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Molecular dynamics simulations have been performed atT ) 260 K on three different sized ethanol/water
droplets with a mole fraction of ethanolx ) 12%. The calculations were initiated from near spherical
configurations taken from simulations of the bulk mixture with the same composition. The results are discussed
in comparison to the microphysical models used in nucleation theories. For the droplet having a comparable
size to the so-called “critical” cluster, all the ethanol molecules repartition to the surface. The shapes and
surface structure of the droplets have been characterized and exhibit increasing fluctuations with decreasing
size. These two observations may help explain the present discrepancy between the predicted and calculated
rates of nucleation for ethanol/water droplets.

Introduction

Due to implications in atmospheric and environmental
sciences, the nucleation of liquid-phase binary mixtures from
the vapor continues to attract attention.1 The development of
experimental techniques is allowing accurate measurements of
the rates of nucleation,2-5 and two theoretical approaches have
been proposed to predict that rate. The first approach is based
on density functional theory and utilizes Monte Carlo or
molecular dynamics computer simulations to calculate the free
energies of the droplets. Due to computational limitations, the
approach has been applied only to Lennard Jones fluid mixtures.6

The second “classical” approach, which will be of interest here,
is based on the so-called capillary approximation. Here, the
droplets are described as spherical objects with a definite
composition and their thermodynamic properties (volume,
surface tension, etc.) are used to derive the nucleation rate for
a given system.
Historically, the use of the classical homogeneous theory7

has successfully predicted critical activities of a number of pure
systems and binary mixtures.8 However, very poor agreement
with experiment has been found for nonideal mixtures.2,3,9,10It
was first Renninger et al.11 and then Wilemski12,13who, in the
early 1980s, showed that the classical theory was inconsistent
when the surface tension of the system changes significantly
with composition. Wilemski proposed a “revised classical
theory” using the Gibbs adsorption equation, which takes into
account surface-enrichment effects. Flageollet-Daniel et al.14

later noted that the surface-tension values taken from macro-
scopic systems (flat surfaces) are not appropriate for critical
size droplets, since the average concentration in the bulk is
highly dependent on the number of molecules in the surface.
In general, even though the surface tension is a function of

the surface composition microscopically, it is often related to
the bulk composition that is used in the reported macroscopic
measurements. For consistency and to be able to use measurable
surface tensions, Flageollet-Daniel et al. introduced a lattice
model that allows one to relate the bulk concentration to the
surface concentration in the critical nucleus. In this model, the
surface tension of the system is expressed as a function of the

pure components surface tensions, their volume fractions, and
three adjustable parameters. The experimental (macroscopic)
surface-tension values for the corresponding system are used
to calculate the surface and bulk mole fractions in the droplet.
Using a similar approach, Laaksonen15 introduced an explicit

cluster model containing no parameters. The droplet, assumed
spherical, is composed of an interior bulk and a unimolecular
surface layer. The molecular areas are assumed independent
of composition but dependent on the surface curvature. A
semiempirical equation defining the surface tension of the
system as a function of the molecular volumes and surface
tension of the pure components is used. The fit of this equation
using the experimental surface tension values allows one to get
the surface and bulk mole fractions.
Alcohol/water mixtures are probably the most commonly

studied systems, and both models have been tested for these
systems. In both cases, the comparison with critical supersatu-
rations (activities) was claimed to be good. However, it is only
recently that Strey et al.5,16,17have been able to determine, from
nucleation rate measurements, the composition of the critical
cluster for a variety of mixtures. The authors show that the
slope of the nucleation rate surface allows the specification of
the number of molecules in the droplet, independent of a
particular model. The comparison of their experimental results
to the predictions by the cluster theory revealed an overall
qualitative agreement. Quantitatively, the nucleation rates
estimated were found to be 3-6 orders of magnitude higher
than the experimental ones and the critical clusters smaller.
The recent results of Strey et al.16,17 will likely stimulate

research into more sophisticated models for binary nucleation
droplets and/or refinement of the existing ones. However, in
the absence of a description of the critical nuclei at the molecular
level, it is likely that these models will always be based on
“classical” descriptions.
The aim of this paper is to provide insight into the molecular

surface structure of related binary nuclei through molecular
dynamics simulations, namely an ethanol/water cluster, and to
study their shape properties as a function of their size.
Anticipating our results, we will see that the distribution of the
molecules in the cluster having a comparable size to the critical
nucleating droplets is not in agreement with the predictions of
the existing nucleation theories.X Abstract published inAdVance ACS Abstracts,October 15, 1997.
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Potential Model and MD Simulations

