparticles can be stabi�

lized for fairly long periods of time. However, this does
not violate the stages of the evolution route.

In this paper, we used a number of terms that require
explanation because the terminology used to describe
nanosystems has not yet been settled. A nanosystem is a
set of nanoparticles occurring in the gas, liquid, or solid
medium with a definite volume confined by walls. The
term nanoparticles is accepted to mean particles with di�
mensions of 0.1—100 nm. Particles with dimensions of
0.1—100 µm are called microparticles, and larger ones are
macroparticles. When the problems of mechanics are con�
sidered, they are referred to as nano�, micro�, and
macrobodies, respectively. A set of nanoparticles that can
be described by a definite chemical composition is called
a nanodispersed substance, irrespective of whether it ex�
ists as a powder, a suspension, or an aerosol. When dis�
cussing the state distribution functions of nanoparticles, it
is taken that fragmentation of macroparticles of a sub�
stance gives rise to the nanostate whose specific nature
requires a special term.

Three routes to nanodispersed substances

A substance can be transferred into the nanodispersed
state in three ways: by dispersing macroscopic bodies (frag�
mentation route), by evaporation or dissolution of macro�
bodies with subsequent formation of the nanobodies from
the resulting vapor or solution (condensation route), and
through a chemical reaction between macrobodies repre�
senting one reactant and a gas (or a liquid) as another
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reagent (topochemical route).2,3 In the case of the frag�
mentation route, mechanical, electromagnetic, or ther�
mal energy is pumped into the initial substance macro�
bodies in the pulse mode, thus exciting the macrobodies
to such an extent that they decompose into nanofragments.
In the condensation route, the vapor (or the solution)
formed upon evaporation (dissolution) of macrobodies is
made supersaturated and then bulk crystallization is trig�
gered. In the topochemical route, sorption of the first
reactant by the macrobodies of the second reactant is
induced under conditions in which the reaction product
separates in a nanodispersed state on the surface and in
the bulk of the macrobodies.

The conditions for implementation of the three routes
are diverse. However, in any case, each route includes the
same pattern of alternation of elementary processes, re�
sulting in a change in the properties of the nanodispersed
substance. Therefore, the key features of the elementary
processes that determine the evolution of the substance
particles can be elucidated on the basis of one route, for
example, the condensation one.

Condensation route of development of
a closed system

It follows from experiment that if separate molecules
of a given substance predominate in the system after su�
persaturation has been created, the formation of particles
of this substance starts with the appearance of clusters
composed of two or more molecules.4 The clusters are
formed via fluctuations. They appear and disappear, nu�
merous formation and decomposition events resulting in
the selection of the most stable configurations. The clus�
ters are mainly enlarged upon the addition of single mol�
ecules, the addition being more frequent for higher super�
saturation degrees; for invariable supersaturation, the ad�
dition frequency increases with an increase in the cluster
size. The frequency of cluster decomposition depends only
slightly on the supersaturation but decreases as the cluster
becomes larger. As a consequence, small clusters are en�
larged with a relatively low probability, but those that
have been able to become larger start to grow rapidly.5

A cluster that has occasionally reached the critical size at
which the probability of its decomposition is equal to the
probability of enlargement can be regarded as a nucleus of
the substance particle. The formation of nuclei (nucle�
ation) only from molecules of a given substance (homo�
geneous nucleation) is the fundamental process in the
condensation route of evolution of a substance contain�
ing no admixtures.6

Supersaturated media always contain impurity nano�
particles, which are almost impossible to remove. The
impurity nanoparticles adsorb molecules of this substance
and can be converted into the particle nuclei if adsorption

is polymolecular and occurs rather fast. When the super�
saturation is relatively low, this transformation (heteroge�
neous nucleation) prevails over homogeneous nucleation.
For high supersaturations, the homogeneous nucleation
predominates. This was shown, in particular,7 by direct
determination of the nucleation rates in supersaturated
aqueous solutions of ammonium chloride containing
specified amounts of added nano� and microcrystals of
strontium sulfate able to transform into the nuclei of
NH4Cl crystals.

The originated particles are enlarged due to the addi�
tion of separate molecules and small clusters and, later,
due to the combination of particles with one another
(Fig. 1). The rate G of enlargement upon the addition of
molecules is given by

G = υ0[ω(C/C∞)n – ν], (1)

where υ0 is the volume occupied by one molecule in the
particle, ω is the probability of addition of a single mol�
ecule to the particle per unit time (calculated based on
unit surface area of the particle), ν is the frequency of the
removal of molecules from unit surface area of the par�
ticle to the medium, C is the concentration of the sub�
stance in the medium, C∞ is its solubility, n is the sensitiv�
ity factor of the growth rate to the supersaturation.

The frequencies ω and ν depend on the particle size,
shape, and composition. These properties are different for
different particles; hence, each of them has its own rate G.8

Fig. 1. Block diagram of the condensation route of the evolution
of nanodispersed systems (NP are nanoparticles; PA are primary
agglomerates; SA are secondary and larger agglomerates).
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Direct measurements of the frequencies ω and ν for
CaF2 nanocrystals have shown9 that the difference be�
tween these frequencies for various nanocrystals is mainly
determined by differences between their sizes. The fol�
lowing relation is relevant

ν = ωexp[(lHn)/(l + l0)], (2)

where l is the effective particle size, lH and l0 are empirical
coefficients characterizing the upper and the lower limits
of the range of sizes in which a "strong" relationship be�
tween these frequencies exists.

Therefore,

G = υ0ω{(C/C∞) – exp[(lHn)/(l + l0)]}, (3)

Due to the molecular growth of particles, the sub�
stance concentration in the medium decreases at the rate

, (4)

where ρ is the number of moles of the substance per unit
volume of the particle, ϕ(l,t) = ∂N/∂l is the size distribu�
tion function of the particles at time instant t, N is the
number of particles with a size smaller than l in unit
volume.

According to relations (3) and (4), at a particular in�
stant tR, the concentration C decreases down to

C = C∞exp[lH/(lR + l0)], (5)

where lR is the smallest size of particles that make a no�
ticeable contribution to N.

