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Abstract. Various theoretical and experimental methods for
studying nucleation are considered. Since theoretical methods
have fundamental limitations, information is gained from exper-
imental research. It is demonstrated that the nucleation theory is
entering a new phase of development, which is going to be, in
essence, semiempirical. A semiempirical method for constructing
nucleation rate surfaces is described. The topology of these
surfaces in the limit of the zero nucleation rate can be determined
using phase equilibrium diagrams. This opens up possibilities for
revising certain approximations employed in experiments and
particular axiomatic statements of the classical nucleation theory.
Examples of the practical use of nucleation essential for the
development of modern technologies are given. The bibliography
includes 396 references.

I. Introduction

In the last two decades, the problems of nucleation have attracted
considerable interest. These problems are related to many disci-
plines and the vast majority of systems in which first-order phase
transitions can occur. The available nucleation theories are
arbitrarily divided into the so-called ‘theories of original potential’
and phenomenological theories. With the aim of simplifying the
problem of determination of the nucleation rate, the authors who
uphold the former line of investigation consider average fluctua-
tions of a nucleating medium to find conditions under which the
‘averaged’ cluster evolves into a droplet.! The principle of detailed
equilibrium is invoked to solve the kinetic problem of cluster
growth. In doing so, one should specify the equilibrium distribu-
tion in such a way that the averaged clusters could, to a certain
degree, simulate non-equilibrium clusters.!

Generally, a method for describing nucleation follows, with
some delay, after the development of approximate methods in the
many-body theory (see, for example, Ref. 2). The non-equili-
brium state of a macroscopic system can be indirectly taken into
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account, using, in particular, the linear reaction theory. In this
theory, the effects caused, for example, by thermal perturbations
are expressed in terms of mechanical perturbations. Alternative
methods employ the theory of stochastic processes and the
Fokker—Planck equation or Onsager’s hypothesis according to
which the fluctuation damping follows the same law as the change
in the corresponding macroscopic variables. There are also
methods based on the use of a local-equilibrium distribution
(i.e., on the assumption that a near-equilibrium distribution
occurs in small volumes in the case of moderate deviations from
equilibrium) as the initial condition for the fulfilment of the
Liouville equation. The methods of statistical Gibbs ensembles
for non-equilibrium systems (for example, Zubarev’s method of a
non-equilibrium statistical operator based on the construction of
local integrals of motion) as well as the method accounting for the
effect of thermostating by considering non-potential forces find
wide application.

In recent years, certain advances have been made in the study
of non-equilibrium processes in dense multiparticle systems. Thus,
the Vlasov equation was derived for a multiparticle system
involving the field U(r), which depends on the nature of particles

ng vgrad,f + agrad.f = 0.

ot
Here f'is the distribution function of single-particle states in the
phase space of coordinates (r) and rates (v), a = — grad, U(r)/m (m

is the particle mass). In the monograph,? this equation was
considered as a special case of the more general Vlasov—Ueh-
ling— Uhlenbeck equation allowing for the formation of coupled
states. The Vlasov equation results from the averaging of the
generalised equation in the lowest approximation, where the
energy of quasiparticles is calculated in the self-consistent Har-
tree— Fock approximation and collisions can be ignored. Vlasov
deduced this equation by assuming that particles are not localised
and their properties are responsible for the state of the system.
This eliminates the problem of field averaging.

Vlasov reasoned that this equation does not follow from the
Hartree— Fock or Liouville equations because of the presence of
the property of branching of solutions, whereas neither processes
of crystal formation nor crystal structures can be described using
equations of classical statistics and quantum mechanics. Hence,
the problem of allowing for collective interactions in a multi-
particle system is replaced by the problem of finding an interaction
potential of non-localised particles, including its functional
dependence on the characteristics of the macroscopic state of the
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system (for example, on the temperature in the consideration of a
crystallisation process). In other words, simplified relations were
proposed for the description of physical systems, which allow one
to obtain results consistent with experimental data. This is
achieved due to the fact that many systems can be described in
an approximation of noninteracting particles in a potential field.?
Of methods employing this approximation, let us note first of all
the effective (self-consistent) field methods. The idea is that a
certain simplification is introduced, whereby the motion of a given
particle can be considered as a motion in a potential field, which
depends only on the coordinate of this particle and is independent
of the coordinates of all other particles. If the properties of all
particles in this effective field are known, the assumed potential
can be calculated. If no consistence with the expected result is
achieved, the effective field can be ‘corrected’ until the desired
result is obtained.

In the approximation used in the classical nucleation theory,
the cluster is considered as a liquid droplet of uniform density
equal to the density of the macroscopic liquid; the droplet has a
sharp boundary with the surrounding metastable phase. Using
this model, one can calculate the free energies of real systems
taking into account the translational degrees of freedom of the
cluster.* The droplet model describes only some of the possible
configurations of the cluster consisting of a particular number of
molecules, and there is no assurance that it is one of these
configurations that plays a decisive role in the dynamic process.!

The clusters under consideration can be divided into two
types, viz., stable clusters whose configurations are determined
by their own structures and clusters whose structures depend on
the results obtained in the context of a particular theory (for
example, the density functional theory). The former type of
clusters corresponds to the approximation of noninteracting
particles, whereas the latter type corresponds to the approxima-
tion of interacting particles, which is similar to the self-consistent
field approximation. It should be noted that by specifying a priori
the type of the cluster (rather than determining it by analysing
intermolecular interactions), we actually go from analytical theo-
ries to phenomenological approaches.!

The best results, which are in quantitative or semiquantitative
agreement with experimental data, were obtained using models
based on the classical nucleation theory. In essence, such models
are phenomenological rather than molecular.! The foundations of
the classical nucleation theory were laid by Gibbs. In the
1940—-1950s, this theory acquired its modern meaning after
publications by Zeldovich ® and Frenkel.®

In recent years, many studies have been devoted to the
development of molecular theories of nucleation. However, the
applications of certain relations of statistical mechanics to nucle-
ation were not always justified.>> The thermodynamic approach
to the description of nucleation leads essentially to more than
noting the introduction of additional terms to equations for the
work of formation of critical nuclei of a new phase. For instance,
Abraham 7 took into account characteristic features of dipole — di-
pole interactions. Dillmann and Meier 8-° proposed various phe-
nomenological coefficients. Overlapping of clusters was
accounted for in the study.!?

The correlation between the modern theoretical and exper-
imental data can be judged from the curves shown in Fig. 1.1 It
should be noted that the agreement between the results can be
substantially improved by varying a certain parameter of the
theory, e.g., the surface tension, within its experimental error. At
the same time, out of numerous theories one can always choose a
theory, which is best suited for the description of a particular series
of experimental results. Therefore, a good agreement between
theoretical and experimental data does not evidence the predictive
force of the theory.

In the last five decades, the accuracy of experimental methods
was substantially improved. It was expected that the classical
nucleation theory would be experimentally confirmed. Actually,
abundant experimental data, which have been accumulated, are
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Figure 1. Experimental (/) plots of the nucleation rate J vs. super-
saturation S of an octanol vapour in an octanol—sulfur hexafluoride
system and analogous dependences calculated according to the classical
theory (2) and the Dillmann — Meier theory (3).!!

Nucleation temperatures for each series of experiments /°C (from right to
left): 261.8, 266.3, 271.2, 276.4, 281.5, 286.6, 291.7.

not contradictory with this theory. However, taking into account
the ever-increasing accuracy of experimental results, it becomes
more and more evident that the classical nucleation theory has
limits of applicability. Presently, there is a pressing need to reveal
these limits and develop new nucleation models, which can predict
nucleation rates in various systems.

Approximately 10 years ago, semiempirical methods were
proposed for constructing nucleation rate surfaces based on
phase equilibrium diagrams.'> '3 Based on this idea, nucleation
rate surfaces were constructed for a series of simplest systems.!#
Assuming this rather evident concept, it is apparent that the
multitude of nucleation rate surfaces can be constructed from
the multitude of phase equilibrium lines. In other words, ‘multiple’
nucleation rate surfaces are a rule rather than an exception.
Hence, scarce experimental data on nucleation rates need analysis
for ‘singularity’. A direct experiment on the detection of two rate
surfaces upon glycerol nucleation in the vicinity of its triple point
was described in study.'’ Each surface corresponds to its own
nucleation channel. By contrast, the classical nucleation theory
generally considers a singular nucleation rate surface. Of course,
the multiplicity is implicitly embedded in the classical theory;
however, no attention has been given to this fact until recently.
Evidently, in the presence of many surfaces, attempts to describe
the overall nucleation rate in the singular approximation of the
classical theory are unjustified.

In the present review, attention is primarily given to studies
published in the last 10—15 years. Earlier publications are
considered, when the retrospective analysis of the problem is
necessary. It may seem that the number of references relating to
some problems, which have been covered in detail in scientific
publications, is insufficient, whereas references relating to other
problems, which are no less important but have not been
adequately explored, are excessive. Some reviews devoted to
rather narrow subject matters are mentioned with the aim of
demonstrating the generality of approaches to the description of
nucleation in different systems. The present review does not
include particular details, for example, the preparation of sols
for chemical syntheses in homogeneous solutions, micelles,
vesicles, Langmuir—Blodgett films, polymers, glasses, zeolites,
etc. Undoubtedly, the main conclusions are applicable to all
systems in which nucleation takes place. The lines of investigation,
which, in my opinion, show promise for the development of the
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nucleation theory, are considered in most detail. Presently, is
seems reasonable to focus efforts on developing individual para-
metric semiempirical theories for particular systems characterised
by topologically similar (brought to a single topological form)
phase equilibrium diagrams. Apparently, a combination of these
theories based on the similarity criteria will be the next step in the
development of concepts of nucleation. Progress in experimental
methods gives promise that new unique results will be obtained in
the nearest future, which will give impetus to further theoretical
investigations of nucleation.

I1. Nucleation theory

Nucleation accompanies first-order phase transitions. They occur
in the initial metastable phase due to the fluctuation formation
and nucleation (cluster formation) of a new phase.'® The for-
mation of a macroscopic nucleus requires energy for the forma-
tion of an interface between the old and newly formed phases. A
need for an excess energy gives rise to hysteresis phenomena, such
as supercooling (or superheating) of melts and solutions relative to
the equilibrium melting point, supercooling of gases, overvoltage
upon electrodeposition of films, etc.

In 1878, Gibbs was the first to describe theoretically the
formation of a new phase.!” He has provided a rigorous thermo-
dynamic definition for critical nuclei of a new phase and laid
foundations for the formalised description of nucleation rates.
Almost five decades later, Volmer and Weber !® elaborated the
Gibbs model in a study devoted to nucleation kinetics. Volmer
considered the nucleation work as the activation energy and
described qualitatively the nucleation of a new phase in the course
of crystallisation.!® He also introduced the concept of three- and
two-dimensional nuclei of a new phase and related their fluctua-
tion appearance to the nucleation and crystallisation rates.

However, the proposed model has drawbacks. For example,
the pre-exponential factor in the corresponding kinetic equations
remains undetermined due to which the theory is only semi-
quantitative. Further efforts by researchers were directed at
searching for more rigorous theoretical foundations of the kinetics
of the process. Farkas?? solved a system of Szilard kinetic
equations describing the formation of droplets from a vapour.
The nucleation theory as applied to the stationary kinetics of the
droplet formation from a supersaturated vapour was elaborated
in studies by Kaischew and Stranski.?! Becker and Déring 22
completed the study aimed at determining the constants in
equations considered by Farkas. They created a general picture
of various molecular events proceeding upon the formation of a
new phase.

Becker and Doring’s statistical theory considers a simplified
stationary model according to which the average number of nuclei
consisting of 2, 3, 4, ..., n molecules remains constant with time,
although depends on external conditions. Clusters whose sizes are
larger than the critical value are withdrawn from the system, and
the vapour pressure is maintained constant due to the introduc-
tion of monomers (molecules, atoms). For nuclei of each size, the
evaporation and condensation rates are in balance. By going from
a discrete to continual problem and using integration, the authors
estimated the nucleation rate (J). The latter is equal to the number
of clusters, which are capable of growing and are formed in a unit
volume (generally, in cubic centimeter) in a unit time (1 s). It was
assumed that clusters containing » molecules are formed from
nuclei containing (n— 1) molecules.?? This theory was completed
in the above-mentioned studies by Zeldovich ° and Frenkel.® The
specificity of formation of crystalline nuclei from liquid and gas
phases and the problem of heterogeneous nucleation were dis-
cussed in Refs 6, 23 and 24. The theory, as it formulated by
Zeldovich and Frenkel, is called the ‘classical nucleation theory’.

Up to the early 1960s, it was believed that this theory
adequately described homogeneous condensation of a supersatu-
rated vapour. The predictions based on this theory were in good
agreement with results of experimental measurements of critical

supersaturations using a Wilson chamber and studies of isentropic
expansion of a gas in a nozzle or a turbulent vapour flow
evaporated into a cold gas. However, in succeeding years, the
determination of the dependence of the nucleation rate on super-
saturation became possible and the principal foundations of the
classical theory and its applicability to interpretation of exper-
imental data were doubted. This gave rise to several tens of
equations for the nucleation rate of a new phase.

1. Free energy of nucleation in the classical nucleation theory
For a metastable (according to the Gibbs definition !”7) system to
become stable, energy sufficient for the creation of a phase
interface is required. The free energy of cluster formation involved
in a number of thermodynamic equations is one of the main
parameters in the nucleation theory. The macroscopic approach,
which employs concepts of thermodynamics and statistical
physics developed for systems consisting of a large number of
molecules, provides a quantitative description of nucleation.
Below is given a brief derivation of the equation for the free
energy of nucleation in approximations of the classical nucleation
theory, which was described in detail in many publications (in
particular, the latest versions were published in the book of
collective works 25).

In the droplet approximation, a change in the Gibbs free
energy (AG) upon the formation of a cluster consisting of n
molecules in a closed system, which contains a vapour at the
temperature 7 and pressure p, can be written as follows

AG = n(u — wy) + 4nr’o, (1)

where p and u, are the chemical potentials of molecules in the
liquid and vapour phases, respectively, r is the radius of the cluster
and ¢ is the surface tension. Under isothermal conditions, the first
component in the right-hand side of Eqn (1) can be estimated
from the equation

d(u — pv) = (1 — vy)dpy, 2

where v; and vy are the specific volumes of molecules in the liquid
and vapour phases, respectively, and py is the vapour pressure. If
the vapour is considered as an ideal gas and the volume of the
molecule in the condensed phase is ignored, the integration of
Eqn (2) gives

W — py = —kpTInS, 3

where kg is the Boltzmann constant, S = py/p is supersaturation
(po is an equilibrium vapour pressure over the planar interface at
the temperature 7'). Assuming that nuclei of a new phase (clusters)
retain the macroscopic physicochemical properties, the overall
work of formation of rather large clusters in the droplet approx-
imation can be expressed as a sum of surface (4mr?¢) and volume
(nksT'1nS) changes in the Gibbs free energy.” Then, the change in
the free energy upon cluster formation is

AG = 4nr?c — nkgTInS, 4)

where n = (4/3)(nr3/v)). A liquid nucleus can grow to a droplet
only when its size becomes larger than the critical radius r*. The
terms in Eqn (4) depend differently on r and have opposite signs at
S > 1. Hence, the plot of AG vs. r passes through a maximum. The
free energy of formation of a cluster with a critical size is

4 3kBT1nS

AG" = —3m(r") +4n(r')’e. 5)

i

1 In the present review, the problem is considered in no more detail than
follows from the early droplet model and determination of the surface and
volume contributions. According to this model, a cluster is represented as
an isotropic sphere covered with an infinitely thin film with a surface
tension o.
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Atamaximum, r = r* and d (AG)/dr = 0. Hence, the radius of
a critical nucleus can be easily determined as follows

201,
= 6
kgTInS ©)
Equation (6) enables one to determine the equilibrium pres-
sure of a saturated vapour over a droplet of radius r* as a function
of initial vapour supersaturation and cluster size. From Eqns (5)
and (6), we have the following known equation

AG* = gn(r*)QJ. @)

In the droplet approximation, AG™ is equal to one-third of the
surface energy of the cluster. By excluding ¥, we obtain another
form of the same equation

32
« 16 may

3 (kyTInS)*’ ®)

The dynamics of droplet formation at pressures close to the
equilibrium vapour pressure over the planar surface can be
represented as follows. At p < po, the free energy of cluster
formation rapidly increases as the cluster size increases. In the
system occurring under these conditions, clusters of any sizes can,
in principle, exist; however, the smallest clusters generally prevail
in such systems. At p > po, the number of nuclei with a radius
smaller than r* undergoes random fluctuations. When the nucleus
reaches a critical size, any favourable fluctuation leads to its
infinite growth. Then the problem lies in estimating the rate
(frequency) of formation of nuclei of the critical size.

The nucleation rate J is determined by the number of viable
nuclei formed in a unit volume in a unit time. According to the
classical theory,

J = pZs ¢, =20V ©)

N o ( AG*)
V2nm P kgT)’
where fis a flow of condensing monomers, Z is the Zeldovich non-
equilibrium factor; s* is the surface area of the critical nucleus, ¢«
is the concentration of the critical nuclei, (. is the condensation
coefficient determined by the ratio of the number of molecules
condensed on the nucleus surface to the total number of collisions
between the molecules, m is the mass of the monomer and N is the
concentration of the monomers. The Zeldovich non-equilibrium
factor is determined as follows

2
7 1 0°AG .
2nkgT \ 0w ),

The flow of condensing monomers can be expressed by the
equation

(10

p
RV 2TkaBT ’
where p is the partial pressure of the monomer.

As a result, the stationary growth rates are identical for
clusters of any sizes.?> 2>

One of the most important problems of non-stationary
nucleation kinetics is to determine the period (time) of non-
stationarity. Zeldovich was the first to demonstrate that upon a
sudden change in vapour supersaturation, a new stationary
distribution of clusters follows the exponential law with a charac-
teristic time constant 7 called the time delay or relaxation time.>

According to the concepts proposed by Zeldovich, under
conditions of a non-stationary process, the condensation rate is a
function of time ¢ (see Ref. 26)

R

p=L (1

where J; is the stationary nucleation rate. Based on the results of
the experimental investigation of the water vapour condensation
in supersonic nozzles, Kantrowitz >’ found an empirical relation-
ship between t and vapour supercooling AT

T(ATY = 9.36 x 103 (s K¥).

The simplest approximation, which allows one to estimate the
time required for the achievement of constant amount of nuclei,
was proposed in the study 28

B 25(n*)?(2nmikg T)'?
) 4Tcp(r*)2

s

where m; is the mass of the monomer. According to this
approximation, the time t under standard experimental condi-
tions of vapour nucleation (at {. = 1)is 10~5-10~7 s.

In the studies,?” ~2? it was assumed that clusters whose sizes are
similar to the size of the critical nucleus are of kinetic importance.
The time required for the achievement of 95% —99% of the
stationary nucleation rate is often taken as the period of non-
stationarity.3%- 3! In principle, this level should be chosen depend-
ing on the accuracy of experimental measurements of the function
J(¢) within the limits, where the change in the nucleation rate can
be estimated. Knowing the dependence J(¢), the period of non-
stationarity can be calculated.

In the investigation,3? it was demonstrated that the period of
non-stationarity depends on the value and shape of the energy
barrier to nucleation. The formation of a cluster consisting of two
atoms is the slowest step of nucleation. Kantrowitz >’ quantita-
tively estimated the influence of cluster heating through the latent
condensation heat on the nucleation rate. In a typical case of
nucleation of a 2% water vapour in air, this effect leads to a
fivefold decrease in J;. In the study,?? it was hypothesised that
corrections for a non-equilibrium state are generally of little
importance in the classical nucleation theory. Hence, such correc-
tions are introduced only in extreme cases.

The condition of consistency of supersaturation in the system
is a substantial limitation, which hinders the application of
theoretical conclusions to the solution of practical problems,
because nucleation most often occurs at variable temperature
and supersaturation. It was demonstrated3* that the rate of
nucleation, which proceeds under conditions of a slow increase
in supersaturation of the system, is lower than the rate calculated
provided that the process is stationary. A decrease in the nuclea-
tion rate is proportional to a change in supersaturation, the time
of non-stationarity and the size of the critical nucleus. The
macroscopic nucleation theory includes certain unjustified
assumptions and mathematical approximations. For example, it
is assumed that small clusters can be considered as small portions
of a macroscopic phase.

In principle, nucleus formation and growth should occur at
any vapour supersaturation. The critical supersaturation is arbi-
trarily determined as a condition for rather fast nucleation. The
nucleation rate changes with a change in the degree of super-
saturation so rapidly that no significance has been attached to an
error of even several orders of magnitude in the estimation of the
pre-exponential factor in Eqn (9) (see, for example, Ref. 35).

Lothe and Pound 3% 37 revised the classical nucleation theory
and suggested an alternative scheme of condensation involving the
following three steps:

(1) nN,, molecules of a vapour are condensed into a liquid
through isothermal compression;

(2) this liquid is mechanically disintegrated giving rise to N,
droplets of equal size;

(3) translational and rotational motion is imparted to all the
droplets formed.

The authors of the cited studies introduced two additional
multipliers, which were found based on the concepts of quantum
statistics. Taking into account these multipliers, the nucleation
rate increases by a factor of 1017 —1020 (!). It should be noted that
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the authors simply assumed that Eqn (8) is incomplete and should
include a change in the translational and rotational entropy of the
cluster. This question has been discussed in detail, for example, in
Ref. 38. This problem was solved using statistical thermodynamic
analysis. Finally, it was concluded that the correction for the
translational and rotational motion of nuclei lacked experimental
support (this problem was analysed in the review 3°). It should be
noted that the concept of formation of a stationary droplet in a
vapour is a principal drawback of the classical theory because
clusters execute, for example, Brownian motion.

Critics of the foundations of the classical nucleation theory
primarily note that the properties characteristic of a macroscopic
droplet (density, surface tension, saturated vapour pressure)
cannot be extended to clusters consisting of only several tens of
molecules. Since the properties of small clusters cannot be divided
into volume and surface characteristics, the concept of surface
tension seems to be artificial as applied to these clusters. To
eliminate this problem, the excess free energy of the cluster can be,
for example, determined as the difference between its free energy
and the free energy of the same number of molecules present in a
macroscopic volume of the condensate.

In the studies,**4! the following dependence of the surface
tension on the radius of the droplet was deduced:

2 2
a(r) :50(1 _EJFW)’

where oy is the surface tension of the planar surface of the liquid,
1/k ~(0.2-0.5)x 10~7 cm.

When considering rather small clusters, not only the equation
for ¢ but also the Kelvin equation [Eqn (6)] should be changed.*?
However, the authors of the studies 4*4* believed that the Kelvin
equation is applicable to droplets of sizes >20 A. This is contra-
dictory to the Tolman equation. The latter equation relates the
surface tension to the droplet size. According to the Tolman
thermodynamic theory,* in the case of high surface curvature, a
change in the surface tension should be described by the equation

(12)

4 1
oy 14+28/r’ (13
where 0 is 0.25—-0.6 of the diameter of the molecule.

Until recently, the efforts of many researchers were directed
primarily towards the improvement of the classical model by
making it consistent with thermodynamics by introducing addi-
tional correction coefficients, which take into account individual
factors. However, the theory did not become universal.

2. Modifications of the classical nucleation theory
In recent years, one of the versions of the classical theory, the so-
called self-consistent theory (SCT) of nucleation, has gained
acceptance. 4048

From Eqn (1) describing the change in the free energy of a
cluster in the classical nucleation theory, it follows that the work
of formation of cluster consisting of one monomer is not equal to
zero. By contrast, the change in the free energy of monomers in
SCT is equal to zero due to the introduction of the corresponding
corrections. According to this theory,

AG = (4nr?> — s)o — (n — 1) kgTInS, (14)

where s is the area of monomer surface.
Using Eqn (14) written for the droplet approximation, we
have a new equation for the nucleation rate

k
Jser = w J, (15)
where J is the rate calculated in the context of the classical
nucleation theory according to Eqn (9). It can be seen that this
equation differs from the classical one by the presence of the

coefficient €®/S (here © = os/kpT is the surface energy of the
monomer). The remaining physical assumptions in SCT are
identical to those used in the classical nucleation theory.

