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Abstract: A combination of the aggregation-volume-bias and configurational-bias Monte Carlo algorithms
and the umbrella sampling technique was applied to investigate two different binary vapor—liquid nucleation
systems: water/ethanol and water/n-nonane. The simulations are able to reproduce the different nonideal
nucleation behavior observed experimentally for these two systems, i.e., the mutual enhancement of
nucleation rates for water/ethanol mixtures and the two-pathway nucleation for water/n-nonane mixtures.
Structural analysis provides microscopic explanations for the observed nucleation behavior. In particular,
the simulations show a large and size-dependent surface enrichment of ethanol in the water/ethanol droplets,
which confirms the previous experimental interpretation for this system. The immiscibility observed even
for small water/n-nonane clusters causes the two-pathway nucleation mechanism.

1. Introduction nonideal mixtures, such as water/alcohol systems, CNT can even

Understanding binary nucleation is a first step toward the prOd”%e, unphysical results® Using density functional theory
goal of explaining multicomponent nucleation that plays a (PFT)” it has been demonstrated that the deficiency of CNT
critical role in many processes of atmospheric, environmental, 2115€s from the fact that it fails to predict the differences in
and technological importance. In particular, binary mixtures COMPosition between the critical nucleus and the bulk liquid.
consisting of water/alcohdlwater/alkané,alcohol/alkané,or This deficiency can lead to negative aggregation numbers for
short and long alcohols or alkar@éhave been the focus of ~the surface active species and a prediction of decreasing
many experimental investigations. Using sophisticated tech- nucleation _rates with increasing par_t|al pressure in V|ol_at|_on of
niques, these experiments have provided data on the dependthe nucleation theorefrBy incorporating an explicit description
encies of binary nucleation rates on temperature, vapor pressure®f the composition, the DFT approach is able to yield results
and vapor composition. An important conclusion has emerged that are thermodynamically consistent, but its solution obtained
from the experimental studies, namely that the classical OF @ given model is only approximate, and sometimes the
nucleation theory (CNTJ,which is based on the so-called Underlying model is too simple (e.g., a single Lennard-Jones
capillary approximation and has been satisfactorily applied to Intéraction site) to allow direct comparison with experiments.
numerous one-component systems, is incapable of describing'” contrast, particle-based simulations are a more convenient

the nucleation behavior for many binary systems. For some tool since the solution should be exact for a given model and
more complex force fields (e.g., articulated multisite models

lgniversiiy 0; ;ennsyl\;ania. with separate terms representing first-order electrostatic and

niversity o Innesota. H ; H H H

(1) (a) Zahoransky, R. A.; Peters, . Chem. Phys1985 83, 6425-6431. d_|spers_|ve mter_actlons)_can be emp_loyed. However, previous
'(Db% Sc{wgngét,gJZ. %6 Q/gbg%egng, .](.;)Avd'ams, G. yvs Zalabgky,L R.iA.Chem.A simulation studies for binary nucleation have concentrated on

yS. " . (C iisanen, Y.; Strey, R.; Laaksonen, A.; H H H H

Kulmala, M.J. Chem. Phys1994 100, 6062-6072. (d) Strey, R.; Viisanen, S|mplle moqlel systemsThe structural_|n5|ghts obtained from
\é.;%/\/_agne;hPéEﬁ Cgﬁm. Ph;gslsiqfa V\},(l)a 4i3%43c4h5. (e)PVr\]/yg%%Z"' the simulations can also be used to interpret the experimental
At g, i Cheung, J. L; Wilemski, G. Chem. Phys200Q data and to understand the shortcomings of CNT and other

(2) (a) Wagner, P. E.; Strey, B. Phys. Chem. B001, 105 11656-11661. (b) nucleation theories.
Peeters, P.; Hruhyl.; van Dongen, M. E. Hl. Phys. Chem. B001, 105,

11763-11771. In this work, we report on a direct simulation study for two
(3) Viisanen, .. Wagner, P. E.; Strey. & Chem. Phys1998 108 4257 binary vapor-liquid nucleation systems: water/ethanol and
(4) (a) Strey, R.; Viisanen, YJ. Chem. Phys1993 99, 4693-4704. (b)

Looijmans, K. N. H.; Luijten, C. C. M.; van Dongen, M. E. H. Chem. (6) (a) Oxtoby, D. W.; Kashchiev, OJ. Chem. Physl994 100, 7665-7671.