At time tR, particles with size lR occur in the dynamic
equilibrium with the medium, because the frequency of
the addition of molecules to them is comparable with the
departure frequency. Beginning from time tR, the particle
ripening begins. When t > tR, the smallest particles start to
dissolve (evaporate) and, after a while, they dissolve com�
pletely. Subsequently, due to the decrease in C, the disso�
lution starts to involve larger and larger particles. This
goes on until the system contains only particles whose
size is much greater than lH.

The molecular growth of particles is usually compli�
cated by aggregation. During aggregation, the particles
that collide due to the Brownian motion or migration
together with the medium stick together and are held in
contact for a certain period. During this period, some of
them coalesce to form agglomerates,10 which serve as the
nuclei for further agglomeration (Fig. 2). These nuclei
grow upon successive adhering of new particles to them,
similarly to the growth of a particle through addition of
new molecules. After the formation of agglomerates, the
particles incorporated in them remain individual for some
period, but gradually the boundaries between them are
"healed". However, if the mechanical energy is inten�

sively supplied to the system, healing of the boundaries is
counteracted by agglomerate loading, which can result in
their fragmentation. All this has been revealed while ob�
serving natural processes and in experiments.11,12

The foregoing indicates that the condensation route of
the development of a closed system includes the following
stages: creation of supersaturation; particle nucleation,
growth, and ripening described by relations (1)—(5); and
agglomeration and agglomerate ordering, which may be
counteracted by the supply of the mechanical energy to
the system.

Nanostate life of a substance

According to experimental data, the properties of
nanoparticles are so specific that one can speak of a spe�
cific nanostate of the material in which all properties of its
particles {Xi} depend sharply on their size and vary with
time along an evolution route. Therefore, the complete
characterization of a substance existing in the nanostate is
provided by the property distribution function

,

where E(t) is the fraction of particles for which the state
parameters that characterize the properties do not exceed
simultaneously the {Xi} values at time t, p is the number of
properties involved in the consideration.

This function determines the set of application prop�
erties of a substance {X

–
i} such that

.

However, the ψ(Xi,t) function is difficult to derive. There�
fore, for approximate characterization of the nanostate,
one has to assume that all properties of a particle are

Fig. 2. Diagram of primary agglomeration in a suspension flow:
А is a site favorable for the addition of a nanoparticle; В is the
site for the addition of a primary aggregate.
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functionally related to its size; hence, instead of ψ(Xi,t),
one can use the ϕ(l,t) function provided that

, ,

where N0 is the number of particles per unit volume of the
system at instant t, l0 is the minimum size for which the
change in the state of the particle can be considered to be
continuous.

Experimental data indicate that the function ϕ(l,t) var�
ies during the nucleation, growth, and ripening stages in
conformity with the Fokker—Planck type equation

(6)

for

,

ϕ(l,0) = 0, ϕ(∞,t) = 0, (7)

where D is the fluctuation coefficient of the particle growth
and J is the nucleation rate. The growth rate G is de�
scribed by relations (1)—(3); for estimation, it can be
assumed that

D = aG,

, (8)

where a is the average fluctuation amplitude of the par�
ticle size, J0 is the characteristic rate of homogeneous
nucleation, NIm is the number of impurity nanoparticles
per unit volume of the initial system, ωIm is the probabil�
ity of transformation of the impurity nanoparticle into a
nucleus per unit time, m is the sensitivity factor of the
nucleation to the medium supersaturation.

Equations (6) and (7) describe the experimental data
concerning the nucleation and growth of the CsI, NH4Cl,
NH4Br, and ZrCl4 nanocrystals in the vapor phase, the
formation of amorphous Al2O3 nanoparticles upon hy�
drolysis of the AlCl3 vapor, the formation of the Fe(OH)3
nanoparticles upon alkalification of FeCl3 solutions, and
in many other cases.13—17 Therefore, relations (6) and (7)
underlie the formulation of the principal evolution equa�
tion for the variation of the state distribution function of
particles with time. The formulation implies the identifi�
cation of the development of the G, D, and J values for the
state parameters {Xi} of particles and the properties {yi} of
the medium.

The general form of the functions

G = G(Xi,yi),

D = D(Xi,yi),

J = J(yi)

has not been elucidated as yet. However, a large number
of data attest to abundance of systems to which rela�
tions (3) and (8) are applicable.

Equations (3)—(8) determine a number of conditions
under which the substance can occur in the nanostate.

The solution of Eqs. (6)—(8) showed that in a closed
system where

a = const, J0 >> NImωIm,

C0 >> C∞exp[lH/(lR + l0)]

the nucleation and the growth are almost completed over
a period of time comparable with the value

(9)

for

,

where C0 is the substance concentration in the initial
medium, q = m – n.

The average particle size at time instant t1 and at usual
values of q < 10 reaches

l
–

 = (0.74 + 0.14q)A1

for the variation coefficient

K = 0.52(q + 0.75)–0.35 + 0.74(a/A1)0.86(q + 1)0.35 (10)

and the size dispersion σ2 = (Kl
–

)2. The maximum particle
size lmax (the size greater than the sizes of 95% of the
particles) is close to the value

lmax = l
–

(1 + 1.5K).

It follows from these relations that under conditions (6)
and (7), a substance occurs in the nanostate at time t1
provided that

, (11)

,

where L is the upper limit of the nanorange, L2 is the
characteristic particle size of the given substance.

Condition (11) reflects the fact that in the condensa�
tion route, a nanodispersed substance is formed only at
q > 1 and a high supersaturation of the medium.

In a closed system under condition (11), a substance
exists for some period in the nanostate from where it is led
out by ripening. As has already been noted, the ripening
starts at instant tR when the concentration of the medium
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decreases down to a level defined by relation (5). Experi�
ments show that for estimates, it can be taken that t1 = tR
at lR = l

–
(1 – 2K).

When t > t1, the dissolving smaller particles maintain
supersaturation of the medium, thus facilitating the growth
of larger particles. The rate of the particle growth at l > lB
is given by

, (12)

where lB is the boundary size that separates the fractions
of dissolving and growing particles at the instant when the
frequency of addition of molecules to the growing par�
ticles is equal to ω. The boundary size

lB = lH/ln(C/C∞) – l0.

When t → t2, the largest particles reach the upper
boundary L of the range of nano�sizes. From this mo�
ment, the substance starts to depart from the nanostate.
The departure is over at instant t3, when almost all grow�
ing particles have reached the boundary L. The time span
from the instant the supersaturation is created up to in�
stant t3 is the period the substance exists in the nanostate.
The time span from t2 to t3 is the period of nanostate
elimination.

