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A phenomenological approach is proposed that takes into account the nuclearity-dependent binding energy in
a cluster to determine its influence on the earliest steps of the homogeneous nucleation process and to determine
the limits of the metastability/supersaturation domain for the monomer-condensed phase transition. It appears
that the temperature at which monomers and clusters Mn have equal Gibbs potentials increases with nuclearity
n and that the transition temperatures from the monomer to the dimer and to the bulk, respectively, bracket
this metastability domain.

Introduction

The phenomenon of homogeneous nucleation, that is, the birth
of quite small nuclei of a new phase in the bulk of the mother
phase during a first-order transition, has been recognized for a
long time to govern the transition rate and the final structural
properties of the new phase. This discontinuous change in the
condensation of a low-density gas or in the crystallization from
dilute solutions is driven by lowering the system free energy.
However, close to the equilibrium transition point, the initial
phase may remain metastable and large deviations from equi-
librium may be observed before the second and more thermo-
dynamically stable phase is formed. This hysteresis, supercool-
ing or supersaturation, is of great importance in materials science
and metallurgy because crystallization and condensation are
often used as purification and material elaboration steps, or in
atmospheric sciences because they govern the weather, the
formation of clouds and mist, of the snow and rain falls, of
glazed frost, etc.

Since the pioneering works on homogeneous nucleation by
Smoluchowski,1 Volmer and Weber,2 Becker and Doring,3

Zeldovich,4 and Turnbull and Fisher,5 an intense research
activity has been steadily developed in this important and
difficult field.6-9 The classical theory describes the mechanism
by which, in the absence of any external germ, an initialcritical
nucleusshould be formed from local energy fluctuations and
should grow by gaining successively monomers from the mother
phase. For moderate supersaturation conditions, the critical
nucleus is found to contain several tens of atoms or molecules.
It is therefore considered as a macroscopic entity and the surface
energy concept at the phase interface is used. But the kinetics
of the nucleus formation from monomers and smaller oligomers
is not explicitly considered. The classical theory is in fact more
appropriate for heterogeneous nucleation in systems containing
preexisting nuclei. At very high supersaturations of homoge-
neous phases, it is clear that the nucleus size is of a few atoms
only and that the specific properties of these clusters have also
to be taken into account. An atomistic approach of nucleation
has been already applied10 to the sudden condensation in

molecular beam experiments in which the temperature is so cold
that the reverse flow of evaporation of the molecules is many
orders of magnitude less than the condensation flow and was
neglected. Recently, molecular dynamics models have also been
developed that consider a limited number of molecules starting
with a uniform supersaturated configuration and then submitted
to variable conditions of temperature/pressure.11-14

Since the 1960s, experimental time-resolved studies in
nanosecond range have been performed using the pulse radi-
olysis method for the coalescence kinetics of metal atoms into
clusters in solution under room temperature conditions, the
atoms being suddenly produced by a fast radiolytic reduction
of ions just after the pulse and constituting indeed a supersatu-
rated phase. The kinetics of the silver clusters formation has
been, for example, extensively studied in water and nonaqueous
solvents.15-18 Similar studies have been performed about the
coalescence of CdS,19,20 AgI,21 or AgBr22 monomers. At room
temperature, these systems are far below a possible metastable
supersaturated domain with respect to the metal/semiconductor
condensation, and no hysteresis was ever observed. On the other
hand, the radiation chemistry methods permitted establishment
of the nuclearity dependence of some properties of the smallest
metal oligomers in solution.23-26 This dependence, which was
previously predicted by Kubo,27 was also confirmed experi-
mentally and theoretically in the gas phase.28-32 It was also
demonstrated by pulse radiolysis that the critical nuclearity
required for the photographic development of silver clusters in
solution was not a consequence of supersaturated conditions of
a phase-transition model, as previously proposed.33,34 In fact,
the critical value has been found to result from thermodynamics,
specially from the nuclearity dependence of the cluster redox
potential and from the redox potential threshold imposed by
the developer.35,36