Phys.1995 103 1714-1717. (b) Laaksonen, A.; Oxtoby, D. Wl. Chem. Phys1995 102, 5803-5810.
(5) (a) Becker, R.; Dong, W. Ann. Phys1935 24, 719-752. (b) Volmer, (c) Laaksonen, A.J. Chem. Phys1997 106, 7268-7274.

M. Kinetik der PhasenbildungSteinkopff: Dresden, 1939. (c) Reiss, H. (7) (a) ten Wolde, P. R.; Frenkel, D. Chem. Phys1998 109 9919-9927.

J. Chem. Phys195Q 18, 840-848. (d) Laaksonen, A.; Taalnquer, V.; (b) Yoo, S.; Oh, K. J.; and Zeng, X. @. Chem. Phys2001, 115 8518-

Oxtoby, D. W.Annu. Re. Phys. Chem1995 46, 489-524. 8524;
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waterh-nonane. These systems were selected because of their THT
distinct nonideal nucleation behavior. The former exhibits a 46
mutual nucleation enhanceméftwvhereas the latter shows a 44
two-pathway nucleation phenomen®n. z 43
2. Simulation Details ;5 42
40
The common task for simulations of nucleation behavior is 30
to compute the nucleation free energyG(ny, ny), as function 20
of cluster size and composition up to a size slightly larger than 10
the critical nucleus or, equivalently, the cluster size distribution, ) Ll

P(ny, n2) = exp[—AG(ny, np)/ksT]. The simulation methodology
employed here allows very efficient calculations of these | | .

equilibrium cluster properties using a combination of the Figure 1. Contours of the two-dimensional nucleation free energy as a
aggregation-volume-bias Monte Carlo algorithm (AVBMTC), function of the number of water and ethanol molecules calculated from the
the configurational-bias Monte Carlo (CBMC) metrbaind the ~ Simulation an)®*'= "= 1.54x 10-7 A-3. The solid line denotes the
umbrella sampling techniqu€. Compared to conventional ~ 2Verage composition of the vapor phase.

simulation approaches, it has the following advantdg&sst,

efﬂglent sampling of cluster growth and .shrlnkage can be the watent-nonane pair for whichly = —30 K was used.
achieved through AVBMC swap moves which target displace- .

ments that allow particles to move in or out of the aggregation In all calculations, thar;oI angnonane were modeled by
region of the cluster. Compared to the unbiased translation movethe TraPPE-UA force f|elél._The popular_TIP4P mod’éﬂ\_/vas
used in the conventional Metropolis Monte Carlo schéftke used for vyater. For comparison to experimefiésimulations
AVBMC swap move is able to balance energetic and entropic were carried out al = 260 K for the water/ethanol system
factors exhibited by monomers and clusters since both Boltz- and 230 K for the watennonane system.
mann weight (energetic factor) and accessible volume (entropic3_ simulation Results and Discussions

factor) are taken into account in the transition probability of

this move. Furthermore, the AVBMC scheme can be used in 3 A. Water/Ethanol Mixtures. Plotted in Figure 1 are the
conjunction with CBMC growth strategié® allow for efficient contours of the two-dimensional nucleation free energy as a
swaps of molecules with articulated structures. Once it is function of the number of water and ethanol molecules
possible to expediently sample cluster growth and shrinkage, it alculated from a simulation aty*®" = ni"" = 154 x
becomes possible to single out one cluster from the entire systeml0 7 A2 (the gas-phase activities are specified in terms,of

and turn a g|0ba| pr0b|em into a local one by ut|||z|ng the the number density of the ideal gas phase). The nucleation free
equivalence between the cluster-size distribution of the entire €nergy profile for the water/ethanol mixture exhibits only one
system and the size distribution of the selected cluster. This Saddle point, thereby demonstrating that water and ethanol are
significantly reduces the size of the system required for the “Miscible” in the critical nucleus.