The time the substance exists in the nanostate can be
varied by varying the supersaturation at the ripening stage.
Indeed, if the substance concentration in the medium is
maintained at C = CR from time tR, then the t2 and t3
periods would be shortened as much as possible. In this
case, all particles except for the smallest ones would grow,
the boundary value lB = lR remaining invariable. The
growth rate G = dl/dt would increase with time according
to Eq. (12). The approximate integral of this equation for
nlH << lB has the form

t – t1 = B1F(l,l1), (13)

,

where B1 = (l0 + lR)2/(υ0ωnlH), l and l1 are the sizes of the
given particles at times t and t1.

It follows from relation (13) that

t2 = t1 + B1F(L,lmax), t3 = t1 + B1F(L,ls), (14)

where ls = l
–

(1 – K).
The t2 and t3 values are not strictly definite, as they

reflect the uncertainty in selecting the lmax and ls. How�
ever, more precise estimates will not change the general
picture.

Relations (12)—(14) define the conditions that allow
one to shorten the times t2 and t3 by increasing the sub�
stance concentration in the medium during ripening.

Analogous relations are suitable to estimate the condi�
tions under which the residence time of the substance in
the nanostate can be increased.

Stages of development of the nanosystem

In a closed system, a nanodispersed substance is
formed by stages (see Fig. 1). At the first stage, when
nucleation and nanoparticle growth predominate in the
system, the rate of substance accumulation in nano�
particles increases. Subsequently, this rate decreases to a
level where ripening of the new phase starts. During the
second stage when the ripening and agglomeration pre�
dominate, this rate continues to decrease but much more
slowly than at the end of the first stage. If agglomeration
proceeds faster than ripening, the second stage is followed
by the third stage in which ordering of the internal struc�
ture of the agglomerates is the predominant process. The
duration of the first stage is determined by relation (9),
and that of the second stage, by relation (14). The order�
ing of agglomerates requires time commensurable with
the value

t4 = X1
2/qs, (15)

where X1 is the agglomerate size, qs is the diffusion coeffi�
cient of atoms in the particle bulk.

Observations showed that in all of the systems we stud�
ied, agglomeration is much slower than the nanoparticle
growth. The nanoparticles are quickly joined into disor�
dered aggregates (floccules), but their ordering proceeds
slowly.

Examination of the floccules of Fe(OH)3 and
Ca3(PO)2 formed in an aqueous medium at 300 К has
shown that both have irregular shape, which in some cases
approaches a spherical shape. The floccules are not
fractals. Their size and shape change markedly even on
minor variations of the intensity of movement of the me�
dium. The nanoparticles inside the floccules form a net�
work structure in which the fraction of the nanoparticle
surface area that falls on their contacts with one another is
not greater than several percent. In the floccules of the
Fe(OH)3 nanoparticles having a filamentary shape, the
nanoparticles contact mainly by the ends of the threads.
In the floccules composed of the lamellar calcium phos�
phate nanoparticles, some of them contact by the bases of
the plates, and other, by the lateral faces of the plates,
giving rise to a network structure. In both cases, the for�
mation of floccules is the first stage in the spatial ordering
of the nanosystem. Similar floccules were detected in a
sharply cooled CsI vapor.

Subsequently, groups of accreted nanoparticles, which
are the nuclei of agglomerates, are formed either inside or
outside the floccules. These nuclei are mainly enlarged
through the addition of separate nanoparticles, similarly
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to the growth of nanoparticles through the addition of
molecules. If the nanoparticles are polyhedral, the ag�
glomerates also tend to acquire a polyhedral shape (Fig. 3).
The nanoparticle growth and agglomeration steps prove
to be kinetically similar: in both stages, the change in the
state of particles can be described by the same equation
where the states of the primary nanoparticles and agglom�
erates are characterized by the same state parameters {Xi}
(Fig. 4). The kinetic similarity of the stages seems to be an
important feature of the development of these nano�
systems.13,14

If a sufficient amount of mechanical energy is sup�
plied to the system, agglomeration becomes multistage. If
the suspension is stirred rather vigorously at the end of the
agglomeration stage, the disordered agglomerates of an
irregular shape are destroyed. Densely packed agglomer�

ates are accumulated in the system and gradually they
acquire a polyhedral shape. As time elapses, most of
nanoparticles find places in the agglomerates where they
are held rather firmly in order to resist the destruction
(see Fig. 2). Gradually, the agglomeration slows down,
which can be considered as completion of its first stage.
A regular shape of the agglomerates formed at this stage
(primary agglomerates) is not favorable for their joining
into secondary agglomerates. Nevertheless, groups of
accreted primary agglomerates whose shape is favorable
for enlargement are accumulated in the suspension. The
appearance of these groups (which are the nuclei of sec�
ondary agglomerates) results in acceleration of the ag�
glomeration, i.e., in the beginning of the second ag�
glomeration stage in the system. The pattern of multistage
agglomeration discovered in a suspension of BaSO4
nanocrystals in a supersaturated aqueous solution is shown
in 5. The multistage pattern of the agglomeration is mani�
fested in the fact that the agglomerates acquire an hierar�
chical structure, which becomes more complicated from
one stage to another.

Nanosystem variability

The variability of nanosystems implies that the rates of
processes in their bulk are highly sensitive to minor
changes in conditions. There exist mechanisms in nano�
systems that enhance minor fluctuations and bring them
to a macroscopic scale.18,19 Due to these mechanisms,
under almost identical conditions when fluctuations in

Fig. 3. Polyhedral secondary agglomerate of CaSO4•0.5H2O
nanocrystals formed in a moving suspension (Т = 353 К, phos�
phoric acid medium, supersaturation ξ = 1, Reynolds number
Re = 170, enlargement time t = 1.6•104 s).