The aim of the present work is to consider phenomenologi-
cally whether the rate-determining step in the first-order phase
transition is similarly dominated by the thermodynamics of the
smallest oligomers, how their nuclearity-dependent properties
govern the start and rate of nucleation of a population of
monomers initially present in a phase under supersaturated
conditions, and which are the parameters governing the extent
of the metastability domain.
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Phenomenological Cluster Nucleation Model

According to the classical theory, we consider how a low-
density population of monomers M1 (in a vapor or a dilute
solution) starts after diffusion to agglomerate (by condensation
or precipitation) into growing clusters. The pressure is supposed
constant, and the process is governed by the temperature.
Because of the negligible probability of multiple encounters,
the cluster build-up starts necessarily, if the thermodynamical
conditions are suitable, by the formation of dimers, followed
by the dimer growth. The concentration of monomers is during
these initial steps much higher than that of any other oligomers.
At this stage, the aggregation reactions can be thus limited to
the successive adjunctions of monomers to the growing oligo-
mers.

Simultaneously, at each step, back reactions of evaporation or
redissolution occur, which correspond to the loss of one
monomer. If diffusion-controlled, the forward rate constant of
condensation,kcond, is likely independent ofn.1 In contrast, the
evaporation rate constant,kevap, is strongly dependent on the
binding energy of a monomer M1 detaching from Mn, that is,
strongly dependent onn.

The phase transition of condensation consists of the replace-
ment of the diluted phase of monomers by the condensed phase
via the mechanism 1-5 in which the dimers and higher
oligomers are short-lived transient states. We do not consider
in this work whether the clusters possess solid- or liquid-like
structures because the transition of the smallest oligomers
between different structural arrangements (isomers) differing
in energy was predicted to extend over a broad temperature
domain.14 Far below or far above the bulk transition temperature,
the dilute phase (monomers) or the condensed phase, respec-
tively, is stable. At the transition temperature, the monomers
and the condensed phase are in equilibrium. In fact, at this
temperature, which is the transition point of the bulk,T1T∞, the
forward reaction rate of condensation of monomers and the
backward reaction rate of evaporation (dissolution) are equal.
The overall free energy change,∆G1T∞, between the two
coexisting phases is zero atT1T∞:

where ∆H1T∞ and ∆S1T∞ are the changes of condensation
enthalpy and of entropy, respectively, between the monomeric
and bulk phases according to reactions 1-5. At T1T∞, the
interconversion (eq 7) of coexisting monomers to and from bulk,

depends on the external energy exchange of the system and on
the change of heat capacity between phases.

Although the mechanism 1-5 and the overall equilibrium
reaction 7 seem to be symmetrical with respect to thermody-
namics, the transition is easier from order to chaos (evaporation
from M∞ to M1) than in the other way (condensation of M1 into

M∞), and the kinetics can be highly different. Actually, it is
well-known that in a large temperature domain of metastability
below T1T∞, the condensation could not occur at a detectable
rate.

In the present phenomenological model, we take into account
that (i) the process of monomer condensation is a multistep
mechanism as in eqs 1-5, which starts, in the absence of any
preexisting oligomer, from the dimerization (eq 1) and (ii) the
mean binding energy between the atoms M1 in a cluster Mn or
the enthalpy of the Mn formation relative ton free monomers
(reaction 7) increases markedly with the nuclearityn,32,37-41 the
variation depending on the nature of the considered system M.
That means that the very first step of the monomer condensation
kinetics, which is the dimerization, also undergoes the highest
activation barrier. At a given temperature, the enthalpy and the
entropy of the cluster Mn decrease withn. In other words, if
the intermediate cluster Mn were stable, an equation analogous
to eq 6 could be written with nuclearity-dependent terms:

We assume that the entropy and enthalpy of Mn are constant
with T and at a givenT both decrease withn. Thus for eachn
value, the Gibbs potential of Mn decreases linearly with
increasingT and decreases at a givenT whenn increases. In
Figure 1 are presented the variations withT of the Gibbs
potential of clusters of various nuclearityn. The free energy
change∆G1Tn in eq 8 is, for example, given by the potential
difference between the lines for M1 and Mn. As the value ofn
becomes lower, the transition temperatureT1Tn between the
cluster Mn and the monomer M1, at which their potentials are
equal (crossing point between M1 and Mn potential lines), should
become lower. The transition temperature of the macroscopic
state T1T∞ is the upper limit ofT1Tn. The stabilization of
nanoclusters, of metal, for example, was experimentally obtained

