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Abstract—Equilibrium 3D density profiles in droplets around solid lyophilic spherical particles in under- and
supersaturated vapor and in thin concentric vapor shells on lyophobic particles in stretched and stable liquid
have been found within the molecular density functional theory with hard-sphere correlations taken into
account via the fundamental measure theory. The existence of stable drops and bubbles is confirmed, their
structure is described, and threshold values of the chemical potential of vapor and liquid for barrierless nucle-
ation are found. The results show a qualitative agreement with previous ones obtained by us within other ver-

sions of molecular density functional theory.
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INTRODUCTION

It is widely known that condensation in the earth’s
atmosphere occurs at low vapor supersaturations due
to the presence of submicron hydrophilic aerosol par-
ticles serving as nucleation cores. This fact was ther-
modynamically explained in [1] as a consequence of
the overlap of surface layers in a thin liquid film
around hydrophilic particles. The thermodynamic
results are extended to the kinetics of heterogeneous
condensation in [2] and confirmed by calculations
within the gradient molecular density functional
(MDF) theory [3—5]. Recently, using the gradient and
integral MDF theories, we have shown [6—9] that not
only can stable vapor droplets form around solid lyo-
philic particles, but thin stable concentric vapor
shells—bubbles can appear around lyophobic particles
in a stretched liquid. Such drops and bubbles corre-
spond to local minima of a grand thermodynamic
potential of the system of the new phase nucleus, the
initial phase, and the nucleation core. The aim of this
communication is to study stable drops and bubbles on
lyophilic and lyophobic nucleation cores using the
modern MDF theory with the most complete allow-
ance for hard-sphere correlations according to the
fundamental measure theory (FMT) [10, 11].

TWO VERSIONS OF THE DENSITY
FUNCTIONAL THEORY

Let us consider a system consisting of a Lennard-
Jones fluid around a nucleation core, which creates an

T Deceased.

external potential for fluid molecules w,,(r). In the
framework of the MDF theory, a grand thermody-
namic potential is given by the relation [12]

QUp()] = Falp(®)]+ Flp®)]+ Fulp(®)]
+ [ drmg, (0 - wp(),

where p(r) is the local density of the inhomogeneous
fluid, p is the chemical potential of the fluid mole-
cules, integration in (1) is carried out over the volume

of the fluid, F[p(r)] is an ideal gas contribution, and
F.|p(r)] represents the contribution from the hard-

sphere repulsion and F,[p(r)] from the long-range
attraction of fluid molecules.

Below we consider two versions of the MDF theory.
The first version [12] is based on the gradient approxima-

tion F, [p(r)] = jdr (—ap(r)2 + (C/2)(Vp(r))2), where
a and C are constants and the Carnahan—Starling

a-nw)
wheren = nd 3p/6 is the dimensionless density and d is
the molecular diameter. We see that in the first version

the density of Q[p(r)] is a function of the local density
profile.

approximation F [p(r)] = kgT J. drp(r)

In the second version (the main one for this report)
of the MDF, we use the fundamental measure theory
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Fig. 1. Density profiles of a stable drop around a lyophilic solid particle in a supersaturated vapor (a, b) and a stable bubble around
a lyophobic particle in a stretched liquid (c, d); (a, ¢) the result of the gradient MDF theory (solid line) compared to the 1D cut
of the MDF + FMT result (dotted line); (b, d) 2D cut of the result of MDF + FMT. The particle is shown with a black circle of

radius 26 — d/2.

(FMT) to describe the interaction of hard spheres in
the White-Bear 11 version [11]:

Fislp(r)] = kBTI dr @({n,(r)}), (2)

where the value ®({n,(r)}), defined in [11], is the den-
sity profile functional, since the quantities

n,(r) = Ia’r'p(r') 0,(r—r"), =123 are weighted

densities with weights ®,, defined in [11]. Note that n; has
the meaning of the local density averaged over the vol-
ume of the molecule p and in the homogeneous case

reduces ton. We took the contribution of £, [p(r)] in the
second version in the random phase approximation [12]

Fulpm)] = (/2 [ drdr' pryw(r - ri)p(r) with poten-
tial Lennard-Jones w(r) in the Wicks—Chandler—
Andersen form [12].
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‘We consider the potential of the nucleation core to
be spherically Symmetric: Wy (r) = W, (r). At r > R,
it is the Lennard-Jones potential summed over the
volume of the particle with the parameters 6, = 6 and
€,, and, when r < R, it is large enough for the fluid
density in this area to remain zero. The real particle
radius is R, — d/2, since the centers of molecules can
approach its surface only at a distance d/2. Ratio €, / €
controls the wetting of a particle: it is expected to be lyo-
phobic (nonwettable) if €, / € <<1 and lyophilic if
€, / € > 1. To compare the results that were obtained with
the two versions of the MDF theory, the coefficients in
the gradient MDF were calculated according to the
Lennard-Jones potential w(r) [9], [I12] as

a= —(I/Z)Idrw(r), C= —(1/6)Idrr2w(r).
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Fig. 2. Dependencies b(R,,;,) on equimolecular radius R,,, of droplets (/, 2) and bubbles (3, 4) obtained in the framework of the

gradient MDF (7, 3) and MDF + TFM (2, 4).

NUMERICAL RESULTS

Density profiles were obtained as numerical solu-
tions of the equation 6€2/dp = 0, which is a condition
of stable or unstable equilibrium in the system. Param-
eter value € of the Lennard-Jones potential was taken
as ¢&/kgT =1.4, which corresponds to argon at
T =90K. In the gradient MDF, as in [3-9], the
spherical symmetry of the solution was assumed:
p(r) = p(r). In the MDF+FMT version, the calcula-
tions were carried out in 3D without this assumption
using the library [10]; the coordinates were discretized
with a step 0.2G.

Examples of density profiles within the framework
of two versions of the MDF theory are shown in Fig. 1
for the indicated values of the dimensionless shift
b= —-W,)/kgT of chemical potential p of fluid

molecules from its value L, in the coexistence of liquid
and vapor with a flat interface. In the case of a drop
(liquid film around the nucleation core), MDF +
FMT gives a layered structure of the liquid near the
solid particle with a step ~d. The gradient version of
the MDF gives a profile close to the “smoothed”
result of the MDF + FMT in the high density region,
and the profiles coincide in the low density region. In
this sense, the results are consistent with each other. It
should be noted that p(r) is the probability density of
finding the center of the molecule at the point r, so
high values of p(r) are not a problem, because #,(r)
does not exceed the close packing limit of hard spheres
M = 0.74. In the case of a bubble (a vapor shell around
the nucleation core), the difference between the pro-
files, as can be seen from Fig. 1c, is larger. Neverthe-
less, the existence of a stable state with a spherically
symmetric vapor shell is confirmed in the framework
of MDF + FMT.

Dependencies of the dimensionless shift
b(R...) = WR,,)— W)/ kgT of chemical potential
W(R,,,) of fluid molecules from the equimolecular
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radius R, of droplets or bubbles at various parameters
of the nucleation core are shown in Fig. 2. Each point
corresponds to the solution of the equation
8Q/dp = 0. For a given value of the chemical poten-
tial, there are two solutions, stable and unstable, so
each curve has an ascending and descending branch.

CONCLUSIONS

The results confirmed the existence of enveloping
stable equilibrium drops and bubbles on nanosized
Iyophilic and lyophobic nucleation cores and made it
possible to detect a noticeable layering of liquid in
drops. The new results are in qualitative agreement
with our previous results in the framework of the gra-
dient and integral MDF theories and the elastic band
method [6—9].
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