Fig. 4. Integral distribution functions of nanocrystals and pri�
mary and secondary agglomerates of hydroxyapatite (sample
was prepared by the jet method at 300 K; θ is the fraction of
particles whose size is smaller than l; lN is the normalizing fac�
tor): (1) primary nanoparticles (lN = 20 nm), (2) primary ag�
glomerates (lN = 500 nm), (3) secondary agglomerates (lN =
7 µm), (4) secondary agglomerates after boiling (lN = 150 µm).
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Fig. 5. Change in the particle shape of barium sulfate during
their formation in an aqueous solution with a high initial super�
saturation: (1) filamentous nanocrystals, (2) primary ring ag�
glomerates, (3) and (4) secondary ring agglomerates before and
after morphological ordering, (5) and (6) tertiary agglomerates
before and after the morphological ordering.
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the operation of devices that control the processes do not
exceed the mechanical tolerance, processes may occur at
essentially different rates and result in essentially different
property distribution functions of the substance particles.

The nucleation process is especially variable. One fac�
tor responsible for the variability of nucleation is super�
saturation. In the case of low supersaturations, the nucle�
ation rate is relatively low. The increase in the supersatu�
ration up to a certain "critical" level (metastability bound�
ary) results in a sharp acceleration of nucleation.20 In
some systems, this acceleration is so pronounced that
uncontrolled overstepping of the metastability boundary
may induce unexpected nucleation surges.

In the media with low supersaturation in which het�
erogeneous nucleation predominates, uncontrolled ad�
mixtures that change the particle nucleation and growth
rates are mainly responsible for the variability. Thousands
of substances able to pass into liquid or gas media have
been detected in the atmosphere. Many of these sub�
stances occur in the air as nanoparticles whose concen�
tration is 1011—1014 m–3 under ambient conditions and
cannot be reduced below 108 m–3 even by a thorough
purification.21 Therefore, any environment contains hun�
dreds admixture substances as molecules and nano�
particles, the amount of each admixture depending on the
medium prehistory, which is unique. The results of con�
tinuous monitoring of the radioactivity of the air as it
passes through a measuring chamber mounted in a region
of Serbia provide as example of oscillations of the admix�
ture content in the environment (Fig. 6). This radioactiv�
ity was due to the decay of 212Pb that entered the detector
together with the air, so that the oscillations of the radio�
activity level reflected the fluctuations of the admixture
concentrations in air.22

Real environments most often contain admixture
microcrystals, which are also difficult to remove. The
surface of the admixture microcrystals usually has active
sites on which the nuclei of the substance are formed.
This was demonstrated in relation to a celestine (SrSO4)
crystal placed in a supersaturated aqueous solution of
K2SO4.23 It was found that a fairly large number of K2SO4
microcrystals nucleate and grow on the crystal surface at

the supersaturation ξ0 = 0.6 and a temperature of 288 К.
During the second exposure of this crystal in a solution
with the same properties, the time that elapsed before
microcrystals appeared on each surface microsection was
different. On the same microsection and seemingly under
the same conditions, a microcrystal appeared sometimes
within minutes and sometimes within hours. Generally,
the microcrystals were distributed over the nucleation fre�
quencies according to the broad Raley distribution.

The admixture microcrystals can be represented by
nano� and microcrystals of the same substance formed
earlier. Under certain conditions, these seed crystals can
induce the secondary nucleation, one crystal being able
to give rise to a multitude of particles of this compound
(nucleation avalanche). In the case of formation of this
avalanche, the occasional formation of single seed crys�
tals in the initial medium can induce transition of the
whole system into the nanostate. Transition of this type
has also been detected on decomposition of solid solu�
tions, CaF2—GdF3, CaF2—EuF3, and CaF2—TbF3.24—26

It was found that a single crystal of a solid solution
grown by the Bridgman method (by drawing the crystal
from a CaF2 melt containing EuF3) and cooled can be
converted into a supersaturated medium in which EuF3
particles may nucleate. The nucleation probability is rela�
tively low; therefore, the first nuclei appear rather rarely
in the single crystal bulk. When the EuF3 concentration
is 5 mol % and the temperature is 900 К, the fre�
quency of the appearance of primary seeds amounts to
~5•1010 m–3 s–1. Each primary seed triggers the appear�
ance of the EuF3 nanoparticle bunches (Fig. 7). The
nanoparticles are not manifested in the X�ray diffraction
patterns of the single crystal and do not deteriorate its
optical properties. Their number increases with time and
they coherently grow together, thus forming the microc�
rystals of europium trifluoride. Thus, the transition of
europium trifluoride from the solid solution into the
nanostate is accelerated by the secondary nucleation,
which gives rise to nanoparticle bundles, apparently, due
to the development of nucleation avalanches.

In liquid media with low supersaturation, the repro�
duction of particles through the secondary nucleation takes
place with intense supply of mechanical energy to the
system. The reproduction intensity depends on the way of
mechanical energy supply and the design features of the
reactor; minor modifications in the reactor shape may
give rise to pronounced effects. For example, in the
polythermal crystallization of ammonium perchlorate
NH4ClO4 from an aqueous solution in a crystallization
beaker with a stirrer, the size of the production particles
proved to be sensitive to the width of the gap between the
stirrer and the beaker bottom. In repeated experiments,
the gap width was maintained equal within the mechani�
cal tolerance. However, this did not ensure an equal num�
ber of particles in the crystallization vessel at the end of

Fig. 6. Results of the continuous monitoring of the radioactivity
of the near�surface air in a Serbian region22 (C and C0 are the
current and initial concentrations of 212Pb in air).
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each experiment. The results of repeated experiments
showed a distribution over the number of production par�
ticles (NF) in the vessel according to a broad distribution
function (Fig. 8). The difference between the number of
production particles was due to fluctuations of the gap
width, which proved to be significant, although remained
within the limits of the mechanical tolerance. This con�
clusion is confirmed by the fact that a sharp increase in
the gap width resulted in an equally sharp displacement of
the distribution function ϕ(NF) toward smaller NF. Ap�
parently, narrowing down of the gap promoted the repro�

duction of microcrystals, while the reproduction changed
this function.

In the media with high supersaturations, the fluctua�
tions of the nucleation rate are mainly due to the system
inhomogeneity. In order to create higher supersaturations,
substances and energy should be supplied to the system
with high intensity, which is associated with an increase
in the gradients of the properties of the medium and flow
turbulization. This gives rise to a random distribution of
the medium supersaturation over the system bulk and
oscillations of the nucleation frequency.