simulation and also allows for a straightforward implementation ~ Figure 2 displays various combinations of onset activities for
of the umbrella sampling techniqé&To improve the statistics,  the vapor-liquid nucleation of the binary mixture of water and
the umbrella potential can be chosen in a way that produces aéthanol. These onset activities are normalized by the activities
nearly uniform size distribution for the selected clugfer. of neat water and neat ethanol vapors and correspond either to

. .. . . i —3 o1
For computational efficiency, the grand-canonical version of @ constant nucleation rate of 1@m = s™* as measured

the nucleation algorith# was used here in which the interac- €XPerimentally or predicted by CN¥ or to a constant

tions between the selected cluster and the gas phase aréucleation barrier height of 48sT as calculated from the
neglected. As demonstrated previous,this is a valid simulations. It should be noted that the nucleation rate is mainly

approximation for the low-temperature, low-density cases of determined by the nucleation barrier and that the preexponential
interest in this work. Since the water, alcohol, and alkane factor depends only weakly on the vapor-phase activiids
molecules are represented by multisite models, an energy-base evident from this figure, both the experimental and simulation
cluster criterion was employé@ A cluster is defined as a group ~ data show that nucleation of the water/ethanol mixture occurs
of molecules of which every molecule has at least one neighbor &t much lower activities than expected for an ideal mixture (for
in the group with an interaction energy below (i.e., more Which the reduced onset activities simply fall on a straight line
favorable) a threshold pair energy. A negative threshold and sum to unity). These lower onset activities signal mutual

energy close in magnitude to the simulation temperature was&nhancement of the nucleation for this mixture. By contrast,
CNT predicts very different results. In particular, the use of the

employed for all pairs of like or unlike molecules except for

(8) (a) Chen, B.; Siepmann, J.J. Phys. Chem. R00Q 104, 8725-8734. (b) Gibbs-Thomson relations yields a “bulk” cluster composition
Chen, B.; Siepmann, J. J. Phys. Chem. 2001, 105 11275-11282. that is very water rick or might even contain negative numbers
(9) (a) Siepmann, J. I.; Frenkel, Mol. Phys.1992 75, 59-70. (b) Frenkel, & . .
D.: Mooij, G. C. A. M.; Smit, B.J. Phys.: Condens. Mattdi992 4, 3053 of ethanol molecule%: Water-rich clusters are characterized by
igzg- (c) Martin, M. G.; Siepmann, J.J. Phys. Chem. 8999 103 4508- larger surface tensions which in turn lead to lower nucleation
(10) Torrie, G. M.; Valleau, J. RChem. Phys. Lettl974 28, 578-581.
(11) (a) Chen, B.; Siepmann, J. I.; Oh, K. J.; Klein, M.J.Chem. Phy2001, (13) (a) Martin, M. G.; Siepmann, J. J. Phys. Chem. B998 102 2569~
115 10903-10913. (b) Chen, B.; Siepmann, J. I.; Oh, K. J.; Klein, M. L. 2577. (b) Chen, B.; Potoff, J. J.; Siepmann, J. Phys. Chem. B001105
J. Chem. Phys2002 116, 4317-4329. 3093-3104.
(12) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller, A. H.; Teller,  (14) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
E. J. Chem. Phys1953 21, 1087-1092. M. L. J. Chem. Phys1983 79, 926-935.
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T 1 is noteworthy that both experiment and simulation indicate the
— unexpected existence of a slight maximum in the number of
water molecules and the overall size of the critical nucleus at
high fethanol(Of about 0.6 and 0.8, respectively). In contrast, the
\ number of ethanol molecules increases in a more steady fashion
\ - with increasing normalized activity fraction, albeit the simula-
\ — tions show a substantial jump in the number of ethanol
\ molecules for very high ethanol concentrations. An important
\ outcome of the peculiar behavior of the number of water
\ molecules with increasinganolis that for water-rich vapors
\ the critical nuclei are enriched in ethanol (compared to an ideal
[ mixture), whereas the clusters are enriched with water for
) \ equimolar and ethanol-rich vapors (see also Figure 1). As
ol Ly |'°"'|~o discussed above, the failure of CNT can be traced back to the
00 02 04 0.6 0.8 1 fact that CNT yields cluster compositions that are extremely
0 water rich up tofeano~ 0.810:6
awater/ Ayater Although the cluster sizes and compositions predicted by the
Figure 2. Reduced onset activities for binary nucleation of water/ethanol Simulations follow the same general behavior as those obtained
mixtures at 260 K. The experimental data (dotted line and diamonds) and in the experimental results, the sizes of the critical nuclei found