The basis for the Dillmann— Meier theory is the semipheno-
menological droplet model of the cluster formation.® In this case,
the expression for the free energy includes such vapour parameters
as virial coefficients, pressure and density at the critical point. The
Dillmann—Meier theory takes into account all significant (in the
author’s opinion) contributions to the energy of cluster formation.
The agreement between experimental results and data obtained in
the context of the Dillmann—Meier theory was discussed in the
studies.®-4°

Dillmann and Meier modified Fisher’s expression? for the
free energy of cluster formation by adding the coefficient k,,, which
reflects the difference between the surface energies of the cluster
and macroscopic liquid droplet

AG = k,osn”"> + thkgTlnn — kyTlng,V — nkgTIn S, (16)

where &, T and go are parameters of the model and Vis the volume
of the system. The first term corresponds to the surface energy of
the cluster and the last term takes into account relaxation of the
metastable state. It should be noted that the authors did not
discuss the question as to how the surface tension should be
specified. The remaining two terms take into account the contri-
butions of the translational, vibrational and rotational degrees of
freedom to the free energy of the droplet. Unlike Lothe and
Pound,3¢:37 who calculated these contributions from the Boltz-
mann distribution, the authors of the cited study introduced the
parameters t and ¢o normalised to the experimental values. The
configurational contribution to the overall sum is small and,
hence, it is ignored.

The expression for the coefficient k, was proposed by
Tolman %

b =1(2):

where 0 is the submolecular length, which is smaller than the
radius of the monomer. Using the approximation of a spherical
cluster, Dillmann and Meier ® expressed the dependence of k,, on
the cluster radius as the first terms of the power series

k, = 1+oyn '3 +apn™2/3, (W)
where
(ky —1) = (ky = 1)27%°
o = — (18)

(ky = 1) = (ky = 1)27'7
213 _ 723 :

(19)

Oy = —

These authors obtained the expressions for k; and k5 using the
first two derivatives of the density with respect to pressure

1 P
=—(=)1 s
ki <@) n(ﬂokBT)’
1 D 2
_ _ s 7—1
k2 = <22/3@>1n{ (‘IokBT> 2 qOB}

where B is the second virial coefficient. The parameters T and ¢o
are calculated with the use of experimental values characterising
the state of the liquid at the critical point:

(20)

@D

pe = qoé(r—1),
(22)

Pec = QOkB Tcé(f) .

Here, pc, pc and T are the critical density, pressure and temper-
ature, respectively, and ¢ is the Riemann function.
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The nucleation rate in the Dillmann—Meier theory is calcu-
lated by the equation:

S1Pv

J _ 1 %) 1 +4 (}’[*)_1/3 + 9t (n*) -2/3 y
PM =3V ! 20 V2mmkyg T 23)

~2/3

x qoexp[—k,-O(n") —tlnn* +n'InS],

where py is the vapour partial pressure and m is the molecular
mass.

The size of the critical nucleus (the number of atoms or
molecules in this nucleus) n* is determined by finding the real
root of the cubic equation

1 2
™+ 5“1@X2 + g@x—lnS: 0.

Here

SN VA ] _ 05

x=n)"", 6= T

The Dillmann—Meier theory is consistent with the classical
nucleation theory at t =0, qo = p/ksT and k, = 1. The contra-
dictions in the Dillmann—Meier theory were discussed in the
study,*® where corrections for the imperfectness of a vapour were
introduced. However, the calculations performed with consider-
ation for these corrections resulted in even poorer agreement with
experimental observations.

Frenkel ¢ introduced the concept of heterophase fluctuations
in a vapour, which are small density fluctuations and do not
disturb a particular aggregate state of the system. According to
this concept, Frenkel assumed that the system is not quite
homogeneous, i.e., it contains prenuclei of a new phase already
before the onset of the phase transformation.

The fluctuation mechanism of nucleation of a supersaturated
vapour was developed in the publications.?' ~33 It was suggested
that in small subsystems isolated from a large system, fluctuations
could occur such that their density reaches the value correspond-
ing to conditions of spinodal decomposition, i.e., of activationless
nucleation of the condensate. The conditions of spinodal decom-
position were considered using nonane as an example. For this
purpose, the Peng— Robinson equation of state (see references in
the study >') was rearranged to give

_RT ar d(as/n)
P= v—>b v+b) +b—b)  dv 4

where P is the pressure in the subsystem, v is the molar volume of
the cluster consisting of » molecules, aris a temperature-depend-
ent constant, b is a constant, s is the surface area of the fluctuating
volume. In this case, the Gibbs potential takes the form

G=A+PV=4 —u(d—A),
dv
where A is the Helmholtz potential. The latter term in Eqn (24)
describes the contribution of the bubble pressure within the
microvolume.
A change in the Helmholtz potential due to a fluctuation of a
small subsystem is described by the equation

AAs = vy(Ps — Pp)a

where the index s signifies the spinodal conditions and Py, is the
pressure in the starting phase. Following the well-known Lan-
dau— Lifshits approximation, the frequency of cluster formation
(J) was determined °! ~33 as the density fluctuation

onyAA t
J=Qexp(f }Z)BTS) exp(f;),

where Q is the coefficient corresponding to the number of
fluctuations in the starting phase in a unit volume in a unit time;
Q= Qo(1 — T,)*> (o ~ 103, T, = T/T., T, is the critical tem-
perature); ong is the fluctuation of the number of molecules in the
cluster. The second exponent describes relaxation of fluctuation

L 1 3
;*ﬁ (1_Tr)a

where ! is the constant associated with the diffusion coefficient
within the fluctuating bulk. As a result, the expression for the
nucleation rate takes the form

1-T,)
J=Qy(1 — T,)* exp foc%(lnS)f3 x

(25)
X exp[_ﬁ(l - Tr)_z]’

where o is a constant. It was assumed ! that the nucleation begins
when the size of the cluster reaches a size larger than the size of the
classical critical nucleus. For such clusters, the condition of
equality of the surface and volume contributions to the Gibbs
free energy is fulfilled. The pre-critical nucleus has a lower density.
At the pre-critical nucleus—vapour interface, the pressure jump is
absent. Finally, as applied to the Peng— Robinson equation of
state, nucleation is considered as local spinodal decomposition to
give the Ostwald nucleus and supersaturated mother phase. In this
case, the nucleation rate (like in the classical nucleation theory) is
described by the exponential equation but with a different pre-
exponential factor at the logarithm of supersaturation. According
to the classical nucleation theory [see Eqn (8)], the logarithm of
the nucleation rate should be a linear function of the value
reciprocal to the square of the logarithm of supersaturation. By
contrast, according to Eqn (25), this value is inverse to the cube of
the logarithm of supersaturation. However, the linear regressions
of the experimental nucleation rates both as the functions (InS)—3
and (InS) ~2 give equally good approximations.

It was noted 52 that within the framework of the fluctuation
model, the effect of the total pressure in the system on the
nucleation rate, which is not predicted by the classical theory,
can be attributed to compression of a nucleus under the action of a
carrier gas. The limitation of the fluctuation model is that it
assumes the independence of the density (or supersaturation)
fluctuations. The fluctuation lifetime should be sufficient for
spinodal decomposition giving rise to a pre-critical nucleus. At
high temperatures and large supersaturations, the independence
of fluctuations can be disrupted due to an increase in the
coherence length. The above-considered approach has not been
further developed, but can be mentioned as one of examples of
possible theoretical models.

The theory of heteromolecular (binary) nucleation, as noted
by Volmer,>* began to be developed after the publication by
Flood, who used the thermodynamic method, calculated the
critical vapour supersaturation for aqueous-alcoholic mixtures
and studied experimentally this supersaturation in a Wilson
chamber. The experimental data were in qualitative agreement
with the theoretical results. This theory was further elaborated in
the investigation,>> where the work of formation of two-compo-
nent critical nuclei with different compositions and of different
sizes was examined.

The solution of a differential equation describing the nuclea-
tion kinetics >® made it possible to reveal the characteristic features
of the free-energy surface of clusters as a function of the cluster
composition, viz., n; and ny, where n is the number of molecules of
the corresponding component (1 or 2) in the cluster. The equation
for the homogeneous nucleation rate in a binary system is
analogous to Eqn (9) for one-component nucleation

A
J= Cexp<——k GT>, (26)
B
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where the pre-exponential coefficient C depends only slightly on
the external conditions and AG is the energy of formation of a
critical nucleus. For binary nucleation, the coefficient C was first
determined by Reiss.>¢ Stauffer >’ studied nucleation in an analo-
gous system without considering the direction of nucleation in the
bulk (like in the studies%3%%) and obtained a self-consistent
expression for the growth angle.

A quantitative simulation of vapour nucleation in a binary
water —ethanol system,% which was carried out as a continuation
of the study,’® made it possible to calculate the critical super-
saturations and achieve good qualitative agreement with exper-
imental data.!®

The correct determination of a saddle point on the free-energy
surface of clusters is of great importance for an adequate pre-
diction of the binary nucleation rate. This point can be determined
by solving two equations:

0AG
(anl )nz =0

0AG
< 6112 )n, =0

Generally, it is assumed that the cluster retains a homoge-
neous composition throughout the bulk. The equations include
the derivatives of the surface tension

0AG 200, 3X'v 0o

- — _ — — = 2
(6n1 )nz My — My + = P X |y 0, 27)
0AG 20v,  3v(l — X*) 0o

_—_ — — [ S A, = 2
<6n2 )n] Hor = By + 3 e X |y 0, (28)

where u; and pu, are the chemical potentials of the liquid and
vapour phases, respectively; v; and vy are the partial molar
volumes of components 1 and 2, respectively;
v=(1—x)v; + xv2 is the molar volume of the solution; X =
ny [ (ny + na).

However, it was demonstrated ®©~93 that the coordinates of
the saddle point cannot precisely be determined using Eqns (27)
and (28) because of the insufficiently correct description of the
clusters. Various numerical methods have been proposed for
calculating saddle points. In particular, it was postulated % that
¢ is constant at a particular composition of the nucleus. However,
this assumption excludes, for example, the dependence of the
excess energy on the cluster size and, hence, the coordinates of the
saddle point cannot be accurately determined. An example of the
practical use of these calculations is the study,®> where the
nucleation rate of a mixture of water and sulfuric-acid vapours
was determined. More recently, analogous calculations were
carried out at different supersaturations.®

A two-channel mechanism of nucleation in a binary system
was considered in the study.®” Two-channel nucleation occurs,
when two saddle points appear on the surface of the Gibbs free
energy. The relative contributions of individual channels to the
nucleation process were estimated by thermodynamic methods.®®
Binuclear nucleation of vapours as liquids with limited mutual
solubility was investigated.®®~7! Besides, binuclear nucleation of
miscible liquids was also studied.”?

A mixture of a vapour and a carrier gas is a special case of a
binary system. Nucleation of propane-1,2- and -1,3-diols in
carbon dioxide and sulfur hexafluoride was studied.”®> A phase
transition in the condensate was observed for each propane-
diol —gas pair. An increase in the concentration (pressure) of the
carrier gas was accompanied by a shift in the phase transition
temperature toward the critical temperature of this gas. By
changing the carrier gas (for example, from CO; to SFg), the
temperature of the phase transition in nuclei of the condensate can
be changed by 15—-20 °C. It should be noted that phase transitions

in equilibrium propane-1,2- and -1,3-diols do not occur in the
temperature range in which the nucleation rates were measured.
The appearance of phase transitions in the condensate upon the
addition of a carrier gas is indicative of the involvement of its
molecules in the formation of critical nuclei of the condensate. The
composition of the nuclei was determined from the slopes of
isotherms of the nucleation rate and it was found that they
contained up to 20% of carrier-gas molecules.

Experimental and theoretical studies often do not take into
account the fact that a carrier gas can act as a nucleating
component (see, for example, Refs 74 and 75), and vapour
nucleation in a gas atmosphere is considered in the approximation
of a one-component vapour. In this case, the gas is considered as a
medium providing thermostatic control of nucleation. This
assumption, which has been accepted in early experimental studies
of vapour nucleation, should be revised.

It was demonstrated 7® that two different methods of calcu-
lations of nucleation rates in heteromolecular systems in a sta-
tionary state, which have been proposed in the studies,>”-77 are
virtually equivalent. One method 7 is based on the classical theory
of binary nucleation, whereas an alternative method 77 is based on
the solution of the Fokker—Planck equation. Although calcula-
tion by these two methods gave the same binary nucleation rates,
the latter are inconsistent with the experimental data.”> Analysis 77
of different conclusions*? of the classical theory of binary
nucleation ©78-7 demonstrated that the methods under consid-
eration give different estimates of the size and composition of
critical nuclei. It should be noted that the solution of the
Fokker —Planck equation requires the introduction of coefficients
accounting for evaporation and accommodation of molecules in
the cluster, and their uncertainty leads to a substantial decrease in
the reliability of the results of calculations. The use of different
values of these coefficients enables one to find numerical and
sometimes even analytical solutions, which are nevertheless only
of qualitative importance.

The parametric model considered in the study 8 was based on
the equation reduced as applied to the nucleation rate of a one-
component vapour (26) and the following assumptions were
made: (1) the cluster grows (decreases) through condensation
(evaporation) of monomers; (2) the probability of fixation of the
molecule on the cluster surface upon collision is equal to unity;
(3) clusters have a spherical shape; (4) interactions between clus-
ters are absent. The authors of the cited study believed that
incorrect results were obtained primarily because of the use of
surface tensions measured for a planar interface. Hence, following
Tolman,* the excess energy of clusters was calculated using
expansion in a series

3

Omicro = 60(1 + O n_l/3 + 0(20 n? Tt )’

where oy is the surface tension coefficient for the planar interface;
o = 20/r; is the so-called Tolman length (9 is the length of the
order of the molecular size; r; is determined from the equation
rn = rin'3, r, is the radius of the cluster consisting of n mono-
mers). The work of formation of the cluster was determined using

Eqn (16) converted to the parametric form
pQ, = ﬁamicman} +tlnn—1IngyV.,.

The parameters of this equation are as follows: B = (kgT)~!,
2.1 <1<2.2, go~ pc/S, where p. is the density at the critical
point.

The equilibrium density (p,) of clusters is calculated assuming
the Boltzmann distribution

1
Pn = Vcexp(_BQnL

where V. is the volume of integration for the determination of the
configuration integral for the cluster. The parameters are normal-
ised by extrapolation to the critical point.

A comparison of the nucleation rates calculated within the
framework of the classical and parametric theories demonstrated
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that the difference is very small in the case of water. In the study,®°
the nucleation rate predicted by different theories was compared
with the published experimental data for vapours of different
compounds. It appeared that the use of the parametric model gave
the best results.

In the study,®! the influence of an increase in the pressure of a
carrier gas as a perturbing parameter was taken into account. The
properties of the nucleating vapour vary depending on this
parameter. The authors believed that this fact leads to reduction
of binary nucleation to nucleation of a one-component vapour.
The criterion characterising the perturbing action of the pressure
of a carrier gas should meet the condition xg << (S — 1)/S, where
Xg is the solubility of the carrier gas in the liquid phase at
supersaturation S. Another parameter was introduced to com-
pensate the effects of a decrease in the surface tension and an
increase in the saturating vapour density. This modification of the
nucleation theory is consistent with the model proposed in the
study 8 as well as with the density functional theory.®? Evidently,
the introduction of additional parameters can lead to agreement
between the theory and experiment. In the study,?? multicompo-
nent nucleation was described for a ternary system using a one-
component model and introducing the effective parameters of the
process.

Apparently, such approaches can be applied to the parametric
description of practically important systems. However, these
approaches seem to hold little promise from the viewpoint of the
development of the theory because they have poor predictive
ability even with respect to the model system under consideration.
It is more correct to refer to this type of parametrisation as
interpolation of experimental data. This parametrisation has no
predictive potential outside the range of experimental character-
istics parametrised and there is little likelihood that it will be
correct even if only one family of nucleating systems is treated.

Below are considered models in which the intermolecular
interaction potential is introduced in an explicit form, i.e., through
parameters determining the force interaction and geometric
arrangement of molecules in the system. A simplified consider-
ation of collective interactions can be, in particular, performed by
introducing the dependence of the distribution function on a
particular macroscopic parameter, for example, on the distribu-
tion density of molecules (density functional theory), which, in
turn, includes the effect of collective interactions. The classical
theory takes into consideration the fluctuation character of the
exchange of substance between a nucleus and its environment. The
number of molecules in the nucleus is a variable characterising the
state of the system, all other parameters being equal to their
average values.

In a number of studies (for example, in the study?®*), the
influence of the pressure of a carrier gas on vapour nucleation was
considered. It was demonstrated that the gas can either accelerate
or decelerate the nucleation frequency. This depends on the sign of
the second virial coefficient. If a carrier gas is absent, the different
degrees of freedom of the cluster and particles forming the cluster
can correspond to different temperatures.®5-3¢ This effect is
observed in experiments with molecular beams expanding into
vacuum. In experiments with a monosilane—argon mixture,
nucleation was observed in a pulse supersonic jet.8” In addition
to clusters, mixed argon—silane complexes were detected for the
first time and conditions for their formation in a flow were
determined. The existence of mixed clusters is direct evidence for
the involvement of the carrier gas in the nucleation of a new phase.
The dependences of the concentrations of monomers and cluster
ions on the stagnation pressure indicate that condensation in a
flow at low stagnation pressure gives rise only to individual
monosilane clusters, whereas condensation at high pressure
affords monosilane —argon clusters. It is advantageous to analyse
the nature of this phenomenon using phase diagrams of the
system.

The determination of the nucleation rate by solving the one-
dimensional Fokker—Planck equation for the probability density

of the size distribution of nuclei is justified if rather rapid
relaxation of all degrees of freedom takes place in the cluster.
The necessity of taking into account relaxations and, correspond-
ingly, using the multidimensional Fokker—Planck equation
appears only when the above-mentioned condition is violated.
Admittedly, the classical theory, which has made it possible to
solve the fundamental problem of the formation of a new phase in
the first approximation, is characterised by a high degree of
completeness and can serve as an example of a reasonable
combination of the approximations and the minimum necessary
complexity of the mathematical apparatus used. At the same time,
it is evident that the classical nucleation theory should give way to
a theory possessing an essentially different axiomatic basis, whose
foundations are already being developed.

The density functional theory holds considerable promise. In
this theory, only a part of collective interactions responsible for
the attraction energy of molecules is taken into account in an
explicit form. Short-range interactions are determined in the
approximation of rigid spheres. This approach enables one to
consider interactions between molecules in the pair-additive terms
for which good approximations based on experimental data are
available.

Oxtoby and co-workers 839! considered the nucleation proc-
ess using the density functional theory. Unlike Vlasov,> who
introduced the concept of a collective interaction from the very
beginning (i.e., he assumed that weak collective interactions
between molecules lead to the existence of the system as an organic
whole and cause a phase transition at particular parameters),
Oxtoby believed that the presence of a gas—liquid interface is a
manifestation of weak density inhomogeneity of the system. The
profile of the equilibrium average density is determined from the
condition of equality of the thermodynamic potential to zero. In
this case, the expression for the free energy functional takes the
form

1
2(p) = [/ o = ot + 5 [ ot = riDptpraran,

where f'is the free energy of the unit volume of a liquid in the
approximation of rigid spheres,®® which was assumed to be
known. Here, it is assumed that the potential of interactions can
be represented as the sum of repulsion forces (in the approxima-
tion of rigid spheres) and attraction forces. This sum is denoted as
o. The functional derivative of this equation is an integral
equation for the critical density profile.

In the study,?? the pre-exponential factor used in the equation
for the nucleation rate is identical to that in the classical nucleation
theory. At the same time, it was noted that it is improper to use the
classical pre-exponential factors in other theories. The description
of the dynamics of the first-order phase transition presented in the
study 92 is still of great interest.

The density functional theory was applied °>°* to the inves-
tigation of gas—liquid nucleation in binary mixtures consisting of
Lennard-Jones atoms in the approximation of one-point (mono-
mers), two-point (dimers) and three-point (trimers) rigid spheres.
The temperature dependence of the nucleation rate calculated
within the framework of this theory is similar to the corresponding
experimental dependence. At the same time, the results of calcu-
lations are not always consistent with the data obtained by other
methods, for example, by numerical simulation. Numerical sim-
ulation (based on the Lennard-Jones potentials) was carried out
for homogeneous gas—liquid nucleation in a binary mixture 3
and the dependences of the size and composition of critical nuclei
on the composition and supersaturation of a vapour were studied.
Growing nuclei are characterised by bifurcation of the composi-
tion. In the case of non-ideal systems, components cease to be
soluble and droplets enriched with a particular component

1In 1998, W Kohn (Austria) was awarded the Nobel Prize in Chemistry
for his development of the density functional theory.
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appear. However, in studies using the density functional theory,
the researchers did not reveal fractionation of phases within the
critical nucleus.?¢—%8

The theory of molecular homogeneous nucleation in a vapour
phase ! includes a minimum number of assumptions and param-
eters. Preliminary calculations carried out for argon by the Monte
Carlo method °® demonstrated that the free energy varies within
two orders of magnitude. The authors of the cited study believe
that areas of application of this method to the description of real
processes of homogeneous nucleation in a vapour will be extended
as the method is improved. One can partially agree with this
statement, because it seems plausible that a reasonable simplifi-
cation of the model of a nucleating system will allow one to obtain
results, which can be verified experimentally.

The average values of the main parameters of an equilibrium
system are determined by the conditions of its contact with the
environment. To describe the non-equilibrium state, it is necessary
to introduce additional parameters characterising the deviation of
this system from equilibrium. The number and character of
additional parameters required for the determination of the non-
equilibrium state depend on a particular model.

The irreversibility can be described by equations for random
processes, for example, by the Fokker — Planck kinetic equation or
the Langevin equation. It should be noted that the area of
application of such equations can be narrowed under certain
conditions. As an example, let us consider the kinetic equation,
which, on the one hand, serves for the description of transitions
between the states of the system and, on the other hand, was
derived using methods of non-equilibrium statistical mechanics in
the approximation of noninteracting particles.? 3 In the absence of
memory effects, the time dependence of the probability [p,(7)] of
the system occurring in the state n is determined by the frequency
of its transitions (W) from the state m

dpgt(l) _ anm[pm(t) —pa(1)]-

m

According to the principle of detailed equilibrium, the fre-
quencies of direct transitions are equal to those of reverse
transitions, i.e., Wy, = Wy . Taking into account the identical
relation Z pn(2) = 1, we find the time derivative of entropy

n

ds() 1

% = EkB Z Z wnm[pm(t) - pn(l)] [lnpm(t) - lnpn(l)} 20
n m

Therefore, if the states, between which transitions are allow-
able, are equiprobable, i.e., p,(f) = pn(t), the process under
consideration is an equilibrium. The deviation from the identity
of the conditions of stationarity and equilibrium of the process
(which follows from the above-given equations) can take place
only if the principle of detailed equilibrium breaks down. Con-
sequently, if this principle is fulfilled, the kinetic equation in
stationary conditions is inapplicable to the description of irrever-
sible processes, in particular, of nucleation. It should be noted that
the description of processes of the appearance and growth of
clusters in a non-equilibrium system presents problems related to
the non-equilibrium thermodynamics and the kinetic theory of
rarefied gases (see, for example, the review ).

Roldugin !¢ described the nucleation process in the context of
concepts of non-equilibrium thermodynamics and analysed the
symmetry of the diffusion tensor in the generalised parameter
space of the process. He hypothesised that in the case of, for
example, a one-dimensional system, the nucleation rate should be
several orders of magnitude lower than that predicted by the
classical theory. It should be noted that these conclusions may be
influenced by a popular error in overestimating the reliability of
experimental data. The above-discussed inconsistency between
experimental data obtained by different researchers could be
explained quite prosaically taking into account that many impor-
tant problems associated with experimental procedures for per-

forming nucleation remain to be solved. For example, there is a
pressing need for the determination of an absolute error of
experimental measurements.

In the classical kinetic theory of gases, collisions are taken into
account only in short-range interactions. The question of whether
it is possible to improve the description of long-range interactions
in an ensemble of particles by successive inclusion of double,
triple, quaternary, etc. collisions remains to be answered. More-
over, the kinetic equations include terms related to both the flow
and collisions, which cannot be separated from each other.?®~ 101
An approach was developed as applied to non-equilibrium
processes in non-ideal gases. This approach allows one, in
principle, to derive closed kinetic equations provided that the
initial correlations between two, three, efc. particles are weakened.
However, it appeared that collision integrals, which determine
dissipative processes in kinetic equations, become divergent when
interactions of four and larger numbers of particles are taken into
account '°2 and only summation of the infinite number of multi-
particle processes eliminates the divergence.