Role of growth rate fluctuations

According to experimental data, the crystals occurring
simultaneously in the same solution grow at different rates,
the instantaneous growth rate of each crystal fluctuating
with time, i.e.,

GM ≡ dl/dt = G + ξ(l,t),

where G is the rate of directional change in the crystal
size, ξ(l,t) is a random function that describes the ampli�
tude of the deviations of the instantaneous growth rate
from G.

The rate G may be substantially different for crystals
with different defectiveness, and the function ξ(l,t) can
apparently have different forms. The results of measure�
ments of the growth rate for one face of a single micro�
crystal of the CaSO4•2H2O dihydrate in a steady�state
flow of a supersaturated solution are shown in Fig. 9. This
rate is the result of averaging of the instantaneous rate
over a short interval ∆t and, therefore, it is close to Gm.
The amplitude of fluctuations of the rate Gm is commen�
surable with the rate G, i.e., this is a macroscopic value.
The ξ(l,t) function was found to be centered and delta�
correlated.

Fig. 7. Bunches of EuF3 nanoparticles in the bulk of the CaF2
single crystal prepared from a melt by the Bridgman method.

10 µm

Fig. 8. Distribution of successive crystallizations of ammonium
perchlorate over the numbers of particles formed in the crystal�
lization tank by the end of the process. The gap between the
edge of the stirrer and the tank bottom is 2.28±0.06 mm (1) or
11.64±0.09 mm (2); θF the fraction of crystallizations in which
the particle number is smaller than NF, N

–
F is the average value

for a series of crystallizations.
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–

F

1.0

0.5

0

θF

1

2

Fig. 9. Growth rate of the (001) face of the calcium sulfate
dihydrate microcrystal growing in a steady�state flow of a super�
saturated aqueous solution; G

–
M is the average rate for a 3 h

observation.
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The magnitude of the growth fluctuations of the
nanocrystals can be estimated from published data,27

which states that the rate of propagation of the monolayer
over the surface of the growing BaSO4 nanocrystal can
randomly change several�fold. Substantial fluctuations of
the growth rate are also indicated by high magnitudes of
parameter a given in Table 1.

The parameter a was determined by comparing the
experimental data on the function ϕ(l,t) with the results
of numerical solution of Eqs. (6)—(8) and minimizing the
deviations of the calculated data from experimental ones.
In all these systems, the change in the distribution func�
tion upon variation of the parameter a is not sufficiently
pronounced to enable accurate determination of its val�
ues. However, the estimates presented in the Table 1 seem
reliable. The a value characterizes the deviation of the
growth front from ordered motion caused by fluctuations.
It can be seen that the scale of such deviations is much
greater than the molecular scale.

The main reason for the macroscopic fluctuations of
the growth rate is the cooperative interaction of atoms,
manifested as the formation of two�dimensional clusters
on the surface of growing particles. The relationship be�
tween the fluctuations and two�dimensional clusters has
been repeatedly identified experimentally. For example,
it was found that the atomically smooth face of an Ag
single crystal placed in a slightly supersaturated solution
does not grow until a cluster of closely spaced adsorbed
Ag atoms (two�dimensional nucleus) is formed on its sur�
face. The two�dimensional nucleus rapidly spreads over
the face, which becomes covered by a monolayer of at�
oms. After that, the face does not grow again until the
next two�dimensional nucleus is formed on the surface,
and so on. During the waiting periods for the two�dimen�
sional nuclei, the instantaneous rate of the single crystal
growth is equal to zero, while that during the monolayer
deposition sharply increases.28 This is due to the fact that
for an Ag atom that passes to the surface from a solution,

it is much more difficult to become attached to the atomi�
cally smooth face than to stick to the atomic group of a
two�dimensional nucleus. Whereas the formation of the
two�dimensional nucleus is a molecular�scale fluctuation,
the deposition of the monolayer represents the develop�
ment of the molecular fluctuation to a macroscopic scale.
This development takes place in all systems in which the
parameter a satisfies the condition

a >> υ0/4πl2. (16)

When condition (16) is fulfilled, then in closed sys�
tems at the nucleation and growth stages, Eq. (6) is appli�
cable and nanoparticles have a broad size distribution. If
G ≠ G(l), the size dispersion increases by a square law
according to relation (10) as the nanoparticles are en�
larged. The increase in the dispersion continues at the
beginning of the ripening stage. The dispersion decreases
only by the end of ripening. However, long before this
decrease, almost all nanoparticles exceed the bounds of
the nanorange of sizes. Within the nanorange, the disper�
sion increases monotonically with particle enlargement if
the growth rate does not depend on the size. If the growth
rate decreases with enlargement of nanoparticles, the dis�
persion may decrease with time, which is usually utilized
in attempts to prepare monodisperse substances.29

Fluctuations of the growth rate are favorable for faster
segregation of the nanodispersed substance from the su�
persaturated medium. This can be derived from rela�
tion (9), which implies that an increase in a entails a
decrease in the time t1 needed for the segregation of the
main bulk of the substance. However, the variation coef�
ficient of the nanoparticle size simultaneously increases
(Eq. (10)), i.e., the degree of ordering of the substance in
the space of sizes. Thus, the fluctuations of the growth
rate result in a faster formation of the nanodispersed ma�
terial, which is, however, less ordered.

Apparently, a similar situation occurs in the agglom�
eration phase in which the agglomerates have already
grown to a size much exceeding the nanoparticle size but
still capture more nanoparticles. This is indicated by the
kinetic self�similarity of the growth and agglomeration
stages.