the CNT predictions (dashed liriéjare for a constant nucleation rate of j, the simulations are about 50% larger, and the partial ethanol
10" cm™3 s71, whereas the simulation data (solid line and circles) are for a

constant barrier height of 4T. concentrations of the nuclei are lower in the simulations (with
the exception ofethanoi= 0.947). These discrepancies can be
120 — T T T T T g _attrib_uted to shortcomings of the nonpolarizable fo_rce fields used
- . - in this work. For example, they are known to slightly under-
90 o = predict the air-water partitioning of primary alcohdi&Pand
* [ o ® * ¢ 5 ] underestimate the mutual solubilities of water and 1-but&fifol.
= 60“__ 9% oo o a 7] Although CNT assumes that the critical cluster is uniform in
30 . o ° | composition, it is well-known that nonideal mixtures, such as
- . o ° 4 water/ethanol, show substantial composition inhomogeneities
0>+l 1 1 1 1 1 108 near surface¥’ Allowing for different compositions of the
T T surface layer and the interior of the critical nucleus and taking
i ° R § into account that the size of the critical nucleus increases with
60 . o - fethanol the explicit cluster model also yields ethanol enrichment
® Le® ©® ¢ s ° 4 for water-rich vapors and vice ver$aA snapshot of a critical
30.._n " o . . o 8§ 8 _ nucleus immediately shows that surface enrichment is also an
s © ° important feature for small clusters (see Figure 4). Analysis of
P ‘I’ : | | e A radial density profiles of clusters with aggregation numbers close
0 . L . L L (£2 molecules) to the critical size allows further microscopic-
0 02 04 06 08 1

£ level information to be obtained from the simulations (see Figure
ethanol 5). With the exception Ofethanol = 0.947, the radial density
Figure 3. Molecular content of critical nuclei as function of normalized profiles appear to be remarkably similar and share many
activity fraction of ethanol calculated from the simulation (top) and common features. First, as expected, there is a substantial surface
interpreted from the experimental data (bottéfiyhe critical cluster size xcess of ethanol even for cases where the overall composition
and the number of water and ethanol molecules in the nuclei are representeae . . . .
by circles, squares, and diamonds, respectively. of the cluster is enriched in water. Second, the staggering of
) N o the ethanol oxygen and carbon densities indicates that the
with experimental nucleation rates for the water/ethanol case oward the interior of the cluster and their alky! tail toward the
can be achieved with the use of microscopic cluster models exterior (also evident dbmano= 0.947). Third, up tdetano ™
which explicitly account for differences in the interior and (.8 the interior partr( < 5 A) of the clusters is almost

surface composition of the cluster> S exclusively occupied by water, irrespective of the overall cluster
The agreement between the experimératnd the simulations  composition. The water density begins to decrease aroend

also extends to the size and composition of the critical clusters g A for all three cases. In contrast, the peak heights and widths
(see Figure 3). Both |nd|pate that. the size and composition of for the ethanol peaks increase Witfano(but it should be noted
the critical nuclei evolve in a nonlinear way as function of the - that droplet shape fluctuations contribute to the interfacial
normalized activity fractionfetanoi = (8ethanol@ethano?)/(Bwate/