The intermolecular potential employed in the present work
is similar to that used in the previous study of the ethanol-
water mixtures.18 The rigid three-site SPC/E model of Ber-
endsen et al. was used for water.19 The potential for ethanol
was essentially the pseudoatom model (i.e., methylene and
methyl groups are represented by single sites) of Jorgensen,20

except that it was made flexible in the present work by adding
harmonic bond stretching and bond angle bending. The
parameters for the intermolecular ethanol-water Lennard-Jones
interactions were obtained by using the Lorentz-Bertholot
mixing rules.20

The molecular dynamics simulations were carried out for
three different droplet sizes starting from mixtures around 12%
ethanol molar fraction. (see Table 1 for details). At this
concentration range, there is a substantial reduction of the
surface tension of the solution and the system is still at the water-
rich region. One expects that the ethanol molecules will
aggregate at the surface of the droplets.
The initial configurations were set up starting from well-

equilibrated bulk water configurations, and the appropriate
number of water molecules (chosen randomly) were replaced
by ethanol molecules. Following energy minimization of the
solution, MD (molecular dynamics) simulations were carried
out with three-dimensional periodic boundary conditions for 15
ps at constant temperature (T ) 298 K) and 70 ps at constant
temperature and pressure (P ) 0), during which time the
densities converged near the experimental value.22 The final
configurations of the constant-pressure runs were used to initiate
the simulations of the droplets. The three clusters of interest
were generated from the bulk mixture by selecting all molecules
lying within a cutoff radius of 16, 11, and 8 Å, respectively.
The resulting droplets, which were then placed in a much larger
constant-volume simulation box, (see Table 1 for details), were
used to initiate MD simulations at constant temperature. The
equations of motion were integrated using a Verlet-like algo-
rithm21 with a time step of time of 1.5 fs. Temperature control
was affected by using the Nose´-Hoover chain method23 with
thermostat time scales of 0.5 ps. Bonds involving hydrogen
atoms were constrained using the SHAKE algorithm.24 No
periodic boundary conditions were used, and the nonbonded
interactions were computed for all pairs of atoms in the system.
At the temperature studied (T) 260 K), no evaporation of water
molecules was observed during the length of the MD simula-
tions, which spanned approximately a nanosecond.

Results and Discussion

Radial density profiles of the water and ethanol molecules
averaged over the simulation runs are displayed in Figure 1.
These plots show, as expected, an ethanol excess at the surface.
For the largest droplet the situation is similar to that found
previously for a planar interface (at the same average concentra-
tion):18 a depletion layer beneath the interface is formed. The
shape of the density profiles close to the center (R E 4 Å) is
subject to large statistical errors due to the small size of the
volume element over which the density is calculated.

The staggering of the ethanol oxygen and terminal methyl
group density profiles indicates that molecules in the outer shell
of the cluster orient themselves with the hydrophobic tail
pointing radially out of the interface, while inside the cluster
core no preferred orientation is obtained for the alcohol
molecules.
For the smaller clusters, Figure 1 shows an ethanol enrichment

at the surface as well. However, inside the droplets the
concentration of solute molecules drops gradually as the size
of the cluster decreases. For the smallest droplet, all of the
ethanol molecules aggregate at the surface. A quantitative
description of the droplets, in terms of average radius and surface
area per molecule, is difficult since their shapes are no longer
spherical, as seen in the snapshots displayed in Figure 2. This
departure from the spherical shape explains the broadening of
the density-profile distributions of the interfacial water and
ethanol as the cluster size decreases.
To characterize droplet shape fluctuations, we analyzed the

variation of the inertia tensor of the droplet during the run. The
inertia momentsI1, I2, andI3 corresponding to the principal axes
have been calculated taking into account all the atoms in the
cluster. The ratioR1 ) I2/I1 andR2 ) I3/I1, respectively, are
displayed in Figure 3. They indicate a pronounced departure
from sphericity (R = 1) for decreasing size droplets. The
general trend observed from Figure 3 is that the fluctuations in
shape have the largest amplitudes and smallest frequencies on
going from the largest to the smallest cluster.
The time scale for the droplet shape fluctuations has been

estimated from the initial decay ofCe(ε), the time autocorrelation
function of e, the eccentricity, where

δe(t) ) e(t) -<e(t)> ande) 1 - I1/IaV, IaV being the average
inertia moment. The calculated characteristic timesτe are 120,
30, and 30 ps in order of decreasing droplet size. From theR
plots (Figure 3), we see that during these fluctuations, the
droplets occasionally adopt a nearly spherical configuration. At

TABLE 1: Details of the MD Simulationsa

system Nw Ne run length (ps)

large 415 60 1200
medium 144 19 780
small 53 7 960

a Nw and Ne are, respectively, the number of water and ethanol
molecules in the droplet.