Spontaneous ordering of the particle structure

The inner state parameters of the nanoparticles and
agglomerates continuously change. Particles get free from
excess admixturies they have captured in the fast growth
stage. If the particles are initially amorphous, they are
transformed into nanocrystals. If the particles are formed
as nanocrystals, the structural growth defects are "healed"
in their bulk and their habitus approaches the equilibrium
one. All these processes are versions of the internal order�

Table 1. Experimental data on the scale of fluctuations of the
particle growth rate in an aqueous medium at 295 К

Compound l
–

/nm a/nm a/l
–

BaSO4 1.53±0.02 0.5 0.3
Fe(OH)3 1.75±0.09 0.035 0.02
CaF2 4.0±0.3 0.08 0.02
BaCO3 4.16±0.04 1.0 0.25
BaSO4 8.0±0.1 1.0 0.12
Ca3(PO4)2 29.2±0.03 2.2 0.07
Cd(OH)2 30±1 1.0 0.03
Mg(OH)2 30±1 0.5 0.015
ZnC2O4•2H2O 150±5 1.3 0.01
BaSO4 (5.0±0.01)•103 250 0.05
NaCl (1.0±0.01)•104 400 0.04
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ing of particles, i.e., they promote the particle properties
toward those of a perfect crystal. The disorder of a sepa�
rate particle can be expressed by the coefficient

,

where XiE is a state parameter of a reference crystal.
In the case of crystalline substances,

{Xi} = b
–

,Wdi,WIi,qi,

where b
–

 is the average "interatomic" distance, Wdi and
WIi are the numbers of structural defects and admixture
atoms of one sort in the crystal bulk, qi is the fraction of
atoms emerging onto one crystal face.

The disorder of all particles in the system is described
by the coefficient

.

Under condition (11), which ensures the formation of
substance in the nanostate, amorphous particles are often
formed and subsequently they are transformed into crys�
tals. The transformation takes place either through disso�
lution of amorphous particles with simultaneous crystal
nucleation and growth (recrystallization route) or by trans�
formation of every amorphous particle into a crystal with�
out dissolution (topochemical route). The transformation
by a recrystallization route has been detected in the pre�
cipitation of potassium polyvanadate from an aqueous
medium. The topochemical route is involved in the trans�
formation of amorphous tricalcium phosphate into hy�
droxyapatite. In this case, as shown by high�resolution
electron microscopy (Fig. 10), numerous crystalline
nanosections are formed rather slowly in the bulk of each
primary amorphous nanoparticle; the combination and
coherent accretion of these nanosections gives rise to hy�
droxyapatite nanocrystals.30 The interatomic distances in
the hydroxyapatite nanocrystals virtually do not differ from
the distances in the reference single crystals. No disloca�
tions were detected in the nanocrystal bulk, i.e., the
nanocrystals are distinguished by low structural disorder.
However, they are essentially morphologically disordered,
their shape changing with time from ~1 nm thick plates to
isometric hexagonal prisms typical of bulk hydroxyapatite
crystals.

The low structural disorder of the hydroxyapatite
nanocrystals is, apparently, a consequence of their rela�
tively slow formation. If nanocrystals are formed rapidly,
their disorder is usually high.

One reason for the structural disorder of nanocrystals
is the formation of growth vacancies. During the crystal

growth, some of the point positions of the crystal lattice
remain vacant. As a result, the density of the growing
crystals is lower than the density of crystals that do not
grow and the self�diffusion in their bulk is more intensive
than that at thermal equilibrium. In particular, the den�
sity of the CaSO4•2H2O microcrystals after completion
of the growth is 4—5% lower than that of the perfect
crystals, this decrease being due to the growth vacancies,
as demonstrated by positron defectoscopy.31 The self�
diffusion coefficients of the growing BaSO4 microcrystals
are 4—8 orders of magnitude greater than those of the
equilibrium crystals.32,33

The simplest interpretation of these facts as applied to
nanocrystals that grow by the layer�by�layer mechanism
in a supersaturated solution is as follows. During the layer�
by�layer growth, two�dimensional clusters rarely origi�
nate but rapidly spread over the crystal surface (Fig. 11).
During the spreading, each cluster captures an excess
amount of the solvent, while a large number of points in
its lattice remain vacant. This is followed by cluster order�
ing, and its properties approach those of the surface mono�
layer of a perfect nanocrystal. The ordering is relatively
fast until the crystal surface is coated by the next cluster.
When this takes place, the molecules of the given cluster
lose mobility and the ordering is sharply retarded. As a
result, the solvent and the vacancies that occurred in the
cluster at the coating instant pass to the crystal bulk.

During the period of time τ between the coverings of
some section of the surface by this and next clusters, the

Fig. 10. Electron micrographs of a calcium phosphate particle at
early stage of isolation from a supersaturated aqueous solution.
In the amorphous body of the particle, one can see the crystal
nuclei with sizes comparable with the size of the hydroxyapatite
unit cell.

0.281 nm
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proportion W of the vacant point positions in the section
varies at the rate

dW/dt = νSLWL + νSM(1 – WL – W) – νW

for t = 0—τ = h/G,

where νSL and νSM are the probabilities that solvent mol�
ecules and molecules of the major component will be
removed from the surface monolayer to the solution per
unit time; WL is the fraction of the point positions occu�
pied by the solvent; ν is the probability of filling a vacancy
per unit time; and h is the monolayer thickness.

It can be written that

W(0) = W0, WL(0) = WL0,

ν = ωLCL + ωMCM + νV,

dWL/dt = ωLCLW – νSLWL,

where W0 and WL0 are the fractions of vacant points and
those occupied by the solvent immediately after the sec�
tion has been covered by the cluster, ωL and ωM are the
frequencies of transition of the solvent and matrix sub�
stance molecules from unit bulk of solution to the mono�
layer vacancies, CL and CM are the concentrations of the
solvent and the matrix substance in solution, νV is the
probability that the vacancy will pass to the nanocrystal
bulk per unit time.

At time τ, the W and WL values are equal to W(τ)
and WL(τ), which gives the concentrations of vacan�

cies and solvent molecules that have passed to the crys�
tal bulk

WT = χW(G)W(τ), WLT = χL(G)WL(τ),

where χW(G) and χL(G) are functions that describe the
behavior of vacancies and the solvent as this section is
being coated by the next cluster.

It follows from the foregoing that if the condition

νSL >> ωLCL,νSM,

holds, so that the crystal contains virtually no solvent
molecules at equilibrium, then

WT = χW(G){WE + (W0 + Φ – WE)×

×exp[–(ν + νSM)h/G] – Φexp(–νSLah/G)}, (17)

where WE = νSM/(ν + νSM) is the equilibrium concentra�
tion of vacancies in the monolayer,

Φ = WL0(νSL – νSM)/(νSL – νSM – ν).

According to relation (17), at high supersaturations,
when the condition

G ~ h/νSL >> h/(ν + νSM),

G ~ hνSL >> h(ν + νSM), (18)

is fulfilled, the concentration of vacancies in the crystal
grows as G decreases. Under these conditions, when
χW(G) = χW,

WT = χW{W0 + Φ[1 – exp(–νSLh/G)]}.