0 1c i H i i (16) (a) Chen, B.; Siepmann, J.J. Am. Chem. So200Q 122, 6464-6467.
awat_er + Bethandl@etnandf) . This nonideal behavior seems to anse (b) Chen, B.; Siepmann, J.J. Phys. Chem. Bubmitted for publication.
mainly from the nearly constant number of water molecules in (c) Chen, B.; Siepmann, J. I.; Klein, M. . Am. Chem. So®2002, 124,

it ; ~ 12232-12237.
the critical cluster extending from pure waterf{@ano~ 0.8. It (17) () Li. Z X Lu, J. R.: Styrkas, D. A Thomas, R. K.: Rennie, A. R.:
Penfold, JMol. Phys.1993 80, 925-939. (b) Matsumoto, M.; Nishi, N.;

(15) (a) Flageollet-Daniel, C.; Garnier, J. P.; Mirabel JPChem. Phys1983 Furusawa, T.; Saita, M.; Takamuku, T.; Yamagami, M.; YamagucHs.T.
78, 2600-2606. (b) Laaksonen, A.; Kulmala, M. Chem. Physl991, 95, Chem. Soc. JPN995 68, 1775-1783. (c) Raina, G.; Kulkarni, G. U.;
6745-6748. (c) Laaksonen, Al. Chem. Phys1992 97, 1983-1989. Rao, C. N. RJ. Phys. Chem. 2001, 105 10204-10207.
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Similarly, DFT calculations for Lennard-Jones mixtures with
their unlike interactions modified to mimic water/alcohol
mixtures, point toward a substantial concentration of the surface-
active species in the interior of the critical nucl€a©n the
other hand, the structural results from this work are in general
agreement with previous molecular dynamics simulations on
small water/ethanol clusters with fixed composition (53 water
and 7 ethanol molecule$j.Nevertheless, there is agreement
among the explicit cluster model, the DFT calculations, and
the particle-based simulations that the compositions of the
critical water/ethanol nuclei are inhomogeneous with substantial
ethanol enrichment at the surfaces. The importance of organic
surface layers for atmospheric nucleation and evolution has
recently been emphasizéd.

Regarding the mutual enhancement of nucleation rates for
water/ethanol mixtures, the above structural findings provide a
straightforward explanation, that is, enrichment of ethanol
molecules lowers the surface tension and correspondingly the
surface free energy. As shown by simulations for water/
1-butanol mixtures using the same force fields as in the present
work, the surface tension at the infinitely planar-eaiqueous
Figure 4. Snapshots of pre-critical clusters (containing a total of 10, 25, phase interface decreases by nearly 35% upon saturation with
or 50 molecules) and the critical ”;C;‘ZUS (17(§7m;’1§°L’C'els) for ttht('e water/ 1_pytanoltéc Both water and alcohol benefit from the surface
ﬁ%?gggm('xwtﬁiré)m&er Oxgvgen (red)" echnoI oxygeh (bcl’u%r),rg’ng ;l’lr&l tail enrlchment observe_d ._at_the curved surface of the critical nuclei
(green stick). (this work) or at the infinitely planar surfadé:Hydrogen-bond

analysis (using the criteriaton < 2.5 A and—1 < cos6on---0

] < — 0.4 reveals significant increases of the average numbers
] of hydrogen bonds per molecule for the water/ethanol clusters.
] For water, it increases from 3.2 for the critical nucleus of pure

L . water to 3.6 for the critical nucleus &thanoi= 0.465, whereas

' for ethanol, it increases from 2.0 for the pure ethanol cluster to
2.2 atfethano = 0.465. The large increase of the number of

) hydrogen bonds for water is due to the decrease of the free

) . hydrogen donors of surface water that are satisfied by the excess
' ' hydrogen-bond acceptors of ethanol. This, on the other hand,
also leads to a gain of the number of hydrogen bonds for ethanol
(note that an average number greater than two implies that

Lo ethanol molecules often accept more than one hydrogen bond).