3. Use of the formal apparatus of quantum mechanics for the
description of nucleation
First studies of nucleation at temperatures close to absolute zero
using the formal apparatus of quantum mechanics were carried
out as early as 1972.103.104 In these investigations, relaxation of a
metastable state was associated with tunnelling of a nucleus of a
new phase through a potential barrier in the configuration space.
The nucleus passes through a series of local inhomogeneous states.
In the phenomenological description of nucleation accepted in
early studies, the problem of growth of a new phase was separated
from the quasiclassical problem of the determination of a spec-
trum of cluster sizes. Later on, the quantum-mechanical descrip-
tion was proposed.'®> This approach includes quantum
fluctuations, which lead to the tunnel transition of virtual clusters.
As an example, let us consider a brief scheme of quantum
calculations of the nucleation rate.'® A change in the nucleus
radius r in the potential
2 4no

V(r) = 4nrle — S —
(r) =4nr'o 37,

can be described by the Schrodinger equation

- LRI v v = v

2m

where (r) is the wavefunction and E is the set of energies of
quantum states.

Assuming spherical symmetry, the variables of the wave-
function Y(r) = [Z,(r)/r)]Y(0,p), where Y(0,p) is a spherical
function, can be separated. Hence it follows that the motion
equation can be deduced for Z,(r) in the potential

2
U(r)=V(r)+ w
2mr
where / is the quantum number of the angular moment. At /#0,
there is an additional barrier, which noticeably decreases the
probability of nucleation. Hence, the main contribution to nucle-
ation is provided at /= 0. The probability of tunnelling Py is
determined by the equation

P oc exp{—% J[zm(,,) V(r)]l/zdr},
0

where r*t = (3/2)r* (r* is the radius of the critical nucleus) and m(r)
is the effective mass determined by the relation

47
m(r) = —(p = p,)’r’,
Py

where pj and p, are the liquid and vapour densities, respectively.
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A somewhat different approach was used in the studies. 06107
According to the corrections 9819 to the Lifshits—Kagan
theory,!03-105 clusters are considered to be spherical and consist
of an incompressible liquid whose energy depends on the cluster
size. Itis assumed that the centre of gravity of the clusters is at rest,
whereas the surface layer and vapour environment move. The
authors of the cited studies %6197 examined the possibility of
tunnelling from all energy levels, except for the ground level.

To summarise, it should be noted that the quantum theory of
nucleation is still being developed. However, this is the only
theory, which may be useful for the interpretation of the results
of experiments, for example, on binary nucleation in the He —*He
system at temperatures close to 10—3 K,!'0 from the quantum
standpoint. The quantum-mechanical approach to the description
of ion-induced nucleation was employed in the investigation,!!!
where the nucleation rate of a water vapour on Na* ions was
estimated. The results of this investigation are comparable with
the results following from the classical nucleation theory. In
particular, the free energy minima and the sizes of the correspond-
ing clusters are identical to within experimental error. The free
energy maxima are also virtually identical, but the size of the
critical cluster evaluated by the classical theory is 20% larger.

A system of noninteracting particles can be considered with
the use of conventional methods of statistical mechanics, where
the Hamiltonian of the system is represented as a sum of the
Hamiltonians of individual particles. The applicability of these
methods is limited by the region, where the Boltzmann statistics is
fulfilled. Systems consisting of many particles obey the Boltzmann
statistics.

In the classical nucleation theory, molecules of a metastable
phase and the nuclei formed in this phase are also treated as a
mixture of noninteracting particles. In the thermodynamic con-
sideration, the frequency of collisions of molecules with the cluster
consisting of n molecules is calculated in the ideal gas approx-
imation, i.e., without regard for their interactions. In the kinetic
consideration, an analogous approach was used for determining
the frequencies of transitions of nuclei from one size to another,
i.e., the dependence of these frequencies on interactions of a
nucleus with other molecules and clusters of the mother phase
are ignored.

Phenomenological theories describing states of solutions (for
example, the theory of regular solutions), which employ equations
for a particular average state of the system consisting of many
particles, can be assigned to the same type of theories. Since these
equations are, generally, empirical, it is more correct to refer to
these theories as empirical theories. One of the simplest phenom-
enological theories of equilibrium phase transitions taking into
account the co-operative effect is the van der Waals theory of
condensation.!% It should be noted that the Kac potential (as an
effective potential) used in the study %0 is not a realistic value and
the extension of the results thus obtained to real (in a physical
sense) potentials is still an open problem. Certain progress in the
use of the models under consideration is attributable not to the
validity of their main concepts but to an appropriate choice of
additional factors, which, in turn, allows one to consider these
models as phenomenological.

II1. Experimental methods for studying nucleation

Experimental studies of nucleation were carried out for various
objects, viz., from a mixture of the 3He—*He isotopes at temper-
atures of several thousandths of Kelvin up to a plasma. Complex
processes, such as the formation of solid-phase nuclei from cooled
molten metal and metal boiling upon superheating, formation of
exciton drops and cavitation, for example, in a screw propeller or

§In this case, the motion of each particle in the field of surrounding
particles is considered as a motion in the averaged field, which is
independent of the local arrangement of the particles.

in the case of nuclear reactor accidents, etc., were also inves-
tigated.

Experimental investigation of bulk nucleation is a compli-
cated problem, because the parameters of the formation of a new
phase rapidly vary with time and space, which substantially
complicates their measurements. Hence, experimental publica-
tions on nucleation are scarcer than theoretical studies. Experi-
ments on nucleation are hindered due to the lack of well-
developed algorithms for the determination of parameters for
many nucleating systems. Procedures for studying bubble fre-
quencies in liquids and nucleation in a supersaturated vapour have
been best elaborated. These methods can be extended to other
systems.

1. Thermal effects of condensation

The non-isothermality of a real nucleation process is the subject of
considerable attention. However, the classical theory assumes that
nucleation is an isothermal process. In other words, a mixture of
clusters and monomers is treated as if it were in a thermostat. In
real systems, an inert gas, which is not condensed under the
experimental conditions, plays a role of such a thermostat. The
energy transfer occurs due to collisions of molecules of an inert gas
with a vapour and clusters, and the final number of gas molecules
as well as the final rate of this process are such that the system is
transformed into the state in which the average temperature of
clusters is higher than that of the vapour — gas mixture. This leads
to a decrease in the efficiency of elementary events of the addition
of vapour molecules to small clusters. According to an estimate
made in the study,?® the effect of non-isothermality should be
manifested at nucleation rates higher than 10> cm—3 s—'. More
recent data obtained by methods of non-equilibrium thermody-
namics !'2 demonstrated that the influence of non-isothermality
should decrease as the vapour supersaturation is increased, i.e., at
high nucleation rates.

The thermal effects of condensation were considered in a series
of studies by Kuni and co-workers.!'3~124 The data on a sta-
tionary flow and stationary distribution of near-critical droplets,
their temperatures and characteristic sizes, rates of free-molecular
and diffusion growth of overcritical droplets, the spectrum of their
sizes and time of formation as well as information on the
conditions of applicability of a macroscopic approach to the
kinetics of condensation were surveyed in the study.!'? The final
step of non-isothermal condensation was discussed in the pub-
lication.!!* Non-isothermal condensation at moderate concentra-
tions of an inert gas was considered in the investigation.!!> A two-
dimensional description of the material and heat balance of
particles of a nucleating liquid phase in a vapour—gas medium
was published and the effect of the quasi-isolated state of a nucleus
of a liquid phase under non-isothermal conditions was examined
in the studies.!!%117 The two-dimensional Zeldovich—Frenkel
equation in the kinetics of non-isothermal nucleation of a liquid
phase was considered.!'® Problems of thermal relaxation of
particles of a nucleating liquid phase were discussed in the
study.!" The effect of the temperature of particles of a liquid
phase on the rate of non-isothermal nucleation and other eftects
associated with heat exchange were investigated in a series of
studies.!20-124

The theoretical problem of thermal effects of condensation
seems to be solved, but the predictions of the theory remain to be
experimentally confirmed.

2. Nucleation in electrochemical processes
Let us consider an electrochemical process as an example of
practical application of the nucleation theory.¥

A substrate plays a very important role in such processes. The
effect of the substrate state on the nucleation kinetics was

4 Problems of nucleation in electrochemical processes were surveyed in
detail in the review.!25
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studied.'?¢~ 129 In particular, chemical interactions upon adsorp-
tion and the role of the real surface in crystallisation of a new
phase were discussed in detail.'?” The concept of nucleation on
active centres of the substrate surface, which have a high free
energy, was developed.!?$129 If the effect of shielding zones
occurring around growing nuclei is ignored,'3° the activity dis-
tribution function of the centres can be determined based on
experimental dependences of the number of nuclei on super-
saturation.!3!

When describing the nucleation in electrochemical systems, it
is generally assumed that

— in the presence of a double electric layer and electric
charges on particles that arrive at the electrode surface, it is
necessary to take into account the kinetics of charge transfer at
the electrode;

— adsorption of water molecules, cations, anions and organic
compounds on the electrode leads to a change in the work of
nucleation and influences the discharge kinetics of ions;

— diffusion is of importance: the lower is the activation
energy of surface diffusion and the stronger are the interactions
of the adsorbed atoms with the substrate, the higher is the
nucleation rate on the electrode surface.

The heterogeneous nucleation theory assumes that a liquid
nucleus on the surface of a solid substrate has a shape of a
spherical segment. A change in the energy of the system upon the
formation of a liquid nucleus is proportional to the work of
homogeneous nucleation

AGhet = PAGhom,

where @ is the shape factor, which depends on the wetting angle
and is equal to the ratio between the volume of the spherical
segment of the liquid phase on the substrate surface and the
volume of the sphere of the same radius.

In this case, the supersaturation can be characterised by the
overvoltage at the cathode 1. The dependence of the stationary
nucleation rate Jo on the work of nucleation has the form

K

AG
Jo = DcZ(1)exp (f ﬁ) = K exp (7 n—z‘)

where D, is the flow of atoms that add to the critical nucleus; Z(1)
is the concentration of individual atoms; K; and K> are constants.
Equation (29) adequately describes experimental data within a
narrow range of the overvoltage at the cathode.!?® This is not
surprising because the use of the classical theory is most efficient
for describing simple nucleation processes in electrochemical
systems, viz., vapour nucleation or cavitation.

The experimental results obtained within narrow ranges of
supersaturation were discussed in the publications.!26-132-137
Analysis of the data obtained within the framework of thermody-
namic and atomistic models led to virtually the same conclusions.
In the model representations used in the cited studies, interactions
between the nuclei formed are ignored.

In broad overvoltage ranges, the step of charge transfer
assumes great importance. Hence, it is necessary to take into
account the kinetics of ion discharge.'?®~143 In this case, the
In Jo—(1/5?) or In Jo—n dependences are linear and the constant K>
in Eqn (29) can be determined from their slopes. Experimental
investigations of the nucleation kinetics within broad ranges of
supersaturation present considerable problems. At high super-
saturations, coalescence of nuclei giving rise to aggregates is
highly probable. The surface curvature of nuclei influences the
activation energies of both the cathodic and anodic proc-
esses. 42144 The expressions for the stationary nucleation rate
are deduced based on the Becker and Déring kinetic method.??

Nucleation requires an expenditure of work proportional to
the electrochemical potential difference. 26,132, 135,140,145, 146 Thjg
work characterises the deviation of the system from equilibrium
(values with the subscript 0 belong to a stable state and the

(29)

corresponding values without the subscript belong to a metastable
state)

A =p — po = zF(y — o) = zF(E — Eo) = zFn,

where p is the thermodynamic potential, z is the ion charge, F is
the Faraday number and E is the electrode potential. The
potential of a metal nucleus is equal to the electrode potential E.
The nucleus formation requires an expenditure of work

léna®1? 1
G=9 &2 = —n.zFy.
3(zFn)” 2

In this case, Eqn (6) takes the form

- _ 20V
¢ zFp’

It is assumed that the nucleation energy is determined by the
amount of metal atoms deposited on the electrode surface rather
than by the electrochemical potential difference.!38139,147-150
This approach corresponds to the assumption that the ion
discharge giving rise to adsorbed atoms is independent of nucle-
ation in a medium of neutral atoms on the substrate surface.

In electrochemical nucleation processes, the nucleus forma-
tion proceeds most probably by the direct insertion mecha-
nism.'5-152 In the gas phase, heterogeneous nucleation through
the direct insertion of atoms or molecules into a nucleus is highly
improbable.!'>3 The concentration of surface atoms has an effect
only on the pre-exponential coefficient in the equation for the rate
of the process. The work of nucleation is determined by the
cathode overvoltage.!>*

It should be noted that the work of nucleation is generally
treated 14! as a continuous function of the number of atoms in the
cluster n, although this function is actually discrete. It is assumed
that the nucleus is in metastable equilibrium with the mother
phase and has a size at which the probability of further growth is
equal to the probability of dissolution. In the case of fluctuation
formation, the maximum work corresponds to the critical nucleus.
The nucleus size depends on the structure of the cluster and the
interaction forces between the atom and substrate.

It was believed '?° that the changes in the surface energy and
the kinetic factor can be ignored in the consideration of nucleation
processes within narrow ranges of supersaturation. Hence, the
number of molecules (atoms) in the critical nucleus can be
determined from the slope of the experimental dependence of the
nucleation rate on supersaturation according to the equation

dinJ

n. = RT A

This equation was first proposed in the study devoted to
nucleation of supersaturated vapours. Below the deduction of this
equation is considered in detail. It should be noted that this
equation enables one to determine the critical nucleus size regard-
less of the nucleation model used as well as to find the dependence
of this size on supersaturation Ap.

In the review,!2’ it was stated that a decrease in the nucleation
rate in an electrochemical process following the stationary region
in a voltammogram is attributed to an exhaustive consumption of
the active centres of the substrate, overlapping of shielding zones
or coalescence of growing crystals. In the nucleation theory, it was
assumed that in the case of electrodeposition, active centres of the
substrate can appear during the action of a nucleation pulse, the
rate of their formation being dependent on the degree of super-
saturation. The nucleation kinetics in various systems can be
studied experimentally, in particular, by determining the time of
formation of the first nucleus. Methods for calculations of the
space and time distributions of nucleation events upon electro-
deposition, which have been developed in the studies, !26- 132, 151. 154
allow one to perform more detailed analysis of the mechanism of
nucleation. The magnetic properties of electrodeposited amor-
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phous Fe—Cr melts were investigated, for example, in the
study.!®>

Adsorption of surfactants has an effect on the work of
nucleation and the critical size of nuclei due to changes in the
surface energy at nucleus—electrolyte and nucleus—substrate
interfaces accompanied by changes in the wetting angle and
shape factor.!36-157 The effect of surfactants on the initial steps
of electrocrystallisation is manifested in the redistribution of the
rates of formation and growth of nuclei of a new phase due to
blocking of active centres of the substrate and inhibition of ion
discharge on the surface of growing crystallites. On the whole, the
effect of surfactants on nucleation is poorly known. Experimental
studies are generally aimed at solving applied problems. In these
studies, the frequencies of nucleation of a new phase are, as a rule,
not measured. Scarce data on the measured nucleation rates in the
presence of surfactants cannot as yet be systematised. A more
detailed discussion of this problem is beyond the scope of the
present review.

The phase formation upon electrodeposition was studied by
analysing the time dependences of the current under potentiostatic
conditions. The theory of growth of two-dimensional layers and
formation of three-dimensional crystals was developed in the
investigations.!>!- 158 In the last decade, the structures of various
electrode materials, primarily, of atomic- and molecular-modified
single-crystalline electrodes and electrodes including isolated
nanoparticles have been established with very high accuracy by
high-precision X-ray diffraction methods. These data enable one
to reveal the characteristic features of a nucleation process giving
rise to a particular structure. Evidently, coalescence and agglom-
eration, which accompany nucleus growth in the solid phase,
hinder calculations of the number of nuclei of a newly formed
phase.

Much less progress has been made in studying the structures of
electrodes acting as catalysts, which are characterised by a large
specific surface and a broad size distribution of particles (or
blocks). Examples of such systems are electrolytic deposits of
platinum metals on polycrystalline substrates. The dependence of
the activity of platinum and palladium electrolytic deposits on the
deposition potential is one of the prominent manifestations of the
so-called ‘structural effects’ in electrocatalysis.!>% 160 Multilayer
deposits, for example, of platinum metals on polycrystallines foils,
are very complex systems characterised by a multi-level structural
hierarchy. It is hardly probable that their structures could be
established at the nanostructural level. However, it is of great
interest to reveal factors responsible for the reproducible forma-
tion of nanostructural fragments and find reliable correlations
between the macroscopic properties of materials and structural
characteristics as the first step of such investigations.

Measurements of copper K X-ray radiation made it possible
to observe co-deposition of copper and chloride ions from an
electrolyte solution on the Au(111) surface. These results are
indicative of a high degree of statistical disorder of molecules in
the deposit, the Cu—Cl, Cu— Au and Cu—Cu bond lengths and
the corresponding bond angles varying within narrow ranges.
These data are very useful in simulating nucleation and subse-
quent film growth by molecular dynamics methods. Chronocou-
lometric measurements provided information on the film
composition and the number of electrons crossing the interface
per copper ion. Electrocrystallisation on dislocation-free faces of
silver single crystals was studied experimentally.!>! The formation
of anodic films was investigated.!®! The results of studies using
mathematical simulation (see, for example, Refs 162 and 163) are
consistent with the classical nucleation theory. A model of two-
dimensional nucleation and subsequent three-dimensional crystal
growth was proposed in the study.!%4

However, the seemingly good situation, which is manifested in
the agreement between the results of theoretical studies of electro-
chemical nucleation and experimental data, resembles a situation,
which has been observed in the field of investigation of vapour
nucleation, when high-precision data have been lacking. Begin-

ning in the 1980s, the necessity of developing a universal theory of
vapour nucleation and a need for searching new ideas for the
elaboration of this theory became evident because a rather large
number of systems were studied and experimental data were
obtained with a sufficiently high accuracy.

3. Nucleation in dense ion plasma

Atomic and molecular systems are traditionally studied by
approximate methods based on expansion of a small parameter
in a series (for example, virial expansions in statistical physics, the
non-linear perturbation theory in non-equilibrium statistical
mechanics, the perturbation theory in quantum mechanics, efc.).
In the review, !9’ it was emphasised that a small system follows the
Gibbs distribution law provided that interactions with the envi-
ronment are weak. Hence, the choice of such a system from
a statistical ensemble should be the subject of the special con-
sideration. There are different ways of isolating a small system
from a macroscopic one.

It should be noted that the time it takes for the equilibrium to
be established within a cluster is much shorter than the time
interval between collisions of the cluster with gas particles. Hence,
the cluster can be considered as an isolated system during a certain
(short) period of time. The properties of the cluster as a small
system influence the behaviour of the macrosystem as a whole.
The thermodynamic properties of critical nuclei are resposible for
the nucleation rate. A nonideal gas is considered as a mixture of
clusters of different sizes, viz., dimers, trimers, efc.

The description of clusters of charged particles in the region of
a substantial deviation from the ideal state is hampered by the
necessity of taking into account long-range Coulombic interac-
tions. The collective effects are not weakened as the plasma
density decreases. By contrast, this effect increases because the
radius of the Debye shielding sphere increases. For ionic systems,
the main results are obtained with the use of integral equations. A
macrosystem is divided into clusters and the phase space of the
system is divided into the corresponding regions. When estimating
the equilibrium properties, the statistical integral reduces to the
configuration integral over the coordinates of the molecules.

Nucleation in an ion plasma is associated with shielding of
Coulombic interactions of ions in a liquid phase due to which the
long-range Coulombic potential becomes an efficiently short-
range potential. Investigations of the equilibrium properties of a
model of charged spheres by the Monte Carlo method demon-
strated that the shielding typical of a macrosystem is also observed
in systems consisting of several tens of ions at the same temper-
atures as those in the macrosystem.

The fact that supersaturation cannot be attained in a cooled
ionic system, i.e., the fact that metastable thermodynamic states
cannot occur, is associated with the absence of an energy barrier to
the formation of microdroplets. The charge symmetry breaking in
plasma causes a change in the nucleation mechanism. Of all
possible orientations of triplets, only one type of orientation at
which the symmetry axes of the triplets are mutually orthogonal
leads to their mutual attraction. This result was obtained only by
computer simulation.

The thermodynamic stability of a dense phase in ion plasma is
determined by short-range attractions and medium-range repul-
sions between the molecules. Repulsions are changed to attrac-
tions as the temperature decreases. The formation of a stable
dense phase is attributed to the appearance of a short-range
orientational order. In a macroscopically homogeneous system,
a short-range orientational order occurs at higher temperatures
compared to those in a small system because surface particles in
the former system are absent and the average number of the
nearest neighbours in the former system is larger than that in the
latter system. Mutual repulsions between ionic triplets can be
interpreted as an additional internal pressure equilibrating the
external pressure of the macrosystem. Hence, in the approxima-
tion of charged spheres microdroplets of a particular radius are
formed at higher pressures and lower temperatures compared to
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those in a neutral system. Due to a competition between Coulom-
bic attraction and repulsion forces, emission of charged particles
from the cluster can take place. The inhibition effect of micro-
condensation due to repulsions between ionic triplets is most
pronounced in the case of microdroplets consisting of 10>—103
ions. The mechanism of nucleation inhibition was studied by
different methods, including numerical simulation by the Monte
Carlo method, the lattice approximation and the approximation
of physical groups.

4. Growth of critical nuclei in solid solutions

Coalescence in solid solutions is described using the Lifshits—
Slezov theory,!%%:167 which considers a change in the size of a
spherical nucleus with time. It is assumed that there are weak
interactions between nuclei and the nucleus size is a small fraction
of the average distance between these nuclei. Based on this theory,
spinodal decomposition of a binary system upon coalescence in
solid solutions was studied.!68

In the course of spinodal decomposition, it can happen that
upon rapid removal of a system outside the spinodal, interactions
between nuclei cannot be considered as weak. Using a nonlinear
equation for the free energy of a two-component solution,!% all
steps of spinodal decomposition can be described. Nonlinear
members of this equation take into account interactions between
nuclei. The nonlinearity restricts the exponential growth of
fluctuations in the region of thermodynamic instability and gives
rise to the coalescence effect.

In the study,'®® a truncated equation for spinodal decompo-
sition was used for estimating a change in the nucleus size in the
ordered structure formed. The equation describing a change in the
wavenumber as a characteristic of the structure was deduced using
asymptotic methods. In the long-time limit, rather simple relation-
ships were obtained, whose form depends on the size of the
decomposition region d (d = 1 corresponds to coherent platelet-
like structures, d = 2 corresponds to cylindrical structures and
d =3 corresponds to nearly spherical three-dimensional struc-
tures).

Upon nucleation and nucleus evolution of a new phase on
solid substrate surfaces in closed multicomponent and multiphase
systems, film formation proceeds through several steps.!”® First,
dispersed particles appear on the substrate surface (generally, on
its defects). Then the substance is redistributed between these
particles. Evolution of ensembles of dispersed particles is accom-
panied by latent heat release and an increase in the temperature of
the system. One mode of redistribution of the substance between
dispersed particles involves coalescence.!”! Due to a decrease in
the free energy upon interface reduction, the average particle size
increases as a result of mass transfer from smaller to larger
particles.

Interactions between dispersed particles upon crystallisation
of one-component melts associated with the occurrence of a heat
field is called ‘heat coalescence’.!’>173 A consideration of the
evolution processes occurring in multicomponent closed dispersed
systems in the general form demonstrated that in the asymptotic
limit, the concentrations of components and the equilibrium
temperature on the particle surface are independent of the nature
of the particles. The distribution functions of phases depend only
on the heat and mass transfer. The types of phases formed are
determined by the ratios between the amounts of compounds
dissolved, temperature and rate constants of chemical reactions.
The time dependence of the size distribution function of new
phases was found.

Investigations of evolution processes in ensembles of multi-
component and multiphase dispersed particles were continued in
the study.!”* The phase formation in closed systems has also been
examined.!”> Real systems are open, and the heat and mass
transfer can take place in such systems. Dispersed particles on a
substrate, the generalised field of adsorbed atoms and mass and
heat flows interact with each other.

The effect of heat, which is evolved in chemical reactions
proceeding under adiabatic conditions, on the dynamics of
decomposition and crystallisation of multicomponent multiphase
solid solutions and melts was examined.'’® The final step of
decomposition and crystallisation of solutions involves coales-
cence accompanied by heat evolution. Under adiabatic condi-
tions, the temperature of the system increases and the equilibrium
concentrations of the components change. As a result, some
phases decompose. It should be noted that the phase co-existence
regions differ from analogous regions occurring upon isothermal
decomposition. The condensed phase grows as a result of two
concerted processes, viz., diffusion and heat exchange. The system
of equations proposed in the study !7¢ describes evolution of phase
isolation in the step of coalescence in an N-component solid
solution, where both the temperature and composition fluctua-
tions can be ignored. This system consists of K continuity
equations, N equations of the law of conservation of matter,
(N — K) stoichiometric relations for flows, K equations of the law
of mass action, the heat balance equations and an equation
relating the characteristic size of the phase deposited to the matter
flow. The dependence of the equilibrium constants of chemical
reactions on the temperature and sizes of the phases being
deposited was taken into account and an additional equation for
the rate of their growth was introduced. The asymptotic solution
of the above-mentioned system of equations allows one to
determine the boundaries of the co-existence regions of all
possible K phases in the space of the initial amounts of compo-
nents and temperature. The authors of the publications 7417
believed that their results can be considered as laws, which can
enable one to control evolution of ensembles of multicomponent
dispersed particles in the course of the growing of films with
desired structures and compositions.