When condition (18) is fulfilled, the change in the num�
ber of vacancies in the crystal is determined by the depar�
ture of solvent molecules from the monolayer, the possi�
bility of such departure increasing with a decrease in G.

When the growth rate has decreased down to a level
such that

G ~ h(ν + νSM),

the concentration WT starts to decrease following the de�
crease in G to approach the equilibrium value. In ad�
dition,

WT = χW{WE + (W0 + Φ – WE)exp[–(ν + νSM)h/G]},

so that the disorder coefficient is

Z(W,t) = (W0 + Φ – WE)exp[–(ν + νSM)h/G].

It can be seen that within the framework of this model,
the disorder of the growing crystal varies non�monotoni�
cally following a decrease in the growth rate. At high
rates, the concentration of vacancies increases with a de�
crease in G due to vacation of the point positions occu�

Fig. 11. Surface structures formed during the nanocrystal growth:
(1) adsorbed solvent molecule, (2) adsorbed molecule of the
major substance, (3) two�dimensional cluster on the face,
(4) vacancy in the surface monolayer, (5) two�dimensional clus�
ter at the crystal vertex, (6) molecule coming from the medium,
(7) immured vacancy, (8) vacancy covered by the cluster, (9) in�
ternal solvent molecule.
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pied by solvent molecules. At low rates, the vacancy con�
centration diminishes with a decrease in G as the excess
vacancies are filled by molecules of the matrix substance.
Correspondingly, the vacancy disorder factor first in�
creases and then decreases. However, this does not mean
that the full disorder coefficient Z(Xi,t) also varies non�
monotonically as the growth is retarded. The increase in
Z(W,t) at high G is accompanied by a decrease in the
disorder coefficient of the crystal composition, related to
the release of the solvent captured out of equilibrium.

Ordering of the particle composition

During fast growth, the nanocrystals capture excess
amounts of those admixtures for which the equilibrium
со�crystallization coefficient is smaller than unity and
deficient amounts of admixtures for which this coefficient
is greater than unity. In particular, the BaSO4 nanocrystals
and their agglomerates that are formed in aqueous media
on mixing solutions of K2SO4 and BaCl2 capture substan�
tial excessive amounts of water, KCl, and K2SO4. These
admixtures having a low со�crystallization coefficient are
released to the medium with time. When the average size
of nanocrystals l

–
 = 100 nm and the experimentally mea�

sured diffusion coefficient of the admixture in the particle
bulk qs = 10–20 m2 s–1, this requires a time period of about

ta = l
–2/qs = 106 s. (19)

Relation (19) characterizes the duration of the ordering
period of the admixture composition of the substance.

The ordering of the admixture composition of the sub�
stance can be sketched in the following way. At the nucle�
ation and growth stages, each particle adsorbs any admix�
ture in conformity with the adsorption isotherm

θA = BACadmix/(1 + BACadmix + BMCM),

where θA is the fraction of the adsorption sites occupied
by admixture molecules, Cadmix and CM are the admixture
and matrix substance concentrations in the medium near
the particle, BA is the adsorption coefficient of the admix�
ture, BM is the self�adsorption coefficient of the matrix
substance.

The two�dimensional clusters formed on the particle
surface spread over the surface and thus capture some of
the adsorbed admixture; as a result, each section of a new
monolayer contains, immediately after deposition, the
admixture in the concentration

Cs0 = χA(G)θA.

Here, χA(G) is a function characterizing the interaction of
the admixture with the spreading cluster. After deposition
of this monolayer, the admixture molecules can pass, dur�
ing the period τ = h/G, into the adsorption layer and then
to the medium. Simultaneously, an additional amount of

the admixture may pass into the monolayer from the ad�
sorption layer. As a result, within time τ after the mono�
layer deposition, the admixture concentration in each of
its sections can change to reach the value

Csτ = Cs0χτ(G),

where χτ(G) is the function characterizing the admixture
redistribution between the monolayer and the medium
after the deposition. At time τ, this monolayer section is
coated by the next monolayer, i.e., becomes inside the
particle bulk. The admixture concentration in the given
section changes up to

Cs = Csτχs(G),

where χs(G) is the function that reflects the displacement
of the admixture from the given section by the new mono�
layer.

After the admixture molecules have been coated by
the next monolayer, they lose mobility and remain in the
particle bulk up to the end of the nucleation and growth
stages, so that

.

Here mA is the amount of the admixture captured by the
particles at the nucleation and growth stages.

The functions χA(G), χτ(G), and χs(G) in the general
form are unknown. In some systems, the conditions
BACp << 1, BMCM << 1, χA(G) = χA = const, χs(G) = 1, and
ωs ≠ ωs(G) hold, so that

Cs = [KE + (χABA – KE)exp(–ωsh/G)]Cadmix,

where KE = ωL/ωs is the coefficient of the equilibrium
distribution of the admixture between the surface mono�
layer of the given particle and the medium, ωL and ωs are
the probabilities of transition of an admixture molecule
from the medium to the monolayer and back per unit time.

It follows from the foregoing that in an open system
where the composition of the medium is maintained in�
variable, the disorder factor for the admixture composi�
tion of the particles is as follows:

Z(Cs,t) = [(χABA)/KE]2exp(–2ωsh/G). (20)

If the growth rate depends slightly on l, then

Z(Cs,t) = Z(t). (21)

In the case of a closed system, relations (20) and (21)
characterize the disorder of the particles at the moment
when the concentration of the medium is close to Cadmix
and the rate does not differ much from G.

The foregoing illustrates a common feature of the de�
velopment of nanosystems, namely, a time lag between
ordering and particle enlargement. At the growth stage,
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particles compete for the solute and those that grow faster
have an advantage. However, the particles that grow faster
are more disordered. The ordering of particle composi�
tion and structure mainly takes place at the ripening stage
when the particles release the admixtures captured out of
equilibrium and "heal" the growth defects of the structure.