M1 + M1 a M2 (1)

M2 + M1 a M3 (2)

M3 + M1 a M4 (3)

Mn + M1 a Mn+1 (4)

M∞-1 + M1 a M∞ (5)

∆G1T∞ ) ∆H1T∞ - T1T∞∆S1T∞ ) 0 (6)

nM1 a Mn (n f ∞) (7)

Figure 1. Temperature dependence of the free energy for the
monomers, oligomers of increasing nuclearity, and condensed phase.
At a given temperature, the free energy of Mn decreases for increasing
n below the bulk transition temperature. The temperatureT1Tn, at which
free energies for monomers and Mn are equal, increases withn. Because
of the nuclearity dependence of the potential and of the negligible
probability that the condensation of monomers starts but by the
dimerization, the monomers are stable as far asT1T2 < T. A thermal
hysteresis appears between the phase-transition temperaturesT1f∞ and
T∞f1 in the course of decreasing and increasing temperature, respec-
tively (see text).

∆G1Tn ) ∆H1Tn - T1Tn∆S1Tn ) 0 (8)
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under some confined conditions, of deposition42,43 or in nano-
metric pores,44 and indeed the melting point was found to
decrease with a decrease in the cluster nuclearity and to be much
lower than that of the bulk metal.

Because the condensation mechanism 1-5 should start
kinetically with the dimer formation (reaction), the transition
temperatureT1T2 for n ) 2, which is the lowest value ofT1Tn,
is also the determining temperature required to observe some
dimer formation. Thus, the nuclearity dependence of the cluster
thermodynamical properties introduces necessarily an asym-
metry between the kinetics of condensation and evaporation and
a thermal hysteresis of the transition pointsT∞f1 andT1f∞.

In the domainT1T∞ e T, the thermodynamical conditions
are fulfilled for the dissociation into monomers of the bulk state
anda fortiori of all smaller nuclearity clusters. M∞ is unstable
aboveT1T∞. In Figure 1, the variation of the Gibbs potential of
Mn is presented in this temperature range as a dotted line. For
a system initially consisting of clusters Mn, the evaporation
indeed predominates over condensation becauseT is already
beyondT1Tn, which corresponds to the transition temperature
of Mn. The evaporation transition starts readily without any
activation barrier.

In the temperature rangeT < T1T2, the formation of a dimer
M2 among a monomer M1 population predominates over dimer
dissociation and the conditions are even more favorable for the
successive following steps of absorption of monomers by the
clusters. The transition of the condensation of monomers occurs
without any activation barrier. In this temperature range, the
variation of the Gibbs potential of M1 is presented in Figure 1
as a dotted line. Under these conditions of a coalescence model
with negligible evaporation and with a condensation rate
constant independent ofn, it was shown by Smoluchowski1 that
the whole set of kinetics giving the time dependence of the
concentration of any cluster Mn is invariant if the time is
normalized ast/τ (with τ ) 1/(kcondC0)), whatever are the initial
concentrationC0 of M1 and the condensation rate constant
kcond.20,35,36

In the domainT1T2 < T < T1T∞, for a system initially
consisting of monomers only (prepared, for example, at tem-
perature higher thanT1T∞ and then cooled), the evaporation of
M2 into M1 predominates over the dimer formation, and the
probability is weak that a newly formed dimer is long-lived
enough to let it produce M3 by absorbing another monomer and
thus to start the growth. Therefore, in this temperature range,
although M∞ and all oligomers larger than the dimer are
thermodynamically more stable than M1 because of their lower
potentials, the monomers are kinetically stable, that is, are
metastable. The system is supersaturated. ThusT1T2 constitutes
the lower limit of the domain of metastability of monomers.
The critical nucleus size for homogeneous nucleation is indeed
n ) 2.