5. Boiling of stretched liquids

An adequate theoretical description of the boiling process of the
so-called stretched (superheated) liquids based on high-precision
experimental studies was published in the studies.!”” 17 Phase
transitions in systems occurring in the vicinity of the boundary of
thermodynamic stability (the so-called spinodal) were analysed in
the review.!80 These transitions of the critical type are character-
ised by a strong space—time correlation of perturbations and a
high degree of fluctuations. In the case of rapid liquid —vapour
phase transitions, one or both co-existing phases are outside the
region of stable states.

Spinodal decomposition is a special case of the initial step of a
phase transition whose occurrence requires that the system be
initially transformed into a labile state. The system relaxation is
accompanied by an increase in the number of random inhomoge-
neities, which may give rise to modulated relaxation structures.
Propagation of small perturbations is characteristic of a system
occurring in an unstable state, whereas perturbations dissipate in
the case of stable states.

At high supersaturations, metastable states occur at the
boundary of the region of absolute instability. In rapid processes,
a labile state can occur along with a metastable stable; the
compound rapidly loses the spatial homogeneity and acquires a
cellular granular structure. Unlike the phase transition from a
metastable state, spinodal decomposition does not require activa-
tion. Nuclei of a new phase appear if a stable surface layer is
formed. In this case, certain portions of the system can be located
in a metastable region. If the stability condition is violated, a
stable layer between two phases cannot occur. As the spinodal is
approached, the mechanism of phase transition changes. Spinodal
decomposition and nucleation are the initial and final steps of a
continuous process of instability propagation.

In a one-component system, the rate of spinodal decomposi-
tion is limited by heat exchange between the contracting and
expanding volume units.'®! The time of formation of an unstable
state should be shorter than the characteristic time of spinodal
decomposition.
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In multicomponent systems, the region of unstable homoge-
neous states is limited by the critical liquid —vapour conditions.
The diffusion instability is characterised by the negative diffusion
coefficient (ascending diffusion). In the case of two-component
systems, diffusion instability is preceded by mechanical instabil-
ity.!82 The diffusion mass transfer is determined by the chemical
potential gradient. In the case of stable states, the approach to the
stability boundary is characterised by deceleration of the diffusion
transfer (the diffusion coefficient D tends to zero). For unstable
states, D < 0.

The phenomenological theory of spinodal decomposition was
first presented in the study.'®® The use of the Fourier representa-
tion for analysis of the stability of a two-component isotropic
solution made it possible to determine the critical wavenumber k.
and the critical wavelength A = 2n/k.. Within a spinodal, the
solution is unstable with respect to relatively small fluctuations in
composition with the wavelengths 4 > /.. The plot of the ampli-
fication coefficient R, which characterises a change in the ampli-
tude of the concentration wave, vs. the wavenumber k has a sharp
maximum at

This indicates that all concentration waves, except for those
characterised by the wavenumber kp,, can be ignored within a time
interval after the onset of decomposition. At k <k [R(k) > 0], the
concentration waves are exponentially amplified. At k > k., these
waves are exponentially attenuated [R(k) <O0]. The Cahn
theory '%° is based on the self-consistent field theory. In the
vicinity of a spinodal, there are strong interactions between
fluctuations due to which the concept of the free energy may
appear to be inapplicable. The usual linearised equation for
diffusion is valid only in the initial steps of decomposition, when
deviations of the composition from the average value are small.

The Cahn theory was further elaborated by Cook,'3* who
considered thermal fluctuations in composition. This made it
possible to explain the fact that the experimental critical wave-
vector k_, is larger than the theoretically predicted wavevector k. .

The work of formation of a near-critical bubble plays an
important role in phase transitions to which decomposition of a
gas-supersaturated solution belongs.'#* Under isothermal condi-
tions, which occur at high thermal conductivity of a solution, two
variables are required for the description of a nucleus of a stable
phase. The work of formation of a near-critical bubble was
approximated by the equation

F=F*—x2+ 3%

where F* is the work of formation of a critical bubble;
x=V-=V*/AV*, y=(P— P*)JAP*;, VV* and P* are the
volume of the critical bubble and the pressure in this bubble,
respectively.

The work of bubble formation includes the squares of
variables with opposite signs. Hence, the activation barrier F has
a saddle. The variable x is unstable (therefore, the bubble volume
can increase infinitely), whereas the variable y is stable. On going
from the variables x and y to variables characterising the bubble
state, which are specified by the number of molecules in the bubble
v and a series of critical parameters, the bilinear approximation is
retained.

The intensity of the phase transfer is proportional to the
normalising coefficient C corresponding to the equilibrium dis-
tribution of the clusters. After integration of a two-dimensional
equilibrium distribution with respect to the stable variable v, we
obtain a one-dimensional distribution of bubbles over this varia-
ble

1/3
£.01) = Fexpl=F(v),

where F(v) = F. — (v — vo)?/(Ave).> The correction AF for the
work of accommodation of a gas molecule was found thermody-

namically, which made it possible to refine the normalising
coefficient

o P21 =)
ek T ’
where ¢ = [2¢/(3r*p*)]"/? (r* is the radius of the critical bubble).

The normalising coefficient in the thermodynamic equation
was refined in the study.!83

The above-considered theory can be applied to solutions
supersaturated by an increase in their concentration by gas
pumping or a decrease in the concentration upon a change in the
temperature or pressure. The rate of formation of a metastable
state in a gas-supersaturated solution influences all variables
describing solution decomposition.!¥¢ Conditions were found for
attaining the maximum intensity of the formation of overcritical
gas bubbles and supersaturation of a solution, and all character-
istics of solution decomposition at this instant were studied. The
size spectrum of overcritical bubbles in the stage of their forma-
tion was determined.

The work of formation of a critical bubble is a function of
solution supersaturation. The metastability of a solution is
described by the law of increase in ideal supersaturation with
time, the time being measured from the instant when the ideal
supersaturation is equal to zero. The coordinate z of the maximum
of the overcritical bubble distribution over the excess free energy
increases with time at a rate dependent on the supersaturation,
temperature and some other parameters of the solution. The
variable x, which is the deviation of the coordinate z from the
size of the overcritical bubble, is introduced to characterise the size
spectrum of overcritical bubbles f(x). Throughout the growth
process, each overcritical bubble is characterised by its own value
of x. At x = 0, the spectrum f(x) has a maximum. The material
balance equation for a solution includes the function g corre-
sponding to the difference between the ideal and real super-
saturations. The dependence g(x) and the related spectrum f(x)
are found by an iteration method.

Most researchers reasoned that the classical nucleation theory
adequately describes experimental data on the frequency of
formation of gas nuclei upon liquid boiling. Presumably, this is
associated with rather large sizes of critical nuclei, although this
assumption is evidently unjustified in the case of spinodal decom-
position.

Skripov and co-workers 177-17% have achieved much success in
experimental investigations on boiling of stretched (superheated)
liquids. Since the elementary event of bubble formation can be
observed experimentally, it is possible to demonstrate that the
nucleation process is accidental. Thus, the expectation time
cannot be predicted, and only the time of the elementary event of
formation of the first bubble can be estimated at the probability
level. Experimental studies showed that the expectation time is
determined by the distribution of random values.

It should be noted that nucleation rates in any system are only
certain average values. To determine these rates, it is necessary to
carry out a statistically sufficient number of individual tests, like in
studies of stretched liquids and investigations of the boiling of
superheated metallic wires. Another way is to observe the appear-
ance of numerous nuclei of a new phase. Apparently, the latter
approach allows one to reduce the experimental time. Generally,
researchers, who use this approach, do not measure elementary
nucleation events and observe only average values. In the case of
an insufficient number of parallel nucleation events, fluctuations
of nucleation events can be observed. To obtain reliable average
values, it is generally necessary to increase the time of observation.
In the case of a statistically sufficient number of measurements
(with the variance in average values of ~1%) and a rather high
relaxation rate, the experiment can be quasistationary, i.e., one of
the parameters of the system can slowly (compared to the
relaxation rate of the system) change. In this case, one can obtain
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more experimental data than in the case of accumulation of the
results of individual tests.

One of the main schemes used in experimental investigations
of boiling of stretched liquids (in particular, of the cavitation
phenomenon) involves stretching of a column of a temperature-
controlled liquid by relieving pressure. Several tens of experiments
are already sufficient for the determination of the average expect-
ation time for the breaking (boiling) of a liquid (the value inverse
to the expectation time normalised to the volume unit is the
nucleation rate). Hence, it is necessary to carry out several
hundreds of tests of the system to obtain 10—20 points for the
construction of one isotherm.

In an alternative scheme, a metastable state is achieved by
superheating, which is provided by passing an electric current
through a conductor. This scheme allows one to attain high
degrees of superheating when heterogeneous boiling centres no
longer play an essential role. This way of performing experiments
allows the use of electronic means of automatisation and control.
If relaxation of a system is achieved in a short period of time, a
statistically reliable data set can be collected in an automatic mode
rather rapidly. For example, the bubble formation in liquid
nitrogen on a conducting film surface was studied,'®” and the
kinetics of bubble formation in glassy methyl methacrylate and
polycarbonate containing dissolved carbon dioxide was investi-
gated.!®® In the latter case, the bubbling was monitored using a
light beam. The light-transmission factor served as a quantitative
measure of the concentration of pores formed in the polymers.
Pressure jumps and surface tension at the boundary of critical
bubbles at different temperatures and concentrations of dissolved
CO, were determined. In some cases, these values corresponded to
parameters typical of homogeneous nucleation, otherwise they
corresponded to those of heterogeneous nucleation. It should be
noted that it is possible to carry out a more detailed interpretation
of results. For this purpose, one should use phase diagrams of a
polymer—gas system, because some characteristic features of
nucleation rate surfaces may be associated with the characteristic
features of phase equilibrium diagrams of the systems under
study. Nevertheless, the conclusion that the nucleation properties
of a polymer —gas solid solution vary with saturation with gas is
beyond question. This result confirms the generality of the
concept (which was considered using vapours as an example)
that the nucleation rate depends on the total pressure in a medium.

The bubble nucleation can also be studied using a two-piston
chamber.!%® A constant negative pressure pulse is applied to a
liquid sample during several milliseconds after which stretching is
decreased by 10% —20%. As a result, the formation of new nuclei
ceases and the bubbles grow to sizes, which can be observed by an
optical method. The advantage of this scheme is that several
bubbles can be formed simultaneously, which allows one to obtain
abundant data in a single experiment, thus accelerating measure-
ments of elementary events of bubble formation a hundred times.

In a study of the boiling of polymers,'°° the thermal stability of
a polymeric liquid was estimated using a controlled pulse heating
technique. The average lifetime of the polymeric liquid before its
boiling was determined from a temperature plateau in a thermo-
gram of the process. A correlation was found between the thermal
stability and the slope of the plot of the average lifetime of
superheated liquids vs. the temperature. A distinct relationship
between the average time of bubble nucleation and the total
pressure was revealed.

Cavitation in binary systems has long attracted the attention
of researchers. The kinetics of phase transitions in binary solu-
tions of several systems based on hydrocarbons and water was
examined '°! in the vicinity of critical stratification points. The
stratification was detected by photomicrography. Corrections for
the equations describing the growth of a new phase volume were
found. It was demonstrated that at the late step of the process, the
dependence of the reduced average radii of the droplets of a new
phase on the reduced time is described by an exponential equation
with the exponent of 0.81.

Achievements in the field of research of liquid boiling under
the action of a current pulse have not gained wide acceptance.
Some researchers concerned, for example, with the boiling of
metallic wires, did not employ the concepts of the nucleation
theory at all. For instance, in the study °> devoted to the dynamics
of microplasticity of whisker single crystals under the action of a
current pulse, the nucleation of dislocations in single crystals and
their propagation were investigated. However, the experimentally
observed incubation period determined by the plasticity delay
time of the initially dislocation-free silicon whisker crystal 192 is
nothing else as the expectation time for nucleation of dislocations.
The nucleation of dislocations is a nucleation process involving all
inherent metastable states and accident events. The delay time
should be a random value and be characterised by the distribution,
which was not discussed in the cited study. The evident drawback
of this study is that the authors did not use the formal apparatus of
the nucleation theory, which could substantially change the
direction of investigation and interpretation of the results.

To summarise, it should be noted that the methods for
studying nucleation in vapours and cavitation in liquids have
gained most acceptance. However, these methods are not rigor-
ously justified and need a thorough validation of the assumptions
used for the interpretation of experimental data. Thus, in spite of a
rather reliable verification of the dependence of the vapour
nucleation rates on the total pressure in a nucleating system (see,
for example, Refs 73 and 81), some researchers traditionally, like
a quarter of a century ago, reject the effect of gas pressure as
such.!?3 These researchers use a variable pressure in a two-piston
chamber to maintain both the nucleation temperature and initial
composition of the vapour —gas mixture constant. Undoubtedly,
this makes experimental studies with adiabatic cooling easier, but
leads to an error associated with the dependence of the nucleation
rate on the total pressure in the nucleating system. In other words,
experiments are carried out under isothermal conditions but at a
variable total pressure. For the results to be interpreted correctly,
the experimental data are necessary to recalculate as applied to the
constancy of the total pressure. For example, such a procedure
should be carried out in calculations of the compositions of critical
nuclei from the slopes of nucleation isotherms. In the investiga-
tion,!?3 one variable in the parameter space was ignored and, in
actuality, a particular section from different subspaces was
measured without an adequate description of the trajectory in
this space.

The nucleation, for example, of a binary vapour can be
described in a five-dimensional space including the nucleation
rate, the composition of the initial vapour, the composition of the
nuclei of the condensate, the total pressure in the system and the
nucleation temperature. It should be noted that the level of
description of the experimental processes is not sufficiently high
to give an estimate of the changes in the state of a nucleating
system in the above-mentioned space. Different trajectories in this
space give different projections onto subspaces, which is one of the
factors responsible for the disagreement in the results obtained by
different methods. The common aim of researchers is to develop
experimental techniques for obtaining more precise and reliable
data in the well-determined conditions of nucleation.

6. Nucleation in condensed phases

Nucleation in condensed phases assumes the existence of trans-
formations from one condensed phase to another. Experiments on
crystallisation of supercooled liquids were surveyed in the
review.!%* The rate of crystalline phase formation was estimated
using the maximum supercooling with respect to the temperature
of the equilibrium melting—crystallisation process. The nuclea-
tion begins to proceed at a substantial rate once a sufficiently high
supersaturation is attained. Generally, the supercooling limit is
determined by the rate of heterogeneous nucleation on the walls,
the presence of a liquid surface and heterogeneous nuclei in this
surface, etc., rather than by a homogeneous process. In emulsions
and on substrates, the liquid breaks into droplets. To weaken
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interactions, droplets are coated with surfactants or salt melts.
When droplets are rather large, many of them do not contain
heterogeneous nuclei. The supercooling maximum is generally
taken as a homogeneous limit. Container-free methods of inves-
tigations are of considerable interest. In the falling drop method, a
molten drop falls in a tube, which is filled with an inert gas (or
evacuated) and whose walls are cooled. By hanging a drop in an
electromagnetic field, one can more easily control the phase state
of a sample. In this case, observations can be more prolonged and
measurements are more accurate. In the case of metals, the
maximum supercooling is ~20% of the melting point.

In the study,'®> homogeneous nucleation was treated as a
heterogeneous process in which individual molecules serve as
nuclei. This approach enables one to introduce a correction in
the equation for the work of nucleation under different condi-
tions.!?5-197 The type of the correction is determined by the
presence or absence of a thermal equilibrium between the nucleus
and the medium. The work of nucleation depends on the external
conditions of the nucleation process. The equation was derived for
the work of nucleation upon homogeneous nucleation in the
absence of an equilibrium between the nucleus and the medium
in the case of an isentropic isochoric process. Under other
conditions, this work can be evaluated by removing the corre-
sponding terms from the equation for the potential of a critical
nucleus. In the case of a complete equilibrium between the nucleus
and the medium, the results correspond to the classical theory.
The Gibbs equation describing the work of nucleation in the case
of a heterogeneous process includes the work of wetting. To
determine the work of wetting, one should consider an ensemble
of macroscopic nuclei, which are in equilibrium between the
mother and new phases. Each nucleus is considered as a dispersed
particle and its chemical potential is taken into account.!?3

Studies of glass relaxation are of great technological and
scientific interest. Here the question arises as to the existence of
the limit of liquid supercooling.'* Liquid supercooling gives rise to
an increase in viscosity, the possible spinodal transformation of
the liquid to a crystalline state being ‘diffused’. At the same time, it
is common practice to treat a glass as a liquid occurring in a
metastable state, which is reasonable to regard as one of the states
of the supercooled liquid. In any case, investigations of glass
relaxation rates provide a unique possibility to answer the above
question. The maximum glass relaxation rate is observed at low
temperatures. Samples are kept at a low temperature until
nucleation of crystals starts and then the samples are annealed at
higher temperatures. In this process, the rate of formation of new
nuclei is low, whereas the rate of cluster growth is much higher
compared to those under the conditions of nucleation. The
clusters grow to sizes such that their amount can be measured by
simple methods. In metallic glasses, nucleation and nucleus
growth are often not separated. Investigations of metallic glasses
did not provide new information compared to that obtained in
studies of well-known silicate glasses. In studies of a series of
metallic glasses, including Zr—Ti—transition metal, Al-Fe,
Ni—rare-earth metal and Fe—Si—B systems, anomalously high
nucleation rates (which sometimes approach 10'7 cm—3 s—1) were
observed. 199202

Investigations of nucleation in condensed phases are of
importance for both fundamental knowledge and the solution of
applied problems. Tauer and Padtberg?®3 devised a system for
computer collection of data on conductivity and haziness (trans-
mission of light) of aqueous solutions. The authors of the cited
study believed that this system is a universal tool for investigating
nucleation in such systems. The onset of nucleation in solutions is
determined from the discontinuity of the first derivative of the
conductivity and the appearance of a bend in the curve of the
transmitted light intensity vs. the composition. These experiments
closely resemble the initial stage of investigation of aerosol
nucleation, in which aerosol was observed, whereas the nucleation
rate has not been measured. Emulsion polymerisation was studied
in a similar way.293

Nucleation in chemically reacting systems is of great interest.
The theory of this process was developed within the framework of
classical notions of nucleation as early as the 1980s. The effect of
surfactants on nucleation was simulated in the study.?** It was
demonstrated that due to the presence of surfactants, clusters can
occur before the onset of phase transition. The addition of
surfactants is equivalent to an increase in the deviation from the
equilibrium state because the term proportional to the concen-
trations of the introduced compounds is added to the equation for
the thermodynamic potential. The energy of cluster formation
passes through a minimum, which provides the occurrence of
metastable states. Due to anisotropy of the surface energy, the
adsorption pressure is different on different crystal faces and the
latter grow at different rates. This fact can account for the
formation of dendrites in the presence of surfactants.

Recently, a general model was proposed for nucleation in
chemically reacting systems.?%> This model is based on the
Becker—Déring kinetic scheme?? according to which clusters
grow and decompose due to one-step aggregation and fragmenta-
tion processes. The model takes into account the catalytic effect of
the already formed clusters on the rate of appearance of other
clusters. The role of precursors (or specific reagents), which
spontaneously decompose to form relaxing metastable states,
and inhibitors, which hinder the cluster growth to sizes larger
than a particular value, was discussed. The model includes several
key equations describing the experimentally observed macro-
scopic behaviour of a system. Based on these equations, the most
important components of the reacting system can be revealed and
the steps of the process dependent on the rate can be determined.
One of the versions of this model was used for the description of
cement hydration. The problem was solved in the asymptotic
mode. The results of calculations were consistent with the exper-
imental data.

In the scientific literature, the problem of spontaneous for-
mation and the existence of dimers in a nucleating system is
actively discussed. In the theoretical investigation of the drop
growth in a medium of an inert gas containing monomers and
dimers of the agent condensed,?’® analytical equations were
proposed for estimating the effect of dimerisation of vapour
molecules on the rate of growth in an isothermal approximation.
The growth of cesium drops in a helium atmosphere was calcu-
lated as an example. At high supersaturations, the rate of drop
growth increases substantially due to formation of dimers.

The kinetic molecular mechanism of the onset of snowballing
condensation from a supersaturated vapour with a high concen-
tration of dimers was described in the general form.?%” The
possibility of cluster growth due to the presence of dimers was
taken into account. The enthalpy effects were taken into consid-
eration by fitting the parameters of the model to the experimental
values. This model can be used for calculating the total entropy of
the clusters. At high pressures, the rate constants of condensation
are corrected for the restriction of diffusion of monomers and
dimers involved in the growth process. The description of the
nucleation process in the density functional approximation was
extended to condensation in an associated liquid. The theory of
associated liquids in a system of spherical molecules with one
associated bond was used for this purpose. Calculations demon-
strated that the use of the classical nucleation theory led to a
substantial overestimation of the activation barrier to nucleation
in these systems. This deviation can be to a large degree compen-
sated using the model proposed in the study.?%8

The investigation of nucleation in a benzene vapour giving rise
to dimers in the temperature range of 15—123 K is of obvious
interest.?%° For the range of 15— 88 K, the coefficient of the rate of
dimer formation was calculated. The formation of benzene dimers
was proved by studying the reactions of hydrocarbons with C¢Hg
and analysing the optical spectra of the products. Model calcu-
lations showed that the systematic error of measurements is low.
The coefficients of the dimerisation rate calculated on the
assumption of free rotation of dimers are in good agreement
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with the experimental values for the temperatures above 30 K at
which decomposition effects should be small.

Agglomeration of nanosols can be considered as a model of a
phase transition without long-range interactions. The activation
energy of restructurisation of agglomerates from nanoaerosols
was determined in situ.?' In experiments with agglomerates of
silver and copper nanoparticles, the height of the activation
barrier to the rearrangement of particles in the agglomerate was
determined. Agglomerates are formed due to collisions of several
tens of the initial nanoparticles. The structures of the agglomer-
ates can be described by the exponential law relating the number
of the initial nanoparticles to the radius of the agglomerate. The
exponent including the radius is generally referred to as the fractal
dimensionality. This exponent is determined from electron micro-
scopic images.

Interactions between nanoparticles can be of a different
nature from van der Waals forces to ionic or covalent bonds.
Agglomeration in which strong bonds are formed gives rise to
rigid (generally, porous) structures. Agglomeration characterised
by weak bonds affords clusters with more compact structures, the
number of nanoparticles involved in the clusters being increased.
The temperature dependence of the restructuring rate is described
by the Arrhenius equation whose exponent includes the activation
energy of the process. The pre-exponential factor has the dimen-
sionality of frequency. To estimate the bond energy of nano-
particles in an agglomerate, it is necessary to know how the
coordination number of the nanoparticles changes with time and
to determine the fractal dimensionality at a particular instant of
time. The initial particles interact only with the adjacent closely
located particles. The activation energy of this process is an order
of magnitude lower than the bond energy calculated with the use
of the Hamaker constant,?!? for example, for silver and copper. In
the range of the nanosol sizes under study, the energy of activation
for silver is similar to that for copper. The maximum activation
energy corresponds to the particles with a diameter of ~ 18 nm.
This energy decreases as agglomerates grow. The addition of
oxygen before the onset of agglomeration of the initial nano-
particles leads to a twofold increase in the activation energy, the
maximum energy corresponding to the particles with a diameter of
15 nm.

In the review,?!! it was mentioned that the development of
theories of solid-state nucleation allowing for the thermodynamic
aspects of nucleation and cluster growth is presently underway. To
detect nuclei and determine their phase states, Rayleigh scattering
of Mossbauer radiation and Mdssbauer spectroscopy are used.
Diffusion of clusters in pores is investigated using the microprobe
method. Generally, studies are accompanied by investigations of
the catalytic activity of clusters.

7. Photonucleation
Based on the results of the investigation of photonucleation,t a
new procedure was developed for the determination of ultralow
concentrations of molecules.?'?213 The high level of analytical
sensitivity is attained by exciting molecules with UV radiation.
Upon vapour supersaturation, particles of photonucleation prod-
ucts (radicals, ions, etc.) grow to sizes, which can be easily detected
by simple methods. Due to high spectral sensitivity of photo-
detection, the desired compound can be selectively excited and
detected. For example, resonant excitation made it possible to
detect nitrotoluene vapours at such a low concentration that their
pressure is 50000 times lower than the saturated vapour pres-
sure.?'>213 As a result, the sensitivity with respect to the concen-
tration of ~ 10 particles per billion was achieved.