Complication and degradation of nanosystems

Experiments indicate that during the formation of a
nanodispersed substance, the system becomes more com�
plex. The number of nanoparticles in its bulk increases.
Both amorphous and crystalline particles appear; more�
over, the crystals may be of diverse shapes. Agglomerates
are formed and some acquire an hierarchical structure.
A variety of impurities and structural defects atypical of
equilibrium crystals are accumulated in the nanoparticle
bulk. If one takes the number of parameters {Xi} that
characterize unambiguously the state of the particles as an
index of system complexity, one can state that by the end
of growth and agglomeration stages, the system becomes
most complex. During the ripening and composition or�
dering, the complexity index decreases if this is not op�
posed by external impacts on the system.

The decrease in the system complexity is facilitated by
the fact that any substance remains in the place where it
has been formed only for a limited period of time. Sooner
or later it gets into a system whose medium is not satu�
rated enough with respect to the given substance. In man�
generated systems, this occurs due to the removal of the
substance from the reactor, while in natural ones, this is a
result of medium dilution. Immediately after the medium
has become unsaturated, vaporization or dissolution of
particles starts. The vaporization (dissolution) can pro�
ceed at an exceptionally low rate, but this rate is finite.
Therefore, if the substance occurs in an unsaturated gas
medium, it will completely pass into the vapor after a
certain period of time. This time is commensurable with
the tK value determined by the ratio

, (22)

where m0 is the mass of the molecule, P∞ is the saturated
vapor pressure at the ambient temperature Т, P is the
partial pressure of the vapor of the given substance at
time t, β(t) is a function characterizing the retardation of
nanoparticle vaporization by adsorbed molecules or by
surrounding solids.

The β(t) value can be decreased by introducing special
additives, which form shielding molecular layers on the
nanoparticle surface.34 The β(t) value decreases also upon
introduction of nanoparticles into porous solids35 or ap�
plication of nanoparticles on substrates, which prevent

vaporization.36 However, β(t) > 0 in all cases. Therefore,
when Р < P∞, the time of existence of any nanoparticles is
finite. Since the condition Р < P∞ always holds, it can be
concluded that a typical evolution route of a substance
obtained from a supersaturated vapor and not subjected to
chemical transformations is as follows.

In a vapor whose pressure satisfies condition (11) for
P/P∞ = C0/C∞, numerous nanoparticles appear and grow.
As a result, the vapor pressure decreases to the level

P = P∞exp[lH/(lR + l0)]

in time t1 (Eq. (8)). At time t1, the vapor starts to leave the
system, and, hence, the vapor pressure decreases to a
level that randomly varies with time around an invariable
average value P

–
. Due to the decrease in the vapor pres�

sure, the nanoparticles vaporize; complete vaporization
of all nanoparticles at β(t) = β, according to relation (22),
takes place in time

tK = lM(2πm0kT )1/2/[υ0(P∞ – P
–

)β].

Probably, cyclic routes are also possible; one of them
can occur under the following conditions. The saturated
vapor with the volume V0 is compressed to the volume V1,
at which the vapor concentration C corresponds to condi�
tion (11), and maintained at V1 = const and at a constant
temperature during time t1. Then the system is expanded
to the starting volume V0 and kept at V0 = const and the
starting temperature during time tK.

If at t > t1 a reagent capable of entering into a
topochemical reaction with nanoparticles gets into the
system and the reagent concentration is sufficient for satu�
ration of the medium by the reaction product, the
nanoparticles undergo chemical degradation. Each nano�
particle is coated by a layer of the reaction product, which
gradually spreads over its bulk. Complete degradation re�
quires time commensurable with td.

Principal evolution equation

Numerous experimental data indicate that a one�pa�
rameter description of a nanosystem operating by the func�
tion ϕ(l,t) is not always adequate. The one�parameter
description is based on Eq. (6), which is consistent to a a
substantial extent with experimental results in the case of
spatially homogeneous systems and an isometric habitus
of the nanoparticle.37,38 However, many real nanosystems
are spatially inhomogeneous, being composed of plate�
like or filamentous nanocrystals; as a result, for example,
in systems containing Mg(OH)2, Cd(OH)2, EuPO4•H2O,
BaSO4, and Ca5(PO4)3OH nanocrystals, it was necessary
to take into account the habitus anisotropy.39,40 There�
fore, it is expedient to pass from a one�parameter to a
multiparameter description in which the primary nano�
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particles and agglomerates are characterized by eigen func�
tions of state distribution. A change in each of these func�
tions is determined by the equation

, (23)

where G0j and D0j are the rate of the directed spatial mo�
tion and the diffusion coefficients of particles of sort j,
respectively, Gij is the rate of a directed change of one
parameter of the inner state of the particles, aij is the
average fluctuation amplitude of the parameter Xi, pj is
the number of parameters describing the state of particles,
and Qj is the intensity of formation of particles of the
given sort from particles of other sorts.

Here

Gij = (dxi/dt)j = G(Xi,yi),

aij = a(Xi,yi), Qj = Q(Xi,yi,ψi),

and the amplitude aij of the habitus fluctuations is not
substantial enough to violate the condition

(aij/x–i) < 0.1,

although the scale of fluctuations markedly exceeds the
molecular scale.

Equation (23) does not take into account the discrete
nature of the addition of molecules to or their abstraction
from primary nanoparticles or particles from agglomer�
ates; therefore, it describes only qualitatively the early
stages of nucleation. However, the agreement between
experimental data and relation (6) indicates that this limi�
tation is insignificant. For many systems, Eq. (23) can be
markedly simplified, for example, as applied to later phases
of agglomeration or to the ripening. However, this does
not deprive this equation of its general meaning.

Conclusion

The experimental data available for nanosystems gives
an idea of what phenomena and processes accompany the
formation, ordering, and degradation of nanosystems. It
is clear that closed systems develop nonmonotonically.
During the nucleation, growth, and agglomeration, the
morphological and structural diversity is extended, while
at the ripening and structural ordering stages, it narrows
down. At the initial stage of development, closed nano�
systems are disordered, while at the final stage, they are
ordered. In open systems, evolution usually leads to dis�
appearance of nanoparticles. In systems of any type, a
directed change in the state of particles occurs against the
background of substantial fluctuations of process rates,

the scale of these fluctuations being much greater than
the molecular scale. As a result, the distribution function
of particles over state parameters varies according to a
Fokker—Planck type equation. This fact may underlie the
formulation of the principal equation of the physicochemi�
cal evolution of nanosystems based on Eq. (23).
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