Figure 1. Number density profiles for water (solid line) the and carbon
(dashed lines) and oxygen (dotted lines) atoms of ethanol averaged
over the simulation: (a) large, (b) midsize, and (c) small droplet,
respectively. For clarity, the ethanol atom densities have been scaled
by a factor of 4.

Ce(t) ) <δe(t)δe(0)>/<δe(0)δe(0)> (1)
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such times, we have estimated the average volumeV of the
droplet (V ) 4/3π<Rs3>) and the average surface area per
ethanol moleculeS) 4π<Rs2>/Ns, where<Rs> is the average
position of the surface ethanol oxygen atoms at each time step.
The results, reported in Figure 4 along with the value for the
flat (infinite radius of curvature) surface,25 indicate that the
surface area per ethanol molecule is linearly increasing with
droplet curvature.
The results presented in this paper have characterized aspects

of the structure and the dynamics of small droplets of binary

mixtures. The major points revealed by analysis of the
molecular dynamics simulation trajectories are the repartition
of molecules inside the droplet and the overall shape and
structure. The study of three systems going from a large droplet
(closest to a macroscopic flat-surface situation) to a droplet the
size claimed for a critical cluster16 shows that the expected
surface enrichment of such clusters significantly changes the
concentration of the interior bulk. The surface area per
surfactant molecule increases with an increase in the droplet
curvature, and the shape of the cluster seems to deviate
increasingly from spherical shape.
While the study of different sized droplets permits us to

investigate the general properties of small clusters, it is the
smallest cluster that relates directly to nucleation phenomena.
The Gibbs free energy of cluster formation is∆G ) n1∆µ1
+n2∆µ2 + Aγ, whereni andµi are the number of molecules
and chemical potential of the speciesi, A the surface area of
the cluster, andγ its surface tension. The nucleation rateJ is
usually expressed in terms of∆G*, the free energy required to
form a mixed critical nucleus from the vapor phase, asJ ) C
exp(-∆G*/kT), where∆G* is a function of the surface tension
γ and the molar volume of the droplet, namely∆G* ) (4π/
3)r*2γ. The constantC is known to be a slowly varying function
and hence, a good prediction of the nucleation rate depends on
the estimation of the surface tension and the volume of the
droplet. As briefly described in the Introduction, the lattice and
cluster models are used to estimate the surface tension. They
take into account the surface enrichment and the effect of the
finite cluster size on the bulk concentration. However, quan-
titatively, none of the models agrees with our finding that in a
cluster of small size, all the surfactant molecules may be at the
surface.
In addition, the present study has shown that the small size

clusters can depart severely from a spherical shape. The
characteristic times observed for the shape fluctuations appear
to be in the range of neutron and light scattering experiments
and, hence, could perhaps be directly probed. These shape
fluctuations are very similar to those characterizing the structure
of spherical micelles in solution,26 and it is likely that consider-
ing a “critical” size cluster with a fixed shape is a poor
approximation. A valid description of the nucleation phenomena
should probably take into account the contributions of these
fluctuations to the surface free energy.27

The present results are naturally limited by the quality of the
potential parameter used. In a previous study of an ethanol/
water flat interface,18 it was shown that the calculated surface

Figure 2. Snapshots of the simulation systems: (a) large, (b) midsize,
and (c) small droplet, respectively. From top to bottom, the snapshots
are 100 ps apart and are taken from the last 300 ps of the MD
trajectories. The oxygen (white), hydrogen (grey), and carbon (black)
atoms are drawn as spheres with their corresponding van der Waals
radii.

Figure 3. Ratios of the principal inertia momentsR1 andR2 as a
function of time: (a) large, (b) midsize, and (c) small droplet,
respectively. whereR) 1 denotes a spherical droplet shape. Note the
increased amplitude and frequency of the fluctuations in the small
droplet.

Figure 4. Surface area per ethanol molecule as a function ofr, the
radius of the droplet, which is estimated at the time when the clusters
instantaneously have a spherical shape.
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tension was overestimated by about 50% compared to the
experimental value28 for a system at the same concentration.
The simulation system corresponds to a state characteristic of
a lower ethanol concentration. The potentials employed herein
yield an ethanol excess consistent with that measured for a
solution at the same surface tension. Also, the structure of the
interface (thickness) was in agreement with neutron results.29

In the present MD simulation, it is not clear how to calculate
the surface pressure for these small fluctuating objects, which
precludes unambiguous comparison to theories of nucleating
droplets. Nonetheless, the study presented here constitutes a
qualitative contribution toward the understanding of the structure
and properties of nanoscale binary droplets such as those
involved in nucleation. The calculation suggests possible
reasons for the current discrepancy between nucleation rates
predicted by explicit “molecular” models of critical clusters and
experiments. The present study suggests that additional studies
over a wide range of concentrations based on improved
interactions potentials would likely be informative.
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