Thermal Hysteresis. In Figure 1, when the temperature is
increased from the lowest values, the potential of the most stable
state M∞ decreases and continues to decrease untilT1T∞, when
it is replaced by that of M1. This may be achieved by a cascade
of first-order fragmentation reactions, which are all thermody-
namically and kinetically favored atT1T∞ e T. In contrast, when
the temperature is decreased from the high values, the potential
of the monomers M1 should increase up to the potential value
at T1T2 at which they become unstable with respect to
dimerization. As soon as the dimerization is thermodynamically
allowed, it occurs and initiates the following condensation
cascade to larger (and transient) clusters, which exhibit an
increasing stability in this temperature range (mechanism 1-5,

forward). Thus the potential decreases suddenly in the replace-
ment of M1 by the condensed phase M∞. At lower temperature,
the potential increases less markedly, as does the M∞ potential.

The asymmetry of the potential change in the course of
increasing and decreasing temperature is due to both (i) the
nuclearity dependence of the oligomer Gibbs potential (decreas-
ing with increasingn at T < T1T∞) and (ii) the negligible
probability that the condensation would start without a dimer-
ization, so introducing a kinetical barrier, a supersaturation, and
a thermal hysteresis in the phase transition (T1f∞ , T∞f1).

Nuclearity Dependence of the Transition Temperature
between Consecutive Oligomers

Recently, some calculations have been achieved by different
methods on the thermodynamics of variable nuclearity oligomer
series. Neutral silver32,37-39 or water40,41,45,46clusters are among
the most studied. The different calculation approaches, ab
initio,32 density functional theory (DFT),37,38 or molecular
dynamics (MD),39 are converging on the general trend withn
of the nuclearity dependence of the clusters Mn average binding
energy per atom,Eb(n), as that used by Erkoc¸ and Yilmaz.39

As a first approximation, we derive from thisEb(n) function
the enthalpy change from Mn to Mn+1:

whereΦ is the bulk cohesive energy of the condensed phase
andR ) 21/3(∆H1T2/2 - Φ), ∆H1T2 being the dimer binding
energy.

We assume a similar variation for∆SnTn+1 and calculate the
transition temperatureTnTn+1 ) ∆HnTn+1/∆SnTn+1 between Mn

and Mn+1. In Figure 2 is shown the nuclearity dependence of
the ratio ofTnTn+1 to its limit T∞. The overall variation of the
ratio is about 25% betweenn ) 2 and the bulk. The steep
variation of TnTn+1 with n for low n values indicates clearly
the influence ofn on the successive transitions by which the
initial dimers will grow up to the bulk. Conversely speaking, if
a temperatureTnTn+1 is imposed to the clusters of sizen + 1,
smaller clusters are also unstable with respect to evaporation
yielding eventually to the monomer phase. This confirms that

Figure 2. Nuclearity dependence of the transition temperature between
Mn and Mn+1. The temperature is normalized to the transition temper-
ature of the bulk.

∆HnTn+1 ) Φ + R[(n + 1)2/3 - n2/3] (9)
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the value ofT1T2 is the lower limit of the metastability domain
for monomers under supercritical conditions of temperature.

Conclusion

The phenomenological model of homogeneous nucleation,
or of the build-up of a cluster from a monomeric phase, which
is presented here, takes into account the nuclearity-dependent
properties of clusters, particularly of the dimers and the smallest
oligomers. With this respect, the nuclearity dependence of the
binding energy obtained by recent theoretical calculations is
crucial.

The thermal hysteresis of the phase transition, concerning,
for example, the temperature of condensation from monomers
to the bulk compared to the evaporation temperature from the
bulk to monomers, and the existence of a temperature domain
in which monomers are metastable result from the increasing
binding energy withn of the supplementary monomer, combined
with the fact that the dimer formation is the rate-determining
step of the process. The difference in binding energy between
M2 and Mn creates an activation barrier for the condensation of
monomers into Mn. This variable binding energy also accounts
for the nuclearity dependence of the evaporation temperature
of finite-size clusters.
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