The explanation for the photoactivation effect was put for-
ward, for example, in the publications,?'4215 where the distribu-
tion of vibrational energy in a binary reacting gas mixture after

T Atmospheric nucleation giving rise to morning fog, which appears with
the first sunbeam, is an example of photonucleation.

optical excitation was theoretically analysed. Stationary optical
pumping gives rise to a distortion of the equilibrium distribution
function of molecules with resonant levels, the distribution of
vibrational degrees of freedom of other molecules remaining
unchanged. In a two-component system, the vibrational temper-
ature of both components differs substantially from the transla-
tional one. These effects open up the possibility of performing
experiments on nucleation upon relaxation of the levels pre-
excited with resonant electromagnetic radiation.

Advances in the studies of photographic processes were made
largely due to intuition and practical skills of researchers and are
to a lesser extent associated with theoretical studies. In studies of
the mechanisms of spectral sensitisation of silver halides with
dyes, it was concluded?'® that the primary event of electron
transfer from the photoexcited dye and the secondary dark
reactions involving an oxidiser (silver) play a decisive role. In
these processes, numerous various nucleation phenomena take
place. Unfortunately, these phenomena have not been considered
in the context of the nucleation theory. For example, AgBr
crystals are formed in an emulsion, and the sizes of these crystals
influence the quality of photographs. The formation of aggre-
gated cyanine dyes on the surface of silver halide crystals is also
associated with nucleation. Such dyes are used for spectral
sensitisation of photomaterials.

Knowing the mechanism of photoprocesses at the molecular
and atomic levels, one can follow the dynamics of changes in the
electron density and the course of chemical reactions associated
with photoactivated electron jumps. In studies of the formation,
for example, of photoaerosols, researchers often restrict them-
selves to the detection of the photoeffect with no investigation of
its kinetics and mechanism. Among a few exceptions are the
investigations,?!”7-218 where the mechanism of atmospheric nucle-
ation upon photoactivation of the simplest aldehydes was pro-
posed. When studying the mechanism of formation and growth of
an aerosol upon photolysis of tungsten hexacarbonyl, the authors
gave particular attention to the time range during which vapours
leave the irradiation zone. The generation of the condensed
product was discontinued to measure the concentration and
evaluate the size distribution of the aerosol formed. The kinetics
of aerosol formation was simulated by numerical methods using
the Smoluchowski equation. The rates of monomer formation
were calculated at different photolysis rates, which were varied by
changing the irradiation time. These calculated values were in
good agreement with the measured photolysis rates. It should be
noted that some methodological problems remain unresolved,
which hinders the quantitative determination of the frequency of
aerosol formation upon photoactivation.

The translational energy release upon multiphoton dissocia-
tion of organometallic compounds was studied.?!® The results
were discussed from the viewpoint of expenditure of energy in
aerosol formation from photolysis products of W(CO)s. The
processes of the preparation of aerosols and thin films were
controlled by a laser. The properties of semiconducting CdSe
nanoparticles with a diameter of 2—15 nm were examined.??° It
was assumed that the addition of butylamine to a colloidal
solution of nanoparticles excludes the radiation path for their
luminescence. An observation of interactions between nanopar-
ticles and a hole acceptor (to which butylamine belongs) allows
one to detect electron transitions in surface atoms of nanopar-
ticles.

8. Search for similarity criteria

Many researchers are concerned with a search for similarity
criteria allowing one to carry out rescaling of the results of studies
of nucleation (see, for example, Ref. 221). The asymptotic limit of
the activation energy on going from heterogeneous to homoge-
neous nucleation was determined depending on the contact
angle.???> This value is consistent with the results of numerical
simulation. The possibilities of scaling as applied to the properties
of molecules in the critical cluster and then to nucleation were
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analysed.??? The scaling properties of nuclei were treated based on
the Kelvin equation. Analysis was carried out using the formal
apparatus of the density functional theory and the molecular
dynamics method. The concept of the reduced height of the barrier
to nucleation was introduced. It was demonstrated that both
modes of scaling are related to each other by the nucleation
theorem and, hence, can be combined.

The model of scaling invariance for binary nucleation in ideal
systems 33 was used for analysing experimental data on nucleation
rates in a hexanol —ethanol system.??* Nucleation in a water
vapour was simulated by the Monte Carlo method %2> and the
results were presented in a criteria form. The results of simulation
are in agreement with the data from the experimental study.>?¢
Based on scaling, corrections applicable to the results obtained by
other researchers were proposed.

9. Adiabatic expansion method

Homogeneous vapour nucleation can occur upon rapid adiabatic
expansion of a vapour—gas mixture. First data on this type of
nucleation were obtained already in the late 19th century. In early
experiments (see, for example, Ref. 227), the critical supersatura-
tion S, to which the nucleation rate J/ = 1 cm~3 s~ ! corresponds,
was determined. The construction of a Wilson chamber used for
studying homogeneous nucleation has gradually been
improved.”!-228-231 Apparatus was devised to maintain a con-
stant nucleation temperature over a long period of time, which
made it possible to control the changes in the concentrations of the
particles formed and their size distribution with time.??%232 The
nucleation rates were measured with high accuracy in different
systems using an adiabatic two-piston expansion cham-
ber.224233-235 pPregently, a Wilson chamber is used most generally
for studying different processes associated with volume nuclea-
tion.

In a number of studies (see, for example, Refs 236—238),
condensation was examined in a shock tube. A shock tube is a
device, where a vapour is heated and rapidly cooled due to
generation of shock waves in a vapour — gas mixture. Generally,
a tube consists of two cells separated by a diaphragm containing a
vapour (gas) at high (driving chamber) and low (driven chamber)
pressures. Once the diaphragm is broken, the shock wave prop-
agates to the section containing the low-pressure vapour and
rapidly heats the latter. The high-pressure gas is simultaneously
cooled under the action of a rarefaction wave. Heating can cause
decomposition of a chemical compound into non-volatile compo-
nents,?3¢ while cooling leads to vapour supersaturation.?3’

The construction of a tube with two diaphragms made it
possible to extend substantially the range of compounds under
study.?? In this tube, the vapour is compressed by a shock wave
after breaking of the first diaphragm and then the vapour is
expanded into vacuum after breaking of the second diaphragm.
This tube can be used for studying compounds characterised by a
high vapour pressure at room temperature (for this purpose, these
compounds are mixed with an inert gas). Compounds occurring in
the solid state at room temperature are introduced as aerosols.
The shock wave causes evaporation of aerosols and the vapour
formed is condensed in the expansion cycle.

The studies of nucleation of different systems at high pressures
using a shock tube are of great interest.240~242 The authors of the
cited studies were among the first who concluded that nucleation
under an atmosphere of a carrier gas should be considered as a
binary process.?#?

A shock tube is extensively used in studies of nucleation at
pressures of 70 atm.?*3~245 The kinetics of formation of methane
hydrates was the main subject of investigation. For example,
nucleation of water in methane was studied at pressures up to
40 bar2*3 and an n-nonane —methane system was investigated in
the pressure range from 10 to 40 bar.?** In the latter case, the
dispersion in experimental measurements was much smaller than
that achieved, for example, in the study.?*> The scheme was
proposed for the use of a shock tube in studies at high temper-

atures.?*® The geometry of a shock tube was devised so that the
reflected wave again increases the pressure after the expansion
cycle, thus preventing the appearance of new nuclei and providing
conditions for the growth of the already formed nuclei.

The processes occurring in the systems under consideration
are non-stationary, which hinders interpretation of experimental
results. A spontaneously formed aerosol can be prepared in
experiments using a supersonic flow of a vapour or a vapour —gas
mixture through Laval nozzles. The state of the gas throughout
the length of the nozzle can be precisely determined with the use of
the gas dynamics equations.?47 249

Interesting results were obtained in the studies of nucleation of
light and heavy water in nozzles.>>%231 It appeared that the
compositions of the aerosols thus prepared correspond to the
initial compositions of the samples. These experiments were
carried out with the use of computer simulation. The experimental
results were more similar to the values calculated on the assump-
tion of isothermal conditions of the process rather than non-
isothermal conditions. Analogous results were obtained in paral-
lel measurements in a two-piston chamber.?%?

Nucleation in Laval nozzles cannot be described on the basis
of the isothermal theory because the process under consideration
is non-isothermal. The nucleation theory at high supersatura-
tions 3 (including the theory of processes occurring in nozzles) has
not been developed in sufficient detail. The difference in the
temperatures corresponding to different degrees of freedom was
observed in experiments using high-intensity molecular
beams.?325* However, a theoretical description of these results
is lacking. The developed methods for diagnostics of molecular
beams enable one to study directly critical nuclei and distributions
of clusters in a vapour expanded into a vacuum. These methods
are very useful for quantitative studies of non-stationary non-
isothermal nucleation.

10. Method for turbulent mixing

Studies of homogeneous condensation of a vapour by turbulent
mixing of a hot vapour—gas mixture with a cold gas are of
considerable interest.>>325 Up to the 1960s, qualitative studies
were primarily carried out. The main results were systematised by
Amelin in the monograph.?*’ First data obtained by Friedlander
were presented in the publications.?38-2% The method under
consideration was widely used in the investigations.?®0=262 In
spite of the simplicity, this method enables one to investigate
nucleation processes in broad ranges of temperature, supersatura-
tion and nucleation rate under stationary conditions due to which
it has advantages over methods in which an adiabatic expansion
chamber is used in a cyclic mode.

Similar apparatus were used in the studies 2725 devoted to
the determination of the critical vapour supersaturation at which
the aerosol formation began. A gas flow heated to a particular
temperature is ejected at high velocity through a nozzle into a
surrounding atmosphere moving at a certain velocity 37 or into a
resting gas.?>® The flow was initially saturated with a vapour of the
compound under study and its cooling with the surrounding flow
leads to vapour supersaturation to give an aerosol. To detect the
aerosol, the flow is illuminated with a collimated light beam and
photographed. A common drawback of the cited studies is that
the presence of an aerosol is determined in an arbitrary way and
the beginning of the particle detection depends on the point in time
at which the critical vapour supersaturation is attained. However,
these studies provided qualitative insight into the transformations
that occur in this process.

In subsequent studies, the parameters of an aerosol formed in
a turbulent flow were measured quantitatively. The aim of the
study 293 was to validate the homogeneous nucleation theory
proposed by Becker and Déring.?? In the investigation,?? the
concentrations of particles formed in a generator were determined
(unlike the above-considered studies) using a photoelectric coun-
ter.2®* A comparison of the calculated and measured concentra-
tions of the particles demonstrated that the best agreement
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between these values was achieved for dibutyl phthalate. There
was a substantial discrepancy between the experimental and
calculated concentrations of the particles of ethylene glycol,
octadecane and sulfur.

A similar problem was solved in the studies.?%> 266 Octadecane
and heneicosane were used as working compounds. At that time,
the discrepancy between the calculated and experimental data of
four orders of magnitude was considered to be satisfactory.

Procedures were developed for determining the concentra-
tions and disperse compositions of aerosols formed by turbulent
mixing of a vapour— gas mixture. The aerosol concentrations up
to 107cm—3 can be measured using a flow-through ultramicro-
scope constructed by Deryagin and Vlasenko.?” Besides, the
concentration can be determined with lower accuracy but then
rapidly from light scattering. After enlargement in a vapour of an
organic compound, an aerosol can be considered as monodis-
persed and its concentration can be easily determined using a
nephelometer.260

Time scales of nucleation under turbulent conditions were
simulated by Barrett.>® He studied the temperature and concen-
tration distributions with no account for condensation. An
increase in the rate as the nucleation peak is approached and a
decrease in the rate after passing the peak were evaluated. The
value inverse to time corresponds to the pulse rate. The number of
the particles formed was estimated from the nucleation rate
multiplied by the peak duration. The results of calculations were
verified by comparing the results of more precise calculations
performed on a computer and with the data obtained in a real
turbulent flow containing water vapour. Under laboratory con-
ditions at a temperature below 90 °C, condensation has only a
slight effect on the number of droplets along the flow axis.
However, condensation noticeably suppresses nucleation at tem-
peratures above 95 °C. Barrett believed that the proposed model
can be useful for the construction of systems in which nucleation
and particle growth occur simultaneously.

In investigations of condensation under turbulent conditions,
it is very important to estimate the amount of particles which are
deposited on walls limiting the flow. Simulation of the particle
motion in a near-wall turbulent layer 2% is based on analysis of the
flow stability in a channel. The equation of motion includes the
Stokes, gravitational and lifting forces. In the cited study,?® the
efficiency of particle deposition from a flow was analysed by
considering trajectories ending in particle deposition. The precip-
itation rates predicted by the model were in good agreement with
the available experimental data. Particle deposition on a small-
disc target was studied.?’? The deposition effects associated with
convection, diffusion, sedimentation, electrification and thermo-
phoresis were investigated. It was found that thermophoretic
purification from particles can be reduced to zero because of
very weak attractions between charges.

The turbulence effect on the rate of particle formation in a
vapour flow was studied experimentally.?’! The authors of the
cited study investigated nucleation in a flow with the temperature
of 400 K, which was injected into air at 298 K and 1 atm. To
simplify calculations, the Levi number was taken equal to unity.
The temperature fluctuations in an axis-symmetric flow were
estimated and local rates of particle formation averaged over
fluctuations were calculated. Turbulent pulsations substantially
decrease the nucleation rates at local maxima and increase the
nucleation volume. In the cited study, particle distribution fields
were reported.

In the last two decades, the scheme using a turbulent flow was
virtually not used for studying the rate of vapour nucleation
because there was no assurance that homogenisation of a system
occurs before nucleation. The data on nucleation at large temper-
ature and concentration gradients remain to be adequately
interpreted. However, it can be expected that this ‘drawback’
will soon become an advantage because this approach can be used
for the quantitative determination of the delay times of nucleation

under gradient conditions. This field of investigation is of impor-
tance because such processes often take place in practice.

11. Methods based on molecular diffusion

Of all the apparatus used for studying nucleation, a thermodiffu-
sion chamber is of most interest from the viewpoint of accuracy of
measurements, because only in this chamber (unlike a Wilson
chamber, Laval nozzles and shock tubes), condensation proceeds
in a stationary mode. This provides the possibility of measuring
the parameters of the process with high accuracy. A thermodiffu-
sion chamber was first proposed by Langsdorf.?”? The action of
this chamber is based on the use of vertical diffusion of the vapour
under study through a light carrier gas. A compound evaporates
from a hot plate and diffuses through an inert carrier gas to a cold
plate. The temperature and pressure of the vapour between the
plates change approximately linearly, whereas the saturation
pressure depends exponentially on the temperature which gives
rise to supersaturation. At a supersaturation higher than the
critical value, homogeneous condensation with the formation of
droplets is observed.

There are two types of thermodiffusion chambers, which
differ by the direction of vapour diffusion. Langsdorf evaporated
the compound under study from an upper (hot) plate. However,
this construction was rejected at a later time, and researchers used
chambers in which the hot plate was located under the cold one.?”?
The convenience of such chambers is that the condensate from the
upper plate drains down and compensates the volume of the liquid
that evaporates from the lower plate due to which the cycle
becomes closed and the stationary mode is maintained during
many hours. Due to the stationarity of the process, self-purifica-
tion of the chamber from heterogeneous nucleation centres
becomes possible. Relatively rare nucleation events caused by
solar beams can be excluded from the statistics. A diffusion
chamber was used for studying the dependence of the nucleation
rate on supersaturation in different systems,?’3~27° including
those occurring at high pressures (up to 40— 100 bar).?73-273

In detailed studies of homogeneous nucleation of higher
alkanes, critical supersaturations and nucleation rates were meas-
ured,?80 the relations between the corresponding states were found
and the dependences of the critical supersaturation of hydro-
carbons on the number of carbon atoms and the number of
molecules in the critical nuclei were revealed.?®! In the investiga-
tion,?82 ion-induced nucleation of vapours of six compounds was
examined in a thermodiffusion chamber. Ions were generated
using an o emitter. Either positive or negative ions were generated
by varying the electric field. Experiments were carried out both in
the presence and absence of an electric field in the nucleation zone.
In the presence of the field, nucleation on positive and negative
ions proceeded differently.

Interesting experiments on nucleation were carried out using
photoactivated ions.?!?-213.283 Dose amounts of ions were pro-
duced with the use of small additives of 4-fluoroaniline or
hexamethyldisilazane, which can be ionised upon resonance
excitation. A resonance excitation pulse from a tunable UV laser
initiated the generation of ions in the region below the point of
maximum vapour supersaturation. Ions with the required sign
were shifted to the nucleation zone by applying an electric field.

Diffusion chambers enable one to measure the frequencies of
nucleus formation within 10=2—102 cm—3 s—!. The lower limit is
determined by the long expectation time for the appearance of a
viable nucleus, whereas an upper limit is determined by the fact
that at nucleation rates higher than 10> cm—3 s—! the droplets
that appear substantially disturb the diffusion and heat flows. The
dependences of the distribution of vapour and temperature in a
thermodiffusion chamber as well as of the nucleation rates on both
the stationary homogeneous vapour condensation on droplets
and the release of the phase transition heat were examined, for
example, in the study.?®* Moderate changes in supersaturation
and temperature in a chamber caused by the release of phase
transition heat and a decrease in the concentration of a vapour
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upon its condensation on droplets lead to a substantial decrease in
the nucleation rate as compared to the rate which should be
observed (according to the nucleation theory) provided that the
vapour is not consumed and the condensation heat is not released.

Distortions of the results obtained in flow diffusion chambers
may be a consequence of particle deposition on walls. With the
aim of estimating this effect experimentally, thermodiffusiopho-
resis of growing droplets of dioctyl phthalate formed in a super-
saturated vapour upon homogeneous nucleation was studied.?®>
It appeared that the thermodiffusiophoresis theory, which was
developed as early as the 1970s, gives an adequate prediction of
results obtained in real conditions. This theory allows one to
estimate the effect of thermodiffusiophoresis on the overall
nucleation rate in a flow diffusion chamber. The first experiments
with the use of this chamber have already demonstrated 3¢ that an
aerosol column formed along the flow axis does not virtually
spread out during the period (several tenths of a second) of the
presence of particles in the chamber. A noticeable (at the error
threshold) effect can be observed if the number of particles
decreases by a factor of 2—3 due to thermodiffusiophoresis.
Such a decrease has not yet been observed in flow diffusion
chambers. In investigations of nucleation of chemical compounds
under conditions of a high vapour pressure (>30 Torr), it is
necessary to estimate additionally the effects under consideration.

In experiments on nucleation, there is a probability that
aerosol particles undergo aggregation due to which their number
and size distribution can change. This problem is most pressing in
experiments with the use of adiabatic expansion methods, where
high concentrations of aerosols are produced in the nucleation
volume. This problem is rather easily solved based on the
assumption that substantial coagulation cannot be observed in a
fraction of a millisecond required for the particle detection. In
studies with the use of a flow chamber, tenths of a second are
required for the detection, the maximum concentrations of
particles being four orders of magnitude lower than those in the
case of adiabatic expansion methods, which also eliminates the
problem of aggregation. In experiments with the use of a static
diffusion chamber, this problem does not occur at all because the
maximum concentrations of particles are too low to influence
coagulation. A certain insight into the effect of aerosol aggrega-
tion on the nucleation rate was offered in the study.?®” A model of
coagulation of a two-component aerosol was described in the
investigation.?8® Coagulation occurring at different compositions
and sizes of particles was examined in the publication.?%

In experimental studies, the question as to the effect of vapour
depletion on the nucleation rate is of importance. In a real system,
only a limited amount of a vapour can be used and, hence,
nucleation occurs inevitably on the background of a varying
supersaturation. This fact is often ignored and the results of
studies are related to average parameters of the system or
conditions at which the maximum nucleation rate is achieved. In
the study,?®® the nucleation rates and nucleus growth were
examined under conditions of a limited amount of a vapour. The
equations were derived for the particle growth and changes in the
concentration of a vapour due to its condensation under con-
ditions corresponding to a combination of continuous and free-
molecular modes. The characteristic times for these modes were
found depending on the particle sizes and these times were
compared with the characteristic times of nucleation, coagulation
and chemical reactions. The vapour concentration decreases as
the number of particles in the system increases. The authors of the
study 2% believed that an estimate of characteristic times is an
efficient method for the determination of the relative importance
of condensation compared to other competitive processes.

The idea of a thermodiffusion chamber was used in the
study 280 of spontaneous vapour nucleation in a flow. A flow
diffusion chamber was constructed such that two coaxial flows
with different temperatures, viz., a heated gas saturated with the
vapour of the compound under study and a cold blowing gas flow
free from the vapour, move in a laminar mode. Supersaturation of

the vapour of the condensed compound is achieved as a result of
equalisation of the temperature and concentration through ther-
mal conductivity and molecular diffusion. Under conditions of a
laminar flow, the temperature and concentration distributions of
a vapour in the bulk of a tube can be calculated using the standard
heat-conduction and diffusion equations. Simplified examples of
such calculations in vapour—gas laminar flows were given, for
example, in the monograph. 237 The influence of perturbations
occurring at the interface of hot and cold flows was studied in
detail 8¢ and conditions at which these perturbations have vir-
tually no effect on the nucleation rate were found experimentally.

In the study,?®! the nucleation and growth of aerosols in a
laminar axis-symmetric flow were analysed theoretically, prob-
lems of heat and mass transfer were considered and the dynamics
of the establishment of the size distribution of particles was
investigated. Nucleation of one- and multicomponent condensa-
tion aerosols was studied using an experimental apparatus with a
laminar axis-symmetric flow.292 The measured aerosol concen-
trations were compared with those calculated within the frame-
work of the classical nucleation theory. Nucleation of a dibutyl
phthalate vapour as a function of temperature and supersatura-
tion was studied in a flow diffusion chamber.?*3-2%4 An algorithm
was proposed for solving the two-dimensional problem of heat
and mass transfer.?®> It was demonstrated ?°° that a carrier gas
affects the nucleation rate of alcohols at atmospheric pressure.
This result is of great importance because it provides independent
evidence in support of the thesis about the influence of a carrier
gas on nucleation, which I proposed earlier.?®’

In a modified version of a flow diffusion chamber,?®’ a gas
together with a vapour first go from a saturating reactor to a
heated tube, where the flow becomes stationary and laminar, and
then it passes to a condenser. Laminarisation of the starting
vapour —gas flow facilitates substantially the specification of the
boundary conditions for the flow rate distribution and vapour
concentration distribution, which simplifies the solution of the
stationary problem of heat and mass transfer in a chamber.
Experience of the use of a flow diffusion chamber is being
gradually accumulated. For example, reproduction 2°® of earlier
experiments 2° on nucleation of a dibutyl phthalate vapour gave
results, which differ from the earlier data by a factor of 2—3. This
is quite satisfactory for the initial stage of investigation.

Experimental methods for studying vapour nucleation are
being extensively developed. Information on nucleation rates
under precisely fixed conditions of nucleation can be gained in
different ways. However, the method of a laminar axis-symmetric
flow or a flow diffusion chamber holds, apparently, most promise.
The simplicity of this method and the possibility of measuring a
large number of experimental points in a rather short period of
time enable one to observe, for example, a change in the phase
state of critical nuclei.”> Undoubtedly, this approach will be
further elaborated and will find wide application in studies of
processes of aerosol formation. It should be noted that different
experimental methods complement each other. These methods
can be arranged in the following order of increasing measured
nucleation rates: a static diffusion chamber (10—2+—3—
102cm~—3s~ 1), a flow diffusion chamber (10°+1—
107 ecm~3s~!) and  adiabatic  expansion  methods
(10" =10° cm—3 s~ ). The employment of a flow diffusion cham-
ber can be supplemented by the method for turbulent mixing
(105°7-10°712 cm~3 s—!). The adiabatic expansion methods
assume the use of apparatus such as a Wilson chamber, shock
tubes and nozzles.

IV. Excess energy of clusters. Experiment

It is known that the behaviour of a thin layer of a compound at the
interface, in particular, at the vapour-—condensate interface
differs substantially from the behaviour of each of the homoge-
neous phases in the bulk. The theoretical representation of a
surface layer as an inhomogeneous film, which separates homoge-
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neous or virtually homogeneous substances, has been proposed
already by Gibbs. The surface energy and, as a consequence, the
surface tension are among the main thermodynamic character-
istics of the surface layer. The available surface tension theories
are far from being perfect and are, generally, applicable to only a
narrow range of compounds (see, for example, Refs 8 and 80).