0.03

T Furthermore, ethanol molecules preferentially act as hydrogen-
T ] bond donor for another ethanol molecule (see Figure 4), another

Sme— T '\\"\'-...,.. 1 sign for the microheterogeneity of the water/ethanol clusters.

00 (JS‘ 1'2 == ""“18 Since the critical cluster dominates the nucleation rate, it is
r[A] the focus of most experimental and theoretical investigations

of nucleation behavior. However, the simulations described here
I_—‘igure 5. Radial number density profiles for the water oxygen atoms (solid sample the entire spectrum of cluster sizes from monomer to
lines), the ethanol oxygen atoms (dashed lines), and the ethanol carbon . . . .
atoms (dotted lines) averaged over near-critical clusters taken from the the critical nucleus. Thus, the simulations allow us to provide
simulations for normalized ethanol fractions of 0.224 (top), 0.465, 0.776, additional insight on the properties of pre-critical clusters.
and 0.947 (bottom). Snapshots of some pre-critical clusters (see Figure 4) give a
first indication that the composition of the pre-critical clusters
changes with cluster size. A similar picture emerges from the
nucleation free energy surface shown in Figure 1, that the initial
growth path is skewed toward ethanol-enriched clusters followed
by a kink in the path that leads to water-enriched clusters before
reaching the critical nucleus. A more quantitative picture can
ge obtained from calculations of the average cluster composition
as a function of its size (see Figure 6). Irrespectivde@fino

structure obtained from the radial density profiles). Thus, the
picture that emerges from the simulations f@fanoi < 0.8 is
that of a well-preserved water core (viz. the relatively constant
number of water molecules in the critical nucleus, see Figure
3) surrounded by a changing ethanol-rich corona. In contrast,
the simulation at the highest ethanol concentratipafol =
0.947) demonstrates that the water core eventually vanishes an
a relatively homogeneous distribution of water and ethanol is
fqund in the cluster ir!te.riorr(< 10 A) Th.is. microscopic picturg (18) Tarek, M.; Klein, M. L.J. Phys. Chem. A997 101, 8639-8642.
differs from the predictions of the explicit cluster model which (19) (a) Eliison, G. B.: Tuck, A. F.; Vaida, VJ. Geophys. Re<999 104,
yields substantial ethanol concentrations in the interior of the =~ 11633-11641. (b) Dobson, C. M.; Ellison, G. B.; Tuck, A. F.; Vaida, V.

. interior Proc. Natl. Acad. Sci. U.S.£200Q 97, 11864-11868. (c) Donaldson, D.
critical nucleus, €.9.Xgrane ~ 0.2 for fethano = 0.776<. J.; Tuck, A. F.; Vaida, VOrig. Life Evol. Biosphere2002, 32, 237245,
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Figure 6. Average ethanol mole fractions versus cluster size. Results for awater/ Ayater

nucleation at normalized ethanol fractions of 0.224, 0.465, 0.776, and 0.947
are depicted as solid, dashed, dotted, and dastietied lines. The
compositions of the critical nuclei are emphasized by filled circles.

Figure 8. Reduced onset activities for binary nucleation of watednane
mixtures at 230 K. The experimental data (circles) and the nucleation
theorem predictions (dashed lid@j°are for a constant nucleation rate of
10’ cm3 s71, whereas the simulation data (solid line) are for a combined

constant barrier height of 4i&T.2*
T T T T r T T
—_ | ]
«w
N’
& 0.4f .
oL 1 . 1 . 1 .
-40 0 40
T T T T 7T v
/
Figure 7. Contours of the two-dimensional nucleation free energy surface ,’
as a function of the number of water anechonane molecules calculated —~ 4N~ \\ yd [
from the simulation ah, = 3.85 x 10°8 A-3 for water andn, = 1.31 x <10 - \ / .
107 A-3 for n-nonane. Shown in the inset are the one-dimensional - \\ ___’,/’
nucleation free energy barriers for pure water (solid line) and purenane \ //
(dotted line) clusters. s s LT e i
L A S
all growing clusters show initial enrichment in ethanol with a -10 0 10
sharp and pronounced maximum for clusters with a total )

aggregation number of 5. Thereafter, the ethanol concentrationrigure 9. Distributions of the composition of the critical nuclei (top, shown

decreases and reaches a plateau around the critical cluster siz&s histograms and normalized separately for water- or nonane-rich droplets)
. . and small pre-critical clusters (bottom, shown as lines and normalized for
3. B. Water/Nonane Mixtures. In recent experimental )| nyuclei with the same size) containing 5 (solid), 10 (dashed), and 15

studied it was found that the nucleation rates for supersaturated (dotted) molecules as function 8= Nwater— NhonanefOr Nucleation of water/
waterh-nonane vapors differ qualitatively from those of water/ n-nonane vapors dhonane= 0.5.

alcohol mixtures including those containing long-chain alcohols

with bulk miscibility gap' These experimental results indicate observed for pure water contains about twice as many molecules
two-pathway nucleation for the watemonane mixture$While as the critical nucleus for pur@nonane.

the simulations demonstrate that water and ethanol are “mis- In Figure 8, the critical onset activities for watemonane
cible” in the critical nucleus by showing one saddle point in mixtures obtained from experimefitthe nucleation theorem
the nucleation free energy profile (see Figure 1), water and for immiscible binary fluids® and simulation are compared.

n-nonane are immiscible in all combinations of gas-phase
(20) Oxtoby, D. W.; Laaksonen, AJ. Chem. Phys1995 102 6846-6850.

activities. Plotted in Figure 7 are the contours of the two- (21) For comparison to the experimental data and nucleation theorem predictions,

dimensional nucleation free energy as a function of the number }hﬁ cqmbined(cmﬁgt barrie(r \f)\%%srsed,(%/ck:% der:]ﬁne\t/iwby tge

. . ollowing: exp(— = exp(—Wi exp(— , WhereWs an
of water anch-nonane molecules calculated from the simulation W are the barrier heights for the formation of the critical water- and nonane-
atn, = 3.85x 1078 A3 for water andn, = 1.31x 1077 A-3 rich droplets, respectively. The two-dimensional nucleation free energy

: . . i i i r‘%E = 8 A3
for n-nonane. It is evident that two saddle points located on the ~ SUrface obtained from the simulationr; = 3.85 1072 A~ for water
andn?, = 1.31 x 107 A-3 for n-nonane was used to determine the free

unary axes are present, each of which represents a separate energy profiles at other sets of gas-phase activities as follaV@ o, 11,

; i ; ; i2) = AGnginein, i) + i1 x kT In(ny¥ng) + iz x keT In(n2/n,g2) 8
nucleation path_. The_crltlcal cluster s_|zes corres_p_ondlng to the 22) Rusaka. 1° wang’ 7.-G.+ Seinfeld. J. Bl'Chem. Phy&998 108 3416-
two saddle points differ markedly, i.e., the critical nucleus 3423.
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Agreement is very satisfactory. The line of critical onset 4. Conclusions

activities shows two straight parts which are connected by a In conclusion, a combination of the aggregation-volume-bias
small region with large curvature located at a normalized Monte Carlo algorithm, the configurational-bias Monte Carlo
n-nonane fractiom,onane= 0.5. Since the straight parts are nearly algorithm, and the umbrella sampling technique was applied to
parallel to the axis system, it can be concluded that only one investigate two different binary vapsetiquid nucleation sys-

of the two separate nucleation pathways contributes to the tems: water/ethanol and waterfonane. These simulations have
overall nucleation behavior. The large curvature region corre- reproduced the different nucleation behavior found by the
sponds to sudden changes in the composition of the critical experiments for these two systefs,e., the mutual enhance-
nuclei2® The simulations allow us to unambiguously answer ment for nucleation of the water/ethanol vapors and the two-
the question whether partial miscibility plays a role at the large Pathway nucleation of the waterhonane vapors. Structural
curvature region or whether two kinds of pure critical nuclei analysis reveals that the formation of an ethