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Comparison of the properties of metastable and equilibrium drops
in the vapor phase
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The properties of metastable and equilibrium drops that occur in the vapor phase and differ
in the size and position of the dividing surface are compared. Using an equimolecular dividing
surface, it was found that the total free energy and the total mass of the substance in drops of the
same size over a broad temperature range differ by not more than 0.3%. A similar comparison
for a dividing surface chosen from the equality condition of the moments of forces gives rather
similar results. Using the surface where the maximum surface tension is attained as the dividing
surface is impossible at low temperatures, because under these conditions, the notion of surface
tension has no physical meaning. At high temperatures, the difference between the total mass of
the substance for metastable and equilibrium drops does not exceed 0.6%. The calculations
were carried out over a broad temperature range on the basis of the lattice-gas model in the

quasichemical approximation.

Key words: spherical drops, width of interfacial layer, equimolecular surface, surface ten-
sion, lattice-gas model, quasichemical approximation.

Thermodynamic properties of drops have been actively
used till now to study the dynamics of formation of new
phases.!—4 They are used to calculate the energy of forma-
tion of seeds in the studies of the first-order phase transi-
tion kinetics. However, transition to molecular models is
rather slow.5—10

A number of publications!>!2 proposes an approach
based on the lattice-gas model.!3:14 Previously, this model
has been widely used®7-15—18 to calculate planar va-
por—liquid interface. By means of molecular theory,11:12
it was possible to study not only metastable but also
equilibrium drops existing at the saturated vapor pres-

sure, which had been scarcely considered before. De-
tailed analysis of equilibrium drops was published pre-
viously.1?

In this study the following properties are compared for
metastable and equilibrium drops of the same size: local
densities, pressure, surface tension, total free energy, the
total drop mass, and the difference between the chemical
potentials inside metastable and equilibrium drops of the
same size at a specified temperature.

All equations and calculation methods have been de-
scribed in detail;13:14:19 therefore, here we report only the
final results.

Published in Russian in Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 4, pp. 839—842, April, 2010.
1066-5285/10/5904-0857 © 2010 Springer Science+Business Media, Inc.



858 Russ.Chem.Bull., Int.Ed., Vol. 59, No. 4, April, 2010

Tovbin and Rabinovich

The calculation was carried out for a broad range of
reduced temperatures t = 7/T, (T is the critical tempera-
ture in the bulk phase) from the triple point (t = 0.55) to
the near-critical region t < 0.9. The comparison was done
using traditional methods for determining the surface ten-
sion of metastable drops relative to three types of the di-
viding surface. These include (a) equimolecular surface,
(b) surface chosen from the equality condition of mo-
ments of forces, and (c) the dividing surface chosen based
on the maximum surface tension. For an equilibrium drop,
the surface tension was defined on the equimolecular
surface.

Metastable drops have the density 6, of the liquid,
internal pressure nr;, and the chemical potential p;, which
differs by Ap from the chemical potential of the vapor,
which has the density 6,, pressure &, and the chemical
potential p, (see Ref. 11). Here the character k means the
number of a monolayer in the interfacial region corre-
sponding to the vapor. The state of the vapor is unambigu-
ously specified by the system temperature 7 and the satu-
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ration vapor pressure m,(7) at the given temperature,
n,. = wo(7). The liquid and vapor pressures are related to
each other by the Laplace equation: n; — n,. = 26/(R + p),
where o is the surface tension, R is the drop radius, R + p
is the radius of the dividing surface. The three ways of
defining the dividing surface outlined above can be used to
calculate o.

The key feature of an equilibrium drop is that the mol-
ecules located inside the drop and in the vapor have the
same chemical potential u; = p, (and Ap = 0) and, as
a consequence, the pressures in the vapor and in the drop
are equal (n; = n, = my(7)).

In each phase, the pressure and density inside the drops
or in the vapor are unambiguously related to each other by
the state equation of the given phase. The liquid density
and pressure in a metastable drop are higher than these
values for an equilibrium drop.

The effect of the radius R of the liquid part of the drop
on the properties of metastable drops is illustrated by Fig. 1.
Figure 1, a shows the density ratio for the liquid parts of
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Fig. 1. Effect of the radius R on the density ratio of the liquid parts of metastable and equilibrium drops 6*,/8, (a), ratio of their inner
pressures in the liquid n*;/n; (b), difference of these pressures (c), and relative surface tension /oy, (d). The results are given for
1= 0.55 (I—3) and 0.89 (4—6) for three definitions of the dividing surface: equimolecular surface (7, 4), surface based on the balance
of moments of forces (2, 5), and tension surface (3, 6). The drop radii (R) were measured in terms of the lattice structure parameter
numbers A related to the Lennard-Jones potential parameter: A = 1.12 «.
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metastable and equilibrium drops, Fig. 1, b shows the ra-
tio of their internal pressures in the liquid, and Fig. 1, ¢
presents the chemical potential difference Au = p; — p, at
the dividing surface p of a metastable drop (1L = InP).
Finally, Fig. 1, d presents the relative surface tension 6/c,.
Here oy, = 0., is the surface tension for R — « or, what is
the same, for a planar lattice.

The curves in Figs 1, a—c have the same form for the
equimolecular surface and the surface corresponding to
equal moments of forces: as the radius decreases, the
considered parameter first increases to some maximum
value and then decreases to zero. For very small sizes, all
curves that refer to metastable drops coincide with the
corresponding curves for equilibrium drops. This general
trend does not rule out local jumps at low temperatures
and small radii. These jumps may be caused by the dis-
crete nature of the calculation model.1! However, the gen-
eral pattern of variation of characteristics demonstrating
the presence of maximum supersaturation is retained.

Figure 2 shows the logarithmic dependences of the to-
tal energy ratios for metastable and equilibrium drops of equal
size (a) and the ratios of the masses of the same drops (b)
on their size R. The subscript indicates the type of drop.

Due to inhomogeneity of a drop, its mass m is defined
as the product of local densities by local volumes of differ-
ent areas of the drop m = V|6, + Zq=2‘<*14n(R + p)zeq,
where the drop volume V' = V| + V, consists of the liquid
volume V¥, = 4nR;3/3 and the volume of the liquid to vapor
transition layer with the width x (V.. =X, _,*~ 4n(R+ p)?),
where ¢ is the number of the layer of the transition region
(2<g<x—1). The value g = 1 refers to the liquid part of
the drop and g = k corresponds to the vapor phase.

The total free energy of a drop is expressed as E= V|E| +
+2,,%"14n(R + p)2E,, where E is the free energy inside
the drop per unit of the liquid; E is a similar value for
a unit in layer ¢ in the liquid to vapor transition region.
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The calculations in terms of the molecular model of
a spherical drop located in the vapor phase showed rather
similar values for the inner properties of metastable drops
of different size for all three traditional methods of calcu-
lation of the properties of a metastable drop differing in
the position of the dividing surface (equimolecular sur-
face, equality condition for the moments of forces, and at
the tension surface).

The following values are significant: the difference be-
tween the total free energies of the metastable and equilib-
rium drops and the difference between the total substance
mass contained in these drops. The calculation showed
that for the use of equimolecular dividing surface and the
surface chosen from the equality condition of the mo-
ments of forces, these values differ by nore more than
0.3% over a broad temperature range from the triple point
to the near-critical region.

In a comparison of equilibrium drops confined by an
equimolecular surface with a metastable drop confined by
a tension surface, this difference at high temperature does
not exceed 0.6%. At low temperatures (t < 0.7), this com-
parison is impossible due to the absence of a tension sur-
face in the metastable drop, which also implies the ab-
sence of maximum supersaturation.1l1% The absence of
the proper notion of the tension surface and of maximum
supersaturation at low temperatures indicates that the con-
ditions of thermodynamic constructions are not fulfilled
at any parameters of the state of the system.

The minor differences between the total free energies
and the total substance masses of metastable and equilib-
rium drops of the same size indicate that modern experi-
mental methods do not make it possible to distinguish
between the contributions of these two types of drops to
the system thermodynamic parameters. In addition, the
presence of drops that may exist in different thermody-
namic states in the system requires using more advanced
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Fig. 2. Relative difference for the metastable and equilibrium drops vs. their radius R for T = 0.55 1 0.89: total free energy Epe(,/Eeq (@)

and drop mass #y,,/Meq (b). For curve designations, see Fig. 1.
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kinetic models than the transitional approaches taking into
account only metastable drops for describing the conden-
sation process.!—4 The existence of equilibrium drops!!-1?
attests to inadequacy of the thermodynamic description of
the vapor condensation process.
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