The excess (surface) energy of clusters plays a key role in the
nucleation theory because it determines the activation energy of
the nucleation process. Since our knowledge about complex
systems are scarce, it is advantageous to use a simplified approach
involving similarity methods and analysis of dimensionalities. The
fundamental similarity criteria characterising microdisperse sys-
tems were found.??! Calculations based on reference data for 38
liquids (condensed inert gases, alkanes, alkenes, dienes, aromatic
hydrocarbons, alcohols, liquid metals) indicated that these criteria
are temperature-dependent. The authors of the cited study
believed that two systems are thermodynamically similar if their
similarity numbers have (their pairs) close values. Presently, it is
difficult to evaluate the importance of this approach for the
nucleation theory because the proposed criteria need further
verification with the use of a greater body of data for various
chemical compounds. However, a search for similarity criteria
undoubtedly belongs to classical problems of thermodynamics. It
seems likely that the application of this or an analogous approach
will pave the way to considerable progress in the development of
the nucleation theory. It should be noted that a search for scale
invariance requires that as much data should be used as possible
and has need for intuition or research. Successive theoretical
approaches are more unlikely to give a reasonable set of axiomatic
statements favourable for the development of the parametric
theory as compared to an essentially semiempirical search for
scale invariants.

The importance of the determination of the excess energy of
critical clusters was illustrated in the investigation,3?® where the
size distribution of clusters was estimated in a broad range (from
dimers to macroscopic drops). In the cited study, the ratios
between the equilibrium constants of dimers and the surface
tension coefficients were determined and the correction for the
surface tension coefficient in the Frenkel equation was found. The
chemical potential of a cluster is written as a linear function of the
number of ‘inner’ and surface molecules. The author of the cited
study believed that his semi-phenomenological model and data on
the size distribution of clusters can explain, for example, the
experimentally observed abnormally high nucleation rate of a
mercury vapour.

In the study,?®® a vapour was treated as an ideal mixture of
clusters with different sizes. The state of the atom in the cluster is
characterised by the coordination number, which is similar to its
value N for the corresponding condensed phase. The coordination
number of the surface atoms is smaller than N. The surface tension
of clusters can be described by the equation

T —0.414(n — )23,
40

where 7 is the number of molecules in an arbitrary cluster.

If the size of the critical nucleus n* < 30, the surface tension of
the cluster ¢ is much smaller than ¢¢. Consequently, the Frenkel
model substantially underestimates the nucleation rate as if
nucleation had occurred at high supersaturation S. Nucleation
of a mercury vapour proceeds, for example, at S ~ 10° at an
abnormally high rate.3°!

The study?3°? is yet another example of a search for an
adequate description of the excess energy of critical nuclei. The
authors introduced a correction to the equation for the surface
tension and intermolecular interaction, which takes into account
the second virial coefficient thus modifying the Fischer droplet
model.’° This leads to changes in the average area of the cluster
surfaces and the number of molecules in the clusters. The authors
of the cited study believed that their approach is applicable to any
temperatures below the critical point, which was supported by the

fact that the calculated values were consistent with experimental
data.

The study3°3 was concerned with nucleation in gases. The
surface tension was described by modified McLeod’s equation

a(wewi,0) = OO)(wi' — nv;l)d,

where wg = g1/ V¢ is the ratio of the specific volume of gas (or
liquid) molecules to the specific critical volume;
O0)=(4/ uc)“(wl;(: - ngeg)“*", where A is a constant, wy, and
Wgeq are normalised specific volumes corresponding to bimodal
conditions; 2 < 6 < 4; in most calculations, it was taken that
0=25.

It is assumed that as the system approaches the conditions for
spinodal decomposition, the work of formation of a critical cluster
decreases more rapidly than is expected from the classical nucle-
ation theory. The authors of the cited study reasoned that their
approximation combines the simplicity of the classical theory and
the ease of its use. In the region of small supersaturations (like in
the limiting case), the results of the classical theory are repro-
duced. This is attributed to the fact that the surface tension of
clusters in the case of slow nucleation is close to the equilibrium
value corresponding to the planar surface and high supersatura-
tion; the surface tension deviates from the reference data and
approaches the dynamic values corresponding to the appearance
of new interfaces. Therefore, the surface tension is inconsistent
with its macroscopic value. Hence, the application of the classical
theory to systems with high supersaturations leads to substantial
errors. It can be readily seen that this approach includes a useful
but rather trivial parametrisation, which is present in an indirect
form as the consideration of the notion of dynamic surface
tension. Hence, the calculation possibilities of this approach are
no higher than those of other theories. The parametrisation
enables one to describe correctly the behaviour of a series of
nucleating systems. However, this parametrisation does not solve
the problem of the development of a universal theory.

The drawbacks in the procedures for the determination of the
excess energy of critical clusters were discussed in the study.3%*
Concepts of statistical mechanics were employed for the develop-
ment of the nucleation theory based on the determination of the
potential energy of clusters, which is independent of the space
distribution of molecules. It is assumed that the excess energy of
the cluster consisting of one molecule should be equal to zero.
Using the potential constants from models of macroscopic sam-
ples, one can calculate the latent heat and surface tension of
clusters.

It was proposed to use a fractal model and the corresponding
kinetic equations for the description of cluster formation.303
Clusters formed due to coalescence can be characterised by a
lognormal size distribution. The results obtained with the use of
the Smoluchowski equation and different theories describing a
cluster size spectrum are similar to those obtained in experiments
with the use of molecular beam expansion into a vacuum and in
the laser chemistry of organometallic compounds. The authors of
the cited study believed that the model provides a statistically
perfect basis for the interpretation of data on the distribution of
clusters synthesised by different methods.

In the study,3%¢ a semi-phenomenological correction was
proposed, which made it possible to refine the surface energy
taking into account the curvature of a spherical drop known as the
‘Tolman length’.8 The following equation of state was derived
with the use of Fischer’s droplet model:>°

Psat
qokgT

= nTexp[—0p(1 + agn” 3?3,

n=1

where Pg,¢ is the saturated vapour pressure, 8o = gos1/ kg7 is the
dimensionless surface tension at the planar interface and
o = —207/r1. At low temperatures, the surface tension is high
and the Tolman length is, as expected, small (|o;| << 1). In this
case, the solution of the equation of state takes the form
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Oy = filn( P ) -
0o \qoksT

In the general case, the equation of state for different nonpolar
compounds is solved by numerical methods. Away from the
critical temperature, the Tolman length is positive and, according
to the Dillmann—Meier model, is equal to ~20% of the surface
tension of the droplet. The Tolman length becomes negative as the
critical temperature is approached and its change is consistent
with that predicted by the density functional theory.

The problem of the excess energy of clusters is closely related
to the question about the limits of applicability of the droplet
model to small clusters. A model, which is alternative to the
droplet model used for small clusters, was suggested for the
description of atomic chains spontaneously formed at rather
high temperatures.’®’ Analytical estimates were made on the
assumption that the atom interacts only with the nearest neigh-
bours. The interaction potential is additive and short-range. A
model with a minimum number of bonds and a statistical model of
a macroscopic droplet represented as many linked chains are two
limiting models of the cluster. In the study,3"’ the authors used
both an analytical equation for the statistical sum of a gas-like
cluster, which was derived within the framework of simplified
model representations of the interaction potential of particles and
the cluster structure, and numerical simulation of the cluster
evolution in a supersaturated vapour by molecular dynamics.308
The equilibrium size distribution of clusters was found by discrete
methods. This distribution made it possible to calculate the
homogeneous nucleation rate in a supersaturated vapour.

Studies by molecular dynamics and the Monte Carlo method
demonstrated that in the first steps of cluster formation, the
generation of branched chains (fractals) is energetically favour-
able. The latter are folded into a sphere as the size becomes rather
large. A computer simulation showed 3% that the formation of
chain clusters is typical of a polar Lennard-Jones liquid. The chain
length increases with increasing number of dipoles in the cluster.
As a particular size is reached, the fractal is broken to form a
compact spherical cluster. At the boundary of spherical clusters,
chain fragments still persist. The authors of the cited study stated
that the interface of spherical clusters differs substantially from a
planar boundary. Collapse of fractals occurs when the number of
dipoles is as much as ~200.

The fact that atoms tend to be combined into clusters as
energetically favourable structural units is evidenced by the results
of mass spectrometric measurements. Dark-blue crystals of clus-
ters with composition Nagg[HxM036301032(H20)240(SO4)4s] -
(~1000 H,O) were prepared.’'? In these clusters, 368 molybde-
num atoms form a virtually spherical shell with two open mouths
on the opposite sides and the inner cavity of size ~2.5 x 4 nm.
This structure was called a ‘nanohedgehog’ because of the
presence of numerous protruding (like hedgehog hair) Mo=0
bonds. The ‘nanohedgehog’ has a diameter of ~6 nm. Regions
with both positive and negative curvatures are present on the
cluster surface thus breaking the ‘monotonicity’ of symmetry
within this nanoobject comparable in size to proteins. It is
assumed that the nanocluster possesses catalytic properties. In
addition to this surprising cluster, families of fullerenes and
carbon nanotubes, huge nanoclusters, supramolecular com-
pounds, ezc. are known.

The idea that diamonds can be prepared by impact loading or
rapid deposition of carbon onto a substrate followed by cooling
was put forward rather long ago. Investigations of deposition on
substrates have been successfully performed by Russian research-
ers. The results of these studies were generalised in papers and
monographs.3'1-312 Tt was demonstrated 313 that meteorite dia-
monds are key objects, which can help in elucidating the nature of
impact-wave cosmic phenomena. Studies of meteorite diamonds
provided a reliable interpretation of impact recrystallisation of
silicate minerals in meteorites.

Calculations by the Monte Carlo method 3!* demonstrated
that spheroidal silicon clusters consisting of more than 36 atoms
are stable and showed that the bond energy rapidly increases as
the cluster size increases. Such an increase in the bond energy is
not observed if clusters are described in the droplet approxima-
tion. Calculations using the Hartree — Fock approximation for the
icosahedral Sigyp cluster gave similar results.313-317 In the
review 318 devoted to the computer simulation of nanotubes, it
was noted that the synthesis of the first carbon nanomaterials was
carried out virtually simultaneously with a series of studies on
simulation of their electronic structures and almost all nanotube
compounds and many of their properties were predicted based on
the results of calculations. Due to the unique properties of nano-
materials, the latter attract great interest, which, in turn, causes an
increase in the number of investigations.

Theoretical problems of nucleation as applied to nanotube
materials remain to be solved. The practical realisation of the
process has not yet sufficiently developed. Hence, the quantitative
determination of the nucleation rate is not a problem to be solved.
Nanostructures are prepared predominantly in an arc discharge
using graphite electrodes. This method was used for the synthesis
of structurally different clusters.

The results of the above-considered studies provide arguments
in favour of the fractal model of critical nuclei. The formation of a
nucleus of a new phase can be represented as a series of successive
fluctuation transformations from one relatively stable configura-
tion of the cluster to another one. Obviously, the problem of
calculating the excess energy of clusters for the description of the
nucleation kinetics without resorting to the droplet model
becomes more complex. However, as will be demonstrated
below, this problem can be resolved.

Presently, in spite of the complexity of the experimental
determination of the size (and all the more, the shape) and the
excess energy of critical nuclei, such attempts are made. The
surface tension at the crystal-melt interface at atmospheric
pressure was calculated based on experimental data on the kinetics
of spontaneous crystallisation of a supercooled liquid.?'® The
region where the surface tension was determined was extended
beyond the triple point. Calculations were carried out with the use
of a dimensionless parameter relating the surface tension, entropy
of melting and specific volume of the crystal.

In the study,3?° the excess energy of the cluster formed upon
crystallisation was determined using a computer experiment with
the Lennard-Jones approximation, whereas other calculations
were carried out using the density functional theory in the rigid-
sphere approximation. In a parallel direct experiment, the nucle-
ation and growth of crystalline nuclei was observed using a laser
confocal microscope. The results of the study were compared with
the results of computer simulation. Apparently, a combination of
experimental investigations with theoretical methods has the most
chance of making progress in studies of the nature of nucleation.

Based on generalisation of the results of experiments on
nucleation, algorithms were developed for the determination of
the numbers of molecules (atoms) in critical nuclei 228321324 and
evaluation of the surface tension.323.325-328

It is known that the nucleation rate is expressed by an
exponential relation analogous to Eqn (26). In the classical
nucleation theory and its different modifications, the pre-expo-
nential coefficient C is a weak function of supersaturation. In the
general form, this factor can be written as

ol /%_M(P_o)zsno,

14 T kB T
where p and o are the density and surface tension of the condensed
phase, respectively, m is the molecular mass, po is the equilibrium
vapour pressure under given conditions, no is the exponent equal
to 1 or 2. The size of the critical nucleus n* can be calculated from

the dependence of the nucleation rate on the supersaturation at
constant temperature

(30)
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where the subscript i is the ordering number of the component. In
the study,??* it was demonstrated that this equation is applicable
to multicomponent nucleation. In the study,??° the possibility of
determining the size of a critical nucleus upon non-isothermal
nucleation under conditions of crystallisation was substantiated.
The assumption that there is a relationship between the nucleation
rate J, supersaturation S; and the nucleus size n* was made, for
example, in the publication.??®

It should be noted that Eqn (31), which has gained wide
acceptance, has one term less than the thermodynamically exact
equation derived for one-component nucleation,32¢-327

<d1nJ> :dlnC n_,»(v ) — of (n,p)
T

dlnp dlnp (32

where vy, and v, are the molar volumes of the vapour and liquid,
respectively. In the general case, vy and v should be considered as
the molar volumes of the initial and equilibrium phases, respec-
tively. In the case of nucleation in a vapour, the vapour serves as
the initial phase and the volume of the liquid away from
conditions for spinodal decomposition and critical conditions
can be ignored. In the case of cavitation, the volume of the initial
liquid phase is ignored for the same reason, and the volume of the
equilibrium phase, viz., the vapour, is considered.

Equation (31) for a one-component system was independently
derived in the study,??? where it was called the nucleation theorem.
The difference between the chemical potentials of phases Au was
used instead of the variable InS; however, judging from the
estimate of the summands, this difference is described in the
ideal gas approximation, i.e., Au = kgTlogS. This immediately
excludes the term associated with the specific volume v, with the
result that Eqn (31) becomes inapplicable in the region of critical
and spinodal conditions, where these volumes are virtually
identical. Oxtoby and Kashchiev® discussed the possibility of
determining the number of molecules in a nucleus from the slopes
of experimental isotherms of nucleation rates on the assumption
that the first and third terms in Eqn (32) make only small
corrections. In normal conditions, the situation is saved because
the first and third terms have opposite signs, which provides their
virtually complete compensation, and the specific volume of the
vapour in the second term is three orders of magnitude larger than
the specific volume of the condensate. However, in the case of
transitions in condensed phases or in the vicinities of the critical or
spinodal points, the difference between the specific volumes
virtually vanishes and, hence, it is necessary to take into account
all terms.

It should be noted that the exact solution of the problem of the
determination of the critical nucleus size, viz., Eqn (32), exists only
for a one-component system. Such a problem for multicomponent
systems remains to be solved. As mentioned above, the use of the
ideal gas approximation leads to a loss of significant terms. Hence,
it is hardly probable that Eqn (31) can be considered as the
nucleation theorem. The term ‘nucleation theorem’ has already
gained acceptance. However, it should be remembered that this
term is arbitrary. Presumably, this idea will be developed to the
level of the theorem in the future.

Undoubtedly, the above-considered equations extend the
possibilities of studying nucleation. However, the problem of the
description of multicomponent nucleation calls for further anal-
ysis. This problem is being debated in scientific literature (see, for
example, Ref. 79), which, undoubtedly, will help in gaining more
precise insight into the fields of application of Eqns (31) and (32).
These equations can be used for considering all first-order phase
transitions. The specificity of the transition can be refined by
calculating a change in the Gibbs thermodynamic potential
corresponding to the formation of a critical nucleus of a new
phase. The study of electrocrystallisation 1?° provides an example.

The usual error is to use these equations for the description of two-
channel nucleation without separation of the channels. An exam-
ple is the study,'®® where the estimation of the composition of
critical nuclei from the slope of the nucleation rate surface in the
case of two-channel nucleation was not substantiated.

Let us attempt to justify the possibility of determining the
excess energy of clusters upon nucleation in a one-component
system.

The necessity of taking into account such factors as the
ambient pressure and, particularly, the radius of surface curvature
in the deduction of an equation for the surface energy (or surface
tension) requires a careful thermodynamic analysis. In the stud-
ies,326-328 the method for the determination of the excess energy
of critical nuclei in the case of homogeneous nucleation was
theoretically validated. Let us consider the deduction of the
corresponding equation.

The derivative of the change in the thermodynamic potential
of nucleation AG takes the form 328

dAG(n,T)  (0AG n 0AG d_n
dr  \ a7 ), on JpdT’
The condition for the formation of a critical nucleus is met

when the second term in the right-hand side of the equation is
equal to zero. At constant pressure,

dau
dr
where As is the difference between the entropies of the old and new

phases per molecule. Without any assumptions about the shape of
the cluster, the work of its formation AG can be written as follows

AG(n, Ap, p, T) = nAp + O(n, Ap, p, T), (33)

where Ap is the difference between the chemical potentials in the
macroscopic volume of the liquid and in the gas phase; p is the
total pressure; 7 is the temperature; @ is the energy of the cluster
determined by the presence of the phase interface. Then the final
equation for the surface (excess) energy of the critical nucleus @*
with consideration for Eqn (26) takes the following form:7%- 325326

d N 00"
ﬁ <kBT1nE> =n"As — <W)” .

The solution of this equation includes the known values
determined by the boundary conditions. An additional theoretical
study is required to determine the multipliers in the expression for
the pre-exponential coefficient C (which depends on the temper-
ature).

Another way of estimating the surface (excess) energy of a
critical nucleus was developed by Ford.32%-32° The excess energy
can be determined using critical supersaturation; however,
another equation was also derived 32°

—As,

(34)

s
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where AH is the heat of vapour formation per molecule. Ford did
not report data sufficient for reproducing his results [in particular,
it is necessary to know how the derivative of @ in Eqn (34) was
determined] and comparing these results with the data published
in the literature. It should be noted that the monotonicity and
continuity conditions of J = J(S, T') as a function of independent
variables, viz., the temperature 7 and supersaturation S, are not
fulfilled in the vicinity of the phase transition temperature in the
condensate

0lnJ\ [0InS oT .
olnS/,\ o J,\olnJ/)g
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This can be attributed to the fact that the temperature depend-
ence of the critical nucleus size in the nucleation isorate curve has a
bend in the vicinities of the phase transition points.33%33! Evi-
dently, the surface energy should also undergo certain changes.
These changes can be found using the criteria for singularity of
nucleation surfaces.

Let us consider the experimental method for the determina-
tion of the surface energy of a critical nucleus33? with the
constraint p = const. Assuming that the behaviour of a vapour
is described by the equation of state of an ideal gas, i.e.,

Ap = —kgTIn S,
let us go to new independent variables in Eqn (33)

AG(n,InS, T)= —nkgTInS + O(n, InS, T). (35

For a critical nucleus, the following equation is valid

<6AG) _0.
on n=n*S,T

The number of independent variables in Eqn (35) for the work
of formation of a critical nucleus decreases by unity because the
nucleus size is unambiguously determined at fixed temperature
and supersaturation. Let us choose S and T as independent
variables. Then

AG'(InS,T) = —n*(InS, T)ksTInS + O(n S, T).  (36)

After differentiation of Eqn (36) with respect to 7 at a
constant supersaturation, we obtain

0AG” N on’ 00"
( a7 )s = —n"kglnS— kBTlnS(ﬁ)S + (ﬁ)s

Let us consider this equation as applied to nucleation. The
exponential dependence of the rate of formation of a new phase J
on the work of nucleus formation of this phase AG* described by
Eqn (26) is beyond question. However, the pre-exponential coef-
ficient C was not unambiguously determined. According to the
classical nucleation theory, the factor C is proportional to the
square of supersaturation. However, in more recent studies (self-
consistent theory),*¢~ 3 this coefficient was reduced. While stay-
ing within the framework of the classical nucleation theory, the
pre-exponential coefficient can, in the general case, be represented
by Eqn (30).

By differentiating Eqn (26) with respect to 7 at a constant
supersaturation, we have

dlnJ\ (0InC n AG" 1 (0AG” 37)
oT ) \ ®T )g kgT? kT \ OT )’

Taking into account Eqn (30),

0lnC\ 10lno 0dlnp Olnp, 2

< oT )S_z o or Y ar T (38)

In the analysis of the temperature dependences of the surface
tension and density for a series of compounds (water, glycerol,
pentanol, ezc.), the first two terms in Eqn (38) are two orders of
magnitude smaller than the third term and, hence, they can be
ignored. Equation (37) can be rearranged to Eqn (39) using the
Clausius— Clapeyron equation

olnJ\  2(AH —kyT) + 6 on'
(aT )S_ knT? InS\5r ),

_ L (ee”
ks T\ 3T )

The latter equation reduces to the first-order linear differential
equation

(39)

v fy = g), (40)

where y = @*, x = T. If the functions f(x) and g(x) are continu-
ous, the integral curve passing through the point (x,y) = (£,n),
provided that y(x) = n(&) is known, is described by the following
equation

y:e*F<11+

RY

F(x) = Jf(x)dx.

g(x)eFdx) ,

e —

(41)

4

Therefore, to solve Eqn (40), it is necessary to know at least
one point at which the required parameters of the system are
determined. The dependence of In py on the inverse temperature
specified by the Clausius— Clapeyron equation can be considered
to be linear at a vapour pressure corresponding to a constant
supersaturation up to the conditions for spinodal decomposi-
tion.333 At fixed supersaturations, an increase in the temperature
of a system leads to the state at which the vapour pressure is equal
to the pressure of spinodal decomposition. According to Eqn (36),
the following equation should be fulfilled at the spinodal decom-
position point

Oy =kpTy,n'In S.
The use of this equation for solving Eqn (41) with consid-

eration for Eqn (39) leads to the following expression for the
surface energy of a critical nucleus:

@—:n*lnS-I—ZA—H (l— 1) —21nl—lni.

kT ksT \Tq Ty, I

(42)

It can be seen that it is necessary to know the number of
molecules in a critical nucleus #* and the temperature T, at the
spinodal decomposition point to determine the surface energy.
The critical nucleus size is calculated from the slope of the curve of
the isothermal nucleation rate in double logarithmic coordinates.
The temperature of spinodal decomposition Ty, at a constant
supersaturation is found from the equation of state for a one-
component mixture on the condition that (0P/0V), = 0. The
corresponding nucleation rate Js, is determined by linearisation of
experimental data followed by the linear extrapolation of the
temperature dependence of the nucleation rate to the point T,

The applicability of the method proposed for the determina-
tion of the surface energy of critical nuclei was tested using
supersaturated vapours of polyhydric alcohols (propanediols
and glycerol) under an atmosphere of carbon dioxide and sulfur
hexafluoride.?3> These experiments were preceded by detailed
investigations of the effect of the parameters of systems on the
characteristics of critical nuclei.”? For example, the phase tran-
sition was observed in critical nuclei in the investigation of
nucleation of a supersaturated propane-1,3-diol vapour under an
atmosphere of sulfur hexafluoride at different temperatures and
pressures. The isotherms of nucleation rates at a total system
pressure of 0.30 MPa are shown in Fig. 2. The isotherm measured
at a nucleation temperature of 334 K corresponds to the trans-
formation from one nucleation rate surface to another. At the
temperature corresponding to a change in the phase state in
critical nuclei, the isotherm of the nucleation rate becomes non-
monotonic. The temperature dependence of the surface energy of
nuclei should also have some characteristic features indicative of
the discontinuity of the first derivative of the thermodynamic
potential, which is a direct condition for the first-order phase
transition.

The experimental investigation of nucleation of glycerol under
an atmosphere of CO; in the temperature range of 310—320 K
demonstrated that the parameters of critical nuclei undergo a
jump caused by a first-order phase transition in the vicinity of the
critical line of a binary glycerol —carbon dioxide system.”® In the
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Figure 2. Nucleation rates vs. the activity of a propane-1,3-diol vapour

under an atmosphere of sulfur hexafluoride at different nucleation
temperatures.”?

T/K:(1)320.92,(2)323.17,(3) 325.29, (4) 327.63, (5) 329.88, (6) 332.31,(7)
334.25, (8) 336.45, (9) 338.62, (10) 340.84, (11) 343.16, (12) 345.48, (13)
347.54, (14) 349.75, (15) 351.90.

melting-temperature range of glycerol (295 K), the cluster surface
energy shows anomalous behaviour.

The temperature dependences of the size and surface energy of
critical nuclei of propane-1,2-diol, propane-1,3-diol and glycerol
under an atmosphere of carbon dioxide and sulfur hexafluoride
were found.?3? The surface energy was calculated using Eqn (42)
at a constant nucleation rate (10> cm =3 s—1).

Figure 3 shows the experimental dependence of the excess
energy on the nucleus size and presents the results of calculations
of the surface energy of critical nuclei that appear (using the
droplet model in a one-component approximation) in an octa-
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Figure 3. Surface energy vs. the critical nucleus size of octanol under an

atmosphere of sulfur hexafluoride. Points correspond to the experimental
data; the solid line indicates the data calculated using the droplet model.
The total pressure in a vapour—gas system /MPa: (/) 0.10, (2) 0.15, (3)
0.20, (4) 0.25, (5) 0.30.

nol —sulfur hexafluoride system.33? It can be seen that a decrease
in the excess energy depending on the number of molecules in the
nucleus is more rapid than that predicted according to the droplet
model. Extrapolation to larger numbers allows one to estimate the
critical nucleus size at the energies found according to the
proposed algorithm which are identical with those determined
using the droplet model. Beginning with this size, the droplet
model of a nucleus becomes applicable. In the case under consid-
eration, a nucleus should contain ~ 100— 140 molecules.

To extrapolate the dependence under consideration to the size
of the nucleus consisting of one molecule (atom), it is necessary to
define such a notion as the surface (excess) energy of the molecule.
Langmuir proposed (using some simple compounds as examples)
that the heat of evaporation of one molecule could be considered
as an analogue of the surface energy.33* This assumption is rather
arbitrary in spite of the fact that the evaporation energy and
surface energy depend on the same factors, viz., intermolecular
interactions. The inconsistency is attributed to the differences in
the distribution of intermolecular bonds in the bulk of a macro-
scopic object and in the cluster.

The order of the dependence of the surface energy of critical
nuclei on the cluster radius is higher than two.33® This fact
confirms the conclusion, which was made based on the results of
computer simulation, that clusters have a fractal structure in the
initial step of condensed phase growth. By extrapolating the
logarithmic dependences of the energy on the nucleus size, the
‘surface’ energy of one molecule can be determined. A comparison
of the surface energies of critical nuclei of polyhydric alcohols with
the reference data 3¢ on the heats of evaporation of individual
compounds demonstrated that, for instance, the heat of evapo-
ration of the glycerol molecule is two times larger than its surface
energy. Apparently, this difference can serve as the characteristic
(in energy units) of the excess energy accumulated in the cluster.
Another reason for this discrepancy is the presence of the
dissolved gas in the cluster.

The method proposed for the determination of the surface
energy of critical nuclei based on experimental results can,
undoubtedly, be a convenient tool for the quantitative estimate
of this very important physicochemical parameter. However, the
incorrect interpretation can be made, for example, based on the
results of measurements of the overall rates in the presence of two
nucleation surfaces. A lack of reliable methods for the measure-
ment of the nucleation rates corresponding to each individual
surface hinders a comparison of theoretical and experimental
data. The application of the theory developed for single-channel
nucleation to the interpretation of the results of measurements of
the overall rates in the presence of two (or more) nucleation
surfaces leads to a deadlock situation. It becomes apparent that
there is a need to elaborate on the experimental methods for
separate measurements of nucleation rates for each surface.

The development of procedures for examining experimental
methods is of great importance. An n-pentanol —helium mixture
can be used as a testing system.?3” Evidently, the approximate
dependence of the nucleation rate on the total pressure in this
system has some errors, but the parameters of the approximation
can be refined with more reliable data.

To test large sets of experimental data, it is advised to use
differential values,?3! which formally characterise the conditions
for monotonicity and continuity of the function. Therefore, one
can achieve higher accuracy in the analysis of data and reveal
inflections in the corresponding experimental curves.

The available analytical methods do not meet modern require-
ments. When performing theoretical analysis, one has to make
initial assumptions about phase transitions and their kinetics
rather than obtain the corresponding parameters based in more
general laws. Experimental results often serve as a source of new
theoretical ideas. For example, the possibility of using phase
equilibrium diagrams for the development of the nucleation
theory was not considered until recently. Taking into account
that these diagrams (or their cross-sections) given in various
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handbooks are lines of zero nucleation rates, the topology of the
nucleation surface can be represented in the limit of its zero rates.
By performing a few experimental measurements, one can deter-
mine the slope of the linearised nucleation rate surface thus
estimating the rate with an accuracy, which is obviously higher
than the accuracy of any theoretical calculations. This simple idea
provided the basis for semiempirical methods for the construction
of nucleation rate surfaces 14338 considered below.

V. Semiempirical methods for constructing
nucleation rate surfaces

It is not always possible to determine nucleation rates in practi-
cally important systems using theoretical models. A method for
the semiempirical construction of nucleation rate surfaces was
described. !

It is known that the chemical potential surface of one phase as
a function of temperature and pressure in a system can intersect
the chemical potential surface of another phase. The intersection
of these surfaces is a phase equilibrium line. If the first derivatives
exhibit discontinuities along this line, the first-order phase tran-
sition occurs. In the case of the vapour—liquid equilibrium, the
equilibrium line consists of numerous points of first-order phase
transitions with the phase transition temperature 7, (Fig. 4). The
critical point corresponding to the second-order phase transition
with the temperature 7 is at the end of this line. At the critical
point, the chemical potential and its first derivative for the liquid
phase are identical with those for the vapour phase. An individual
phase is ‘insensitive’ to the equilibrium line. The phase can cross
this line and reach the region, where the chemical potential of this
phase is higher than that of another phase. These metastable states
are denoted by Vi, and L, for the vapour and liquid, respectively.
The lines of spinodal decomposition serve as metastable state
boundaries. Figure 4 gives the lines of spinodal decomposition
having projections c¢s; and ¢s» onto the PT plane. The projection
of the equilibrium line of chemical potentials forms a vapour —li-
quid equilibrium line Tpc. This pattern can be readily generalised
to multicomponent systems.

Figure 4. Chemical potential surface u for the vapour —liquid equili-
brium as a function of the pressure P and temperature 7.'% 14

Metastable states appear upon first-order phase transitions
due to the necessity of expending energy for the creation of the
interface of critical nuclei. The lifetime of a metastable phase
depends on the depth of penetration of one phase into the region
of another co-existing stable phase, i.e., on the degree of super-
saturation of the initial phase. The diagrams of metastable states
in processes of melting and cavitation have been discussed many
times (see, for example, Refs 339—-342). A diagram of a metasta-

ble state of a vapour and a nucleation rate surface were proposed
and analysed in the study.?38

1. Phase PT diagram of unstable equilibria

The basic knowledge about the topology of the nucleation rate
surface can be gained by analysing a simplified PT diagram of a
one-component system with a critical point.'* Regions of meta-
stable states, which exist for each phase, are shown in Fig. 5.

P f k c

Figure 5. Simplified PT diagram of metastable states.'* The zero
temperature limit is indicated by an arrow; the liquid, solid and gas states
are denoted by L, S and V, respectively; the subscript m signifies the
metastable state.

It is known that the phase equilibrium lines never end in a
triple point. For this reason, the S—L equilibrium line intersects
with the line of spinodal decomposition (kbd) of a superheated
(stretched) crystal and with the line of spinodal decomposition
(cbl) of a stretched (supercooled) liquid. The point 4 is the point of
critical instability '4 at which the S—L equilibrium line intersects
with the spinodal for cavitation chl. At the point b, the line of labile
states of a liquid ch/intersects with both the line of labile states of a
crystal kbd and the line of liquid —crystal unstable equilibrium
Jtpb.

The viscosity of a supercooled liquid increases as the temper-
ature decreases and this liquid can exist at as low temperatures as
is wished,'# the liquid being able to occur in the liquid or glassy
state. The glassy state is not an independent phase because it has
no equilibrium lines with other phases. In the degree of order, the
glassy state is closer to the liquid in which the long-range order is
absent. It seems reasonable to consider glassy states as metastable
states of a liquid. However, glasses are sometimes (see, for
example, Ref. 341) treated as individual phases and lines of
spinodal decomposition of a liquid are passed to the region of
existence of crystalline states. In this connection, it should be
noted that the transformation of a liquid into the glassy state does
not mean the glass—supercooled liquid equilibrium and it cannot
be characterised by the equilibrium transition temperature.
Hence, a glass cannot be considered as an individual phase.
Nevertheless, the region of existence of a glass was approxi-
mated 3*! by a line and it was assigned to conditions for spinodal
decomposition of the liquid, the end of this line being called the
critical point. In my opinion, the concept of the absence of a
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temperature limit for spinodal decomposition of a liquid (see the
line ¢bl in Fig. 5) up to the limiting temperature, viz., absolute
zero, is preferable.

The S—V equilibrium line passes from the point a to the point
0. It is essential that this line begins at the point @, where the
spinodal line for crystals kb intersects with the spinodal line for a
vapour ca0. This indicates that the vapour—crystal equilibrium
line extends upward to higher temperatures. The point a corre-
sponds to the highest temperatures and pressure at which the
solid —liquid — vapour metastable state can occur over a short
period of time. The crystalline state is spontaneously transformed
into the liquid state. It was stated that'# the point « is not the
crystal—vapour critical point, like the point ¢, because both
phases at the point a occur at the same temperature and pressure,
although they differ in density, structure and other properties and
cannot be transformed into each other without activation. It
should be noted that the difference in the density can be insignif-
icant because the vapour supersaturation in an experiment can
reach several hundred units. In the case of spinodal decomposi-
tion, it is reasonable to expect the vapour supersaturation to be as
great as several thousand units, which is similar to the ratio
between the densities of the condensed and vapour phases, i.e.,
the difference in the densities of the crystal and vapour can appear
to be vanishingly small. The possibility of a continuous change in
the order parameter when going round the point @ remains an
open question.

In experiments on the generation of aerosols, it is possible to
produce crystalline particles at moderate supersaturations. At
high supersaturations, particles with a non-crystalline structure,
i.e., a supercooled liquid or an amorphous solid, are predom-
inantly formed. Under the conditions for spinodal decomposition,
the nucleation rate of a metastable liquid should be higher than the
rate of crystal formation due to kinetic limitations. The above-
mentioned limitations result from the fact that the formation of a
nucleus with a crystalline structure requires that molecules
(atoms) be able to migrate to sites of the crystal lattice formed.
Evidently, in the case of a large flux of molecules that appears
under conditions for spinodal decomposition, there can be not
enough time for jumps of the molecules, which occupy crystal
lattice sites and form a crystalline nucleus. Correspondingly, the
probability (and the rate) of formation of droplets (or glasses)
should be higher than the probability (and the rate) of formation
of crystalline nuclei.

2. Examples of construction of nucleation rate surfaces

A nucleation rate surface can be constructed 4 above a simplified
PT diagram with a triple point (see Fig. 5). Nucleation rates are
considered to be steady. Transient phenomena upon the establish-
ment of a stationary nucleation rate or effects of vapour depletion
are ignored. Nucleation rate surfaces are constructed using the
following assumptions.

1. An individual phase can exist behind the line of interphase
equilibrium in a metastable state. The equilibrium line can be
extended to the region of an equilibrium state of another phase as
a line of unstable equilibrium.

2. Equilibrium lines in the phase diagram are lines of zero
nucleation rate.

3. Under conditions for spinodal decomposition, the highest
nucleation rate is achieved at a constant pressure or constant
temperature.

4. Under conditions for spinodal decomposition, the nuclea-
tion rate giving rise to less stable states is higher than the rate of
nucleus formation of a more ordered stable phase.

5. The nucleation rate at the critical point is equal to zero.

The first three assumptions correspond to known empirical
results of studies of first-order phase transitions. The fourth
assumption seems to be reasonable taking into account data on
the kinetics of phase formation. Thus, under conditions for
spinodal decomposition, molecules do not have time to be
incorporated into crystal lattice sites and, hence, form amorphous

particles with high probability. The fifth assumption is a conse-
quence of the fact that the critical point corresponds to the second-
order phase transition, where separation into phases is absent and,
consequently, nucleation at the critical point cannot occur. It was
noted !4 that the fifth assumption can follow from the second one.

Let us consider a fragment of the phase equilibrium diagram
in the vicinity of the triple point ¢ (Fig. 6). The vapour—crystal
(kt) and vapour —liquid (#m) equilibrium lines are extended to the
region of existence of the third equilibrium phases. The nucleation
rate surface of liquid-droplet nuclei is pale-grey. The dark-grey
surface corresponds to the nucleation rate of crystalline nuclei.
The surfaces intersect in the line ez. The intersection of the surfaces
forms an ascending branch ke (and the dashed line is its extension
to conditions for spinodal decomposition) corresponding to the
nucleation rate of crystals. The nucleation rate of liquid-droplet
nuclei is represented by the line e/ (and its extension to zero rates).
If a saturated vapour at the point m begins to be cooled at a
constant pressure, a liquid-droplet aerosol can be prepared. At the
temperature corresponding to the point / and below, the forma-
tion of crystalline nuclei starts. The nucleation rates of both
phases increase as the temperature is decreased, but the nucleation
rate of crystals increases faster. At the point e, the rates of
formation of liquid-droplet and crystalline nuclei are equalised.
It is easy to understand that if the phase state of nuclei is retained
in the course of subsequent condensation growth, the sizes of
aerosol particles are different due to the known nonequality of the
accommodation coefficients of molecules on surfaces with differ-
ent phase states. This conclusion was experimentally confirmed in
the study.!®

Figure 6. Nucleation rate surfaces for a one-component vapour.'®

Surfaces of nucleation rates in superheated (or stretched)
crystals, nucleation in a supercooled liquid and cavitation were
constructed.'* It should be noted that the assumption of a non-
zero nucleation rate in the zero temperature limit '4 is, most likely,
erroneous. Actually, the pressure vapour at absolute zero is also
equal to zero and there is no question about nucleation in a
vapour. Hence it follows that the nucleation rate in a vapour
above the line of spinodal decomposition first increases as the
temperature decreases from the critical one, then reaches a
maximum and falls to zero in the zero temperature limit. Under
conditions for spinodal decomposition, the nucleation rate is
equal to the pre-exponential coefficient in the equation for the
nucleation rate. In the case of a vapour, this coefficient increases
from zero to a maximum and then again decreases to zero as the
temperature decreases from the critical value to absolute zero. By
contrast, in the case of nucleation in condensed phases, the pre-
exponential coefficient, apparently, only increases with decreasing
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temperature. However, this assumption needs further verification.
Such a verification can be performed in the case of simultaneous
homogeneous and heterogeneous nucleation, as was demon-
strated using ion-induced nucleation as an example.333
Nucleation rate surfaces of binary vapours can be represented
in the four-dimensional surface JTa a,, where J is the nucleation
rate, 7T is the temperature and a; and a» are the activities of the
vapours of the components. Let us consider the simplified PX
diagram of a binary solution at the fixed temperature 7, total
pressure in the system P and composition x. In this case, the phase
diagram is cigar-like in shape (lines mfi and nrgm in Fig. 7).

Figure 7. Nucleation rate surface (J) for ideal solutions (P is the total
pressure, x is the composition of a binary solution).!

The nucleation rates of individual components are represented
by the curves nd and mh. At the point of vapour equilibrium (1, m),
the nucleation rates of the vapour are equal to zero. The
nucleation rates of the components have maximum values above
the spinodal decomposition points a and ». These maximum rates
in a simplified form can be related by the line de/ corresponding to
maxima of the binary nucleation rate. The nucleation of a binary
vapour with composition xy starts at the point f.

A condensed phase has the composition x; at the point r. Each
point on the line nfim corresponds to a point on the line nrgm. The
latter line, which is an equilibrium line between a liquid and two-
phase states, is the trajectory of points of the zero nucleation rate
and forms a surface boundary of the nucleation rates. The
nucleation rate surface is contoured by hednrgm. Above the
spinodal, the composition of a vapour is identical with those of
condensed phases due to the absence of the barrier to trans-
formation into the condensed phase. The line re describes the
nucleation rate of a vapour (with the known composition of
critical nuclei) in the course of an increase in the pressure from
the point r to the point e at the constant nucleation temperature 7'
and the initial composition of the vapour x;. The curve fe is a
projection of the curve re onto the plane corresponding to the
composition xo. No information on the composition of critical
nuclei can be extracted from the curve fe.

In the case of an unknown composition of critical nuclei, a
nucleation rate surface can be constructed if all experimental
nucleation rates (analogous to the curve re) correspond to the
initial composition of the vapour in the phase diagram (for
example, the line fe for the composition x¢). In this case, the
points of the zero rate of vapour nucleation are located on the
lower line of the cigar-like diagram. The rate surface under
consideration is presented in the JxP coordinates. Apparently,
the mode of representation of binary nucleation rates of a vapour
depends on whether or not the composition of critical nuclei is
known. If the composition of critical nuclei is unknown, a
nucleation rate surface for an ideal binary solution is contoured
by hednfm (see Fig. 7). In experiments, the composition of nuclei is
usually unknown and the measured nucleation rate in a binary

system is assigned to its initial composition. Thereafter, the
composition of nuclei of the condensate can be determined from
the slopes of nucleation rate isotherms.324 343

The nucleation in a binary system with partial mutual sol-
ubility of the components was discussed in the study.?** Earlier, it
was demonstrated © that in this case, two-channel nucleation
takes place. In the publication,?** a new assumption was made
according to which each channel is characterised by its own
nucleation rate surface for ideal solutions. The authors of the
cited study used the rule of summation of nucleation rates for both
channels in the linear approximation analogous to the lever rule
for solutions. The validity of assumming linear summation of
nucleation rates calls for experimental verification. However, an
essential advantage of this approach is that it substantiates the
possibility of the presence of local maxima in a nucleation rate
isotherm, which does not follow from the classical theory. This
result can be illustrated by the experimental dependence of the
nucleation rates on the activity of an alcohol vapour in n-pentan-
ol—argon (Fig. 8) and n-pentanol-sulfur hexafluoride sys-
tems. 344
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Figure 8. Nucleation rate in an n-pentanol —argon system vs. the activity
of an n-pentanol vapour.338

The pressure in the system influences the course of nucleation.
However, this fact has not been noted in early experiments
performed by Wilson and other researchers. Examples of the
pronounced effect of the pressure in the course of boiling water,
ethanol, acetone and their solutions were given in the stud-
ies.345:346 Noteworthy is the idea of bond percolation used by the
authors of these studies. However, this idea was not confirmed
experimentally and, hence, the assumption about the continuity
threshold of unbroken intermolecular bonds in a liquid in the
metastable region was made. The authors of the study 3#7 and their
colleagues 233348350 gti]] attributed the pronounced effect of the
total pressure on the nucleation rate in vapours of a number of
chemical compounds to other factors by referring to corrections
for non-ideality of a vapour, compressibility of a critical cluster
and the Poynting effect. Undoubtedly, all these factors should be
taken into account, but there is one more important factor as well.
Thus, direct experiments demonstrated (see, for example, Ref. 73)
that a gas and a vapour form a binary system in which phase
transitions take place in critical nuclei due to the presence of a
carrier gas.

VI. Nucleation in binary systems

The nucleation in a binary solution in which a chemical reaction
proceeds (see, for example, Ref. 351) has distinguishing features.
In this case, the phase diagram consists of the phase diagrams of
two individual binary systems and a newly formed compound is
considered as a limiting compound in each of these diagrams.
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None of the available nucleation theories can predict nucleation
rate surfaces resulting from interactions. Many problems remain
to be solved among which is the problem of the rates of non-
stoichiometric chemical reactions, which are determined by exten-
sion of the nucleation rate surface to the non-stoichiometric
region. It is not inconceivable that in further studies, approaches
of chemical kinetics will be combined with nucleation kinetics.

1. Phenomenological consideration of intermolecular
interactions
A semiempirical approach to the construction of nucleation
surfaces 12~ 14 is based on the relationship between nucleation
rates and phase diagrams. This relationship is evident in the case
of stationary dynamic systems, which occur close to the equili-
brium. However, a more careful examination should be carried
out for systems existing far from equilibrium. For example, large
flows of matter occur upon the formation of a cloud layer in the
atmosphere or upon atmospheric precipitation. It is known that a
strong dynamic response is characteristic of flow systems.!$2 This
dynamic response is manifested in the transformation of the
system to another dynamic mode (hydrodynamic or thermody-
namic crisis, autowave mode). The effect of this type, which was
studied first, is called the Benard (convective) instability. This
effect is manifested in the appearance and rearrangement of
convective cells in a liquid layer heated from below. Under
conditions far from equilibrium, instabilities are responsible for
the long-range order and, as a result, the system acts as an organic
whole.!82 Besides, in the case of a non-equilibrium first-order
phase transition, a compound goes through a metastable state
(supersaturated vapour, superheated or supercooled liquid). As a
result, the metastable phase by itself becomes a flow system, which
can produce a stationary flow of nuclei of a new phase at a given
temperature, pressure and composition. The study 332 examined
the evolution of dynamic phase diagrams of a binary system as the
flow J (nucleation rate) increases on the assumption that the latter
plays a dominant role compared to other types of flows (for
example, a hydrodynamic flow). The deviations of the nucleating
system from equilibrium are characterised by the flow of nuclei of
a new phase. Hence, nucleation isorates (/ = const) can be treated
in the corresponding coordinates as dynamic phase diagrams.
Experimental data on nucleation rates were compared with
empirical phase diagrams of binary systems using a water—
propan-1-ol system with an azeotropic point as an example.?*3
Figure 9 shows static (/=0 at 7 =298 K) and dynamic
(J=1cm3s~! at T=298K and J=10"cm3s~! at
T = 260 K) phase diagrams of a water—propan-1-ol system in
the coordinates of the mole fraction of alcohol vs. the reduced
pressure (the total pressure related to the pressure of the saturated
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Figure 9. Phase diagrams of a water —propan-1-ol system at nucleation
rates J=0 [(I) vapour, (2) liquid]; J=1 [(3) vapour] and
J =107 cm—3 s~ ! [(4) vapour, (5) liquid].?>3

propan-1-ol vapour in an ideal solution Pa9s = 2700 Pa at
T =298 K and Pzeo = 125 Pa at T = 260 K). The line 5 for a
liquid in the dynamic phase diagram is constructed based on the
data on the molar composition of critical nuclei (see references
cited in the study 333).

In the case of large deviations from an ideal solution, dynamic
phase diagrams are transformed as the nucleation rate increases.
As can be seen from Fig. 9, this transformation is accompanied by
a shift of the azeotropic point of a water—propan-1-ol system
along the axis of composition. An analogous change from a
convex diagram to a concave one was observed for a water—
ethanol system.335 In Fig. 10, the spinodal is schematically repre-
sented by the line be. It was taken into account that the convexity
of the diagrams changes for concavity as the nucleation rate
increases and it was also considered that the lines for a vapour
and a liquid should coincide under conditions of spinodal decom-
position. The dynamic diagrams corresponding to logJ = 0, 4, 7
and 10 (cm—3 s—1!) are schematically represented by the corre-
sponding contours (the nucleation rate surface shown in grey
colour passes through the vapour lines). The spinodal be has a
concave shape, i.e., the vapour pressure of the mixture at the end
of the line of azeotropic solutions is lower than the vapour
pressures of the pure components. By contrast, the equilibrium
diagram (ad) is convex (the pressure reaches the maximum values
at the azeotropic point in the phase equilibrium diagram). Devia-
tion of dynamic diagrams from the equilibrium diagram should
primarily be observed upon enrichment of the mixture with water,
which takes place in the experiment (see Fig. 9). A change in the
shape of the spinodal curve can lead to another transformation of
dynamic diagrams.

b Line of azeotropic solutions

Figure 10. Schematic representation of the nucleation rate surface in a
binary system constructed on the basis of experimental data for a
water —ethanol system.

As a binary system moves away from the equilibrium, small
contributions of binary interactions between the molecules can,
on the contrary, appear to be prevailing. In such nonlinear
systems, components lose their individuality (typical of an equili-
brium state) and the mixture behaves as a whole, i.e., in the case of
substantial deviations from equilibrium, intermolecular interac-
tions are collective in character. A strengthening of intermolecular
interactions, as applied to static phase diagrams of binary systems,
is manifested in an increase in the negative deviation of the system
from an ideal solution (the total vapour pressure is lower than the
additive value). The evolution of the phase diagrams presented in
Figs 9 and 10 is also accompanied by a decrease in the total
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pressure as the system moves away from the equilibrium (as J
increases). In other words, the changes in dynamic phase diagrams
are analogous to the changes in usual phase diagrams as inter-
molecular interactions are strengthened.

In calculations of phase diagrams of a binary system within
the framework of a single-liquid model (homogeneous liquid), the
correction parameter k, which takes into account binary inter-
actions and determines mutual attractions between molecules of
different components, was entered into the equation of state (for
example, into the van der Waals equation).3>3 Therefore, the
nucleation isorates of a vapour can be interpreted as phase
diagrams corresponding to the parameters of the binary inter-
actions k. For a metastable state, the boundary of a stable
homogeneity of a phase is determined by the condition of
vanishing vapour tension (0P/0V) in an isotherm of state, i.e., by
a spinodal.

A choice of an algorithm for calculating a spinodal is governed
by the condition for stability of a binary solution. As the system
moves deep inside the metastable region, it retains the fixed
entropy S, volume } and amount of matter at a constant internal
energy dU = 0. Instability of relatively continuous changes in the
parameters of state is initially manifested in the vanishing of the
diffusion coefficient of stability

0Au
(E)” =0

where x is the composition of the binary system. Then the
necessary and sufficient conditions for stability of a binary
solution are expressed by the inequality

(43)

<6A—'u) >0 (44)
0xX Jpr
or a system of inequalities
oP
— <W>T,x >0, (45)
oT
il . 4
(&), “

In the van der Waals single-liquid model, a binary solution at
fixed x is considered as an efficient one-component fluid obeying
the equation of state in the above-mentioned variables

B 8t ~ 27a(x)/ay
@ —b(x)/by, o>

where 1 = P/ Pc1, 1= T/ Te1 (Pc1 and Ty are the pressure and
temperature, respectively, at the critical point of the low-temper-
ature component 1); ¢ = V/by1; the coefficients a(x) and b(x)
depend on the concentration of the second component and are
calculated by the equations

n (47

a(x) = (1 — x)2%ar; + 2(1 — x)xa» + x%ax, (48)

b(x) = (1 — x)bi1 + xb2a, (49)

the constants a1 and a»»> characterise the intensity of intermolec-
ular attractions in the components 1 and 2, respectively; the
constant a;> characterises the intensity of attractions between the
molecules of different components; the parameters b;; and b, are
determined by the sizes of the molecules of the solution. Accord-
ing to the combination rule, the constant a;» can be written

through the binary interaction parameter k™
aiz = k'(anaxn)'. (50)

Taking into account Eqn (47), Eqn (46) is fulfilled. The
condition (45) goes to zero at the spinodal line. Considering
Eqn (47), we obtain the equation for the diffusion spinodal

(51

b(x)]* a(x) 27
37 —_—— — —
¢ {q) bn} apy 4t 0

The constants in the equation of state can be determined using
the critical parameters

L _Y(RTy)? 27 (RTw)’

=6z Py 2= Pn
_ RT, _ RT,
bll - 8P01 > b22 - 8PC2

Figure 11 shows the calculated spinodal curves for a water —
propan-1-ol system at 260 K and different values of the parameter
k" in the coordinates of the mole fraction of propan-1-ol vs. the
reduced pressure (the total pressure related to the critical pressure
of the alcohol). It can be seen 352333 that the asymmetry associated
with the difference in the individual properties of the components
decreases as the binary interaction is strengthened. At high k", the
spinodal curve becomes symmetric with respect to an equimolar
composition. This fact can be attributed to a loss of individuality
of the components of the system as the latter moves away from
equilibrium. Apparently, this situation is something common to
the phenomenon mentioned in the review: 3> “...a loss of individ-
uality of a substance appears as the system approaches the critical
conditions. The character of the properties is determined by the
degree of approach to the critical conditions rather than by the
individuality of substances and even rather than by the type of
phase equilibrium’. As the system approaches the conditions for
spinodal decomposition, the free energy of formation of critical
nuclei decreases. The vanishing of this energy is the condition for
spinodal decomposition. This superficially resembles a continuum
of liquid — vapour phase transitions ending in the critical point. It
should be noted that under normal conditions of vapour nuclea-
tion, vapour supersaturation is as great as a thousand units. This
indicates that the density of a supersaturated vapour approaches
the density of a condensate thus providing conditions for a phase
change with a low enthalpy of transition. Here one can speak
about a first-order phase transition similar to a second-order
phase transition. Hence, there are certain grounds to assume that a
substance can lose individuality as it approaches the spinodal
curve.

Dynamic phase diagrams become similar to a spinodal curve
as Jincreases. It is assumed that the parameter £* in the equation
of state for a metastable phase can be substantially larger than that
allowable in the equation of state for an equilibrium phase. In
other words, the equations of states for equilibrium and meta-
stable phases can differ in the parameters determining intermo-
lecular interactions in a binary system. For example, according to
the above-considered calculations [see Eqns (43)—(51)], the pres-
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Figure 11. Spinodals of a water — propan-1-ol system at 260 K for various
parameters of binary interactions.
k(D 1,292,944 8.
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sure in the spinodal corresponds to the binary interaction param-
eter k* = 5.65.

Based on a spinodal curve for which the binary interaction
parameter k* is close to unity, the transformation of phase
diagrams shown in Fig. 9 becomes impossible. Therefore, the
behaviour of a binary system as it moves away from equilibrium is
determined by the spinodal. It was assumed 333 that the deviation
of the system from linearity characterises a change in intermolec-
ular interactions as the system moves away from equilibrium.
Knowing the parameter k* in a metastable state, one can
determine the limiting values J thus finding the stability boundary
of the state under consideration. As the system moves further
away from equilibrium, it should go to another mode, which is, as
a rule, accompanied by an organisation of a new structure.'$?

2. Bimodal distribution of aerosols

The well-known effect of the bimodal distribution of an atmos-
pheric aerosol remains to be adequately explained. Attempts to
attribute this effect to fluctuations of the parameters of atmos-
phere with time and space seem to be artificial, because the time
interval of averaging is generally equal to a few minutes. As a
result, the conditions of growth of all heterogeneous nuclei are
statistically equalised giving rise to a broad unimodal distribution.
Actually, the use of time-averaged values cannot lead to a bimodal
distribution because the nucleation time is several orders of
magnitude smaller than a hundredth of a second, i.e., the
nucleation has time to proceed and nuclei have time to grow
within one fluctuation cycle.

The bimodal distribution of aerosols can be reasonably
explained assuming the existence of two independent surfaces
(channels) of nucleation for the separate formation of crystals and
liquid nuclei. Evidently, the accommodation coefficients of mol-
ecules on nuclei occurring in different phase states differ from each
other. The difference in the growth rates of liquid and crystalline
aerosol particles can lead to a bimodal distribution of particles in
the atmosphere, where nucleation of a water vapour generally
occurs in the vicinity of the triple point. A direct experiment on
nucleation of glycerol in the vicinity of the triple point !> demon-
strated that the presence of condensation nuclei is not required for
the occurrence of the bimodal distribution of particles. It should
be noted that in a real atmosphere, condensation nuclei undoubt-
edly make an additional contribution to the size distribution of
particles.

The above-mentioned experiment '3 is of fundamental impor-
tance for testing the semiempirical procedure for the construction
of nucleation rate surfaces above phase equilibrium diagrams. The
problem of the order of phase formation upon vapour nucleation
below the triple point was easily solved. Crystalline and liquid-
droplet nuclei appear simultaneously in ratios determined by the
arrangement of the rate surfaces of formation of each phase
relative to one another. Evidently, supercooled droplets can
adopt a crystal or amorphous structure with certain probability.
Apparently, the initial phase states of nuclei were retained in the
study !> due to the use of a high-viscosity sample. Undoubtedly,
such experiments give a clue to the separation of nucleation
channels, which is of fundamental importance for the estimation
of the agreement between theory and experiment. Actually,
researchers had no possibilities to test the validity of a particular
theory because theoretical results obtained in the one-channel
approximation were generally compared with the characteristics
corresponding in reality to two-channel nucleation.

3. Ion-induced nucleation
In the present review, the problem of heterogeneous nucleation is
not discussed in detail. The detailed description of this process
under conditions of a slowly changing supersaturation was given
in the study.!?0

Under conditions of ion-induced nucleation, the following
rules are fulfilled.3>?

1. The energy of ion-induced vapour nucleation is always
lower than the energy of homogeneous nucleation. Compared to
homogeneous nucleation, lines (or in the case of a multicompo-
nent system, a subspace) of ion-induced nucleation rates corre-
spond to lower supersaturations (activities) of a vapour or, in the
case of isobaric nucleation, to higher nucleation temperatures.

Let us note the well-known fact 32-3%7 that the lines of ion-
induced nucleation rates coincide with the line of homogeneous
nucleation rate when all ions pass into a condensed phase. The
properties of a nucleating substance (for example, polarisability)
can influence the relative intensity of heterogeneous nucleation of
various vapours. This parameter depends on the differences in the
vapour activity and temperature in the case of isothermal and
isobaric nucleation, respectively.333

2. At a constant vapour supersaturation, the rate of hetero-
geneous isothermal (or isobaric) vapour nucleation is propor-
tional to the concentration of ions. If the concentration of ions is
nearly equal to or higher than the concentration of nucleating
molecules, the heterogeneous nucleation rate reaches its upper
limit. This limit determines the envelope curve (or a multidimen-
sional surface), which corresponds to the limiting rate of ion-
induced nucleation as a function of vapour activity. The lines of
the highest and zero rates of heterogeneous nucleation are located
on the surface of homogeneous nucleation rates.

3. Surfaces of homogeneous and heterogeneous vapour nucle-
ation intersect at high temperatures in the line of spinodal
decomposition.

Examples of the qualitative construction of nucleation rate
surfaces describing phase transformations of various initial phases
were given in the study.'

4. Experimental determination of conditions for spinodal
decomposition

The experimental method for the determination of conditions for
spinodal decomposition was developed in the study.?3? The lines
ctp and mt,, in Fig. 12 correspond to vapour —liquid and vapour —
solid equilibria. For simplicity, the spinodal line sc is considered to
be common to the liquid and solid states. The isorates of
homogeneous and heterogeneous nucleation of a liquid can be
measured at moderate supersaturations. The extrapolation of
both lines gives an intersection w belonging to the spinodal line
for a liquid as follows from the third rule for ion-induced
nucleation. An analogous extrapolation can be carried out also
in the case of the crystalline state (point r in Fig. 12). The results of
measurements of the supersaturation as a function of the nuclea-
tion temperature of n-butanol 332 are presented in Fig. 13. For
homogeneous nucleation, the linear regression of the logarithm of
the vapour pressure on the inverse temperature is described by the
equation

log P

> 1/T

m

Figure 12. Schematic representation of vapour —liquid and vapour —solid
equilibria for logP vs. 1/T.333
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Figure 13. Experimental data on critical supersaturations of n-butanol
for logP vs. 1/T.333
(1) Homogeneous nucleation, (2) ion-induced nucleation.
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For ion-induced nucleation, this regression is described by the
equation

log Py, = 8.0728 — @

T

The extrapolation allows one to determine the pressure
(230 mmHg) and temperature (310 K) of spinodal decomposi-
tion. This pressure corresponds to a reasonable estimate of the
vapour supersaturation in the spinodal (logS = 2.6). In other
words, studies of heterogeneous and homogeneous nucleation
enable one to estimate experimentally the conditions for spinodal
decomposition, which makes it possible to find the temperature
dependence of the pre-exponential coefficient in the equation for
the nucleation rate in the classical theory. Evidently, in the case of
spinodal, the exponential multiplier becomes equal to unity and,
hence, the only remaining multiplier is pre-exponential. Gener-
ally, this multiplier is considered to be constant. Taking into
account that the nucleation rate at the critical point of a liquid —
vapour system is equal to zero, it is easily understood that the pre-
exponential coefficient increases from zero at the critical point to a
maximum value and then again decreases and goes to zero at
absolute zero of temperature.

The studies by Fuks * and Sutugin 3> have made an impact on
the development of concepts of aerosol mechanics and the
application of these concepts to the description of cluster growth.

VII. Use of nucleation in scientific studies and some
technological processes

Nucleation is used in one way or another in many scientific studies
and in a number of technological processes. This phenomenon is
so widespread that researchers are often not aware that they deal
with nucleation.

Aerosols are used for visualisation of particle motions, which
occur upon nuclear decay, in a Wilson chamber. The latter is
extensively employed for studying nucleation of supersaturated
vapours. More than a half-century ago, Sinclair and La Mer
designed a generator of monodispersed particles, which was

} The monograph by N A Fuks ‘The Mechanics of Aerosols’ (Moscow:
Academy of Sciences of the USSR, 1955), which the author wrote in
Stalin’s camps, is still extensively cited. The contribution of N' A Fuks to
the development of the science of aerosols was recognised by establishing
the prize in his memory. This prize is awarded at International Confer-
ences on Problems of Aerosols.

described, for example, in Ref. 356. In different laboratories
throughout the world, researchers extensively used a particle
condensation counter, which is based on the Sinclair—La Mer
scheme. A lack of theoretical support for the principles of its
action stimulated experimental and theoretical investigations. In
the study,?>7 a theoretical model of the counter was proposed and
the results of its tests at different pressures, nucleation temper-
atures and amounts of the gas to be analysed were reported. A
condensation counter was used as a detector for capillary chro-
matography.3>8 Initially, the sensitivity has been 100 ng ml—!, but
then this limit was improved by two orders of magnitude.347-3%°
Being an instrument for research, a condensation counter by itself
was also the object of an individual study.?° The construction of a
counter of aerosol particles is gradually improved. Thus, the
schemes have already been developed,3¢!-362 which enable one to
detect particles with sizes of 3 nm with an efficiency of almost
100%.

Nanoparticles are used for creating quantum points, lumines-
cent materials, gas sensors, resistors, conducting and capacitive
films, high-temperature superconductors, thermoelectric, optical,
magnetic, laser materials, efc. Methods for the synthesis of such
particles were surveyed in the study.3¢3

The generation of nanoparticles in plasma holds promise.
Powders formed by evaporation and condensation of various
materials in a plasma were studied experimentally and their
numerical simulation was carried out.?** The theoretical consid-
eration of the processes occurring in an inductively coupled
plasma made it possible to give recommendations on the con-
struction of apparatus for the production of nanoparticles.?% In
the investigation on simulation of nucleation and growth of iron
particles in a plasma reactor, a parametric equation was derived
for the description of a spectrum of sizes and number of the
particles formed.3¢® These parameters depend substantially on the
rate of cooling and the initial concentration of monomers. A
mathematical model was proposed for the formation of metal
powders and ceramics of high purity.3¢7-368 Experimental meth-
ods for the preparation and simple models of generation of metal
clusters were surveyed in the review.3%® An experimental appara-
tus for the generation of ultradispersed titanium oxide, which is
used as a pigment, catalyst, for the construction of electronic
devices, etc., was described in the study.?7° It was noted that the
nanoparticles thus formed have a high mechanical strength and
low sintering temperatures.

High-temperature chemical reactors, in which materials are
oxidised under an oxygen atmosphere and conditions are pro-
vided for the generation of ultradispersed particles, are charac-
terised by high performance and relative simplicity. The scheme
was elaborated for the production of ultradispersed powders (with
particle sizes of < 100 nm) of titanium oxide.?”! Experimental
investigations of metal evaporation under the action of electrical
pulses followed by the formation of ultradispersed metallic
powders in a medium of various gases at different temperatures
and pressures were carried out in Russia as early as the 1960s. The
results of these studies were analysed in the review.372 It was noted
that the nucleation processes depend on the nature of the gas and
the total pressure.

Advances in the new line of research, viz., nanochemistry,
demonstrated that the classical equations of chemical kinetics are
inapplicable to nanosized particles. The excess energy of surface
atoms whose percentage with respect to internal atoms is high has
a substantial effect on the temperature of phase transitions in
nanoparticles. If their sizes are comparable, for example, to the
radius of delocalisation of charge carriers, nonlinear optical and
electrical phenomena take place. This fact gives rise to the
development of new original methods for the preparation of
nanoparticles.

It was proposed to prepare nanoparticles by metal evapora-
tion in a static diffusion chamber under the action of pulse laser
radiation.373~375 The desired compound is formed by the chemical
reaction of heated metal atoms with a gas reagent (for example,
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03, N», NH3, etc.) in a medium of an inert gas (Ne or Ar) at a
pressure of 1—0.01 Torr. The molecules thus formed and the
unconsumed metal atoms deposit on the cold upper surface of a
diffusion chamber. By varying the gas composition, temperature
gradient and laser pulse power, one can control the chemical
composition and size of nanoclusters.

The size of a nanocluster influences, for example, the gap
width in semiconductors,37® which, in turn, has a strong effect on
the rate of luminescence quenching. It was noted 377 that the rate
of luminescence quenching by oxygen molecules depends on the
size of light-irradiated MoS, nanoparticles. Therefore, nanopar-
ticles can influence redox processes, which is of importance for
solving a number of practical problems. Examples of such a ‘size’
influence on the gap width, in particular, upon photoreduction of
methyl viologen on nanoparticle surfaces of metal chalcogenides
can be cited.?’%:37 The use of nanoparticles in photocatalysis
opens up considerable possibilities. Metals deposited onto nano-
particle surfaces can serve as catalysts. For instance, platinum
deposited onto TiO, nanoparticles catalyses the liberation of
hydrogen from water.380

The kinetics of formation of a metal-polymer material was
studied.?®! Metal polymers are composite materials whose proper-
ties depend on the composition and size of dispersed particles
distributed in a polymer matrix. The widely used methods for their
preparation were surveyed in the publications.38% 383 The simpli-
fied scheme of the thermal synthesis involves three steps, viz.,
decomposition of a metal-containing compound, the nucleus
growth of a metal phase and the formation of a volatile com-
pound, which is then removed from the reaction zone. Real
processes occurring in the course of formation of a composite
are much more complicated.

Industrial technologies are devised using numerical simula-
tion of the kinetics of growth of metal clusters. The reaction space
is divided into cubic cells in which only one nucleus can form. It is
assumed that the appearance of a new phase results from
homogeneous nucleation. The probability of nucleus formation
is calculated within the framework of the classical theory.3$*
Nuclei grow due to diffusion of the substance from the bulk of
the solution to the phase formed. It is believed that nuclei do not
decompose and do not migrate due to high viscosity of polymer
melts. Two models of the substance exchange between the
adjacent cells were considered. In a model with stirring, a change
in the concentration in one cell leads to instantaneous changes in
the concentrations in other cells. In a model without stirring, the
substance exchange between the adjacent cells takes place. In the
latter case, the average particle size first increases with time and
then remains virtually constant. The number of particles also
sharply increases until the nucleation rate reaches a maximum
after which it ceases to change. In a system with stirring, larger
particles are formed, but their number is smaller than that
observed in a system without stirring. The calculated size distri-
butions of particles are in agreement with experimental values.3®>
If a reagent is added dropwise, a model with stirring is charac-
terised by a polymodal distribution. In the absence of stirring, the
modes overlap.

Nucleation processes are used for the preparation of metallic
ultradispersed powders serving as catalysts. Studies of such
catalysts contribute to the development of scientific fundamentals
of catalysis and corresponding technologies. For example, the use
of ultradispersed powders, which are prepared using an electrical
explosion of conductors, instead of usual silver powders made it
possible to extend substantially the temperature range of selective
oxidation of ethanol to acetaldehyde.3¥¢ It appeared that ultra-
dispersed metals are essentially non-equilibrium systems whose
relaxation gives rise to particles of the same type exhibiting high
catalytic activity.

Van der Waals interactions play a decisive role in the for-
mation of such compounds.?87 In the mid-1930s, Nikitin formu-
lated the analogy rule: ‘If two substances have similar van der
Waals forces and their molecules are similar in size and shape, they

should form analogous compounds with a third substance, and
the resulting compounds should exhibit similar stability and can
form mixed crystals with each other’. Nikitin has forestalled one
of the main concepts of supramolecular chemistry, viz., spatial
complementarity, and its decisive role in the formation of supra-
molecular compounds.

A radically new organisation of a chemical material at a higher
level has been discovered and described.®® In this case, the
compatibility of sizes and shapes of one type of molecule, the so-
called guests, with the cavities of the framework consisting of
molecules of another type, the so-called hosts (or a cavity of
another larger host molecule), rather then their reactivities plays a
decisive role in the formation of particular compounds from
components. This principle of organisation of compounds allows
one to combine coordinatively saturated molecules, which are not
involved in chemical interactions with each other, into supra-
molecules or supramolecular crystalline phases, which are ther-
modynamically more stable than mixtures of the starting
components. From the viewpoint of traditional chemistry, it is
difficult to imagine that compounds of different chemical nature,
such as Xe, SO,, H,S, HBr, CH4, CO, HCOOH, efc., can reactin a
similar way, for instance, with hydroquinone to form isostructural
clathrate compounds. However, these compounds are analogous
from the viewpoint of clathrate chemistry. At the same time, of
two chemical analogues, viz., CH30OH and C,HsOH, only meth-
anol forms a clathrate with hydroquinone because the ethanol
molecule is too large to be located in the cavity of the hydro-
quinone framework.

The main concepts of clathrate chemistry stated by Powell 388
stimulated studies in this field and gave impetus to a target search
for supramolecular substances. A number of discoveries were
made. Statistical thermodynamic studies of clathrates 3%%-3°0 pro-
vided an explanation why the initial components can be combined
to form a thermodynamically stable phase in the case of the
absence of chemical valence bonds between the molecules.

The French chemist Lehn has emphasised an important role of
nonbonded interactions in the formation of such compounds.§ He
introduced a new concept ‘supramolecular chemistry’, which he
defined as the ‘chemistry beyond the molecule’, the ‘chemistry of
molecular ensembles and intermolecular bonds’.3°1-392

The discovery of clathrate-forming metal complexes gave rise
to the preparation of numerous new compounds and offered
inexhaustible possibilities for the rapid and target construction
or modification of host molecules. The discovery of supramolec-
ular compounds made it possible to reveal yet another mechanism
of nucleus formation of a new phase. This mechanism is thermo-
dynamically favourable to an extent that it enables one to solve a
complex problem of preparing high-purity gases (gaseous
hydrates were recognised as a new class of impurities in high-
purity gases and gas mixtures).?%3

In 1970, deposits of methane hydrates were discovered in
Yakutiya,3* after which it was found that huge deposits of fossil
methane are available in the world. Presumably, methane will be
the main fuel in the future. However, safe conditions of its
recovery is a limiting factor. This problem is directly associated
with nucleation. Actually, the equilibrium of methane hydrate can
be easily disturbed after drilling operations. Upon decompression,
methane hydrate becomes unstable and decomposes to eliminate
methane, which can give rise to a substantial volume of metastable
water ice. Since the thermodynamic potential of the metastable
state is higher than the corresponding potential of the stable state,
relaxation can assume a character of explosion in the case of a
large volume of ice, and the energy of such an explosion can be
higher than the energy of a powerful hydrogen bomb.?*> The
frequencies of the ‘boiling’ of methane hydrates remain to be
studied. The seemingly special problem of estimating the rates of

§1In 1987, J-M Lehn (France), C J Pedersen and D J Cram (USA) were
awarded the Nobel Prize in Chemistry.
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formation of gas bubbles in gas-hydrate systems becomes one of
the key current problems. The possible schemes of experimental
investigations of the frequencies of gas nucleation in metastable
gas hydrates were analysed in the publication.?%>

Intercalation compounds of graphite and fullerene belong to
an important class of clathrates.?*® The specific chemical and
physical properties of intercalation compounds offer considerable
possibilities for their use in different fields among which hetero-
geneous catalysis and electrochemistry are of the most impor-
tance. These compounds are also used in analytical chemistry and
pharmacology.

* * *

Theoretical methods for studying nucleation have some funda-
mental limitations. Hence, experimental investigations are of
great importance, because they provide information, which can-
not be obtained by theoretical methods. By analogy with classical

mechanics, it can be stated that the classical stage of nucleation & 34.
35.

theory has come to an end. However, in the nucleation theory
there are no analogues equivalent to quantum mechanics.

The present-day situation can be characterised as ‘pre-revolu-
tionary’ when the stage was set for the development of a semi-
empirical nucleation theory because all drawbacks of the theory
become increasingly evident, nucleation models become increas-
ingly complicated and theorists have high skills. However, a new
key idea is required, whose appearance can be facilitated by an
original experiment in combination with a critical review of the
axiomatic concepts of the theory. One of the steps involves a

23.
24.

25.

26.
27.
28.
29.
30.

31.
32.

33.

36.
37.
38.
39.

40.
41.

42.

semiempirical method for the construction of nucleation rateppsg 43

surfaces. Actually, this seemingly simple approach based on the
use of phase equilibrium diagrams enables one to determine the
topology of the nucleation rate surfaces in the zero limit. This is
already sufficient for revision of certain approximations employed
in experiments and particular axioms of the nucleation theory.

I acknowledge Academicians I I Moiseev and V N Parmon
for helpful discussion, encouragement and valuable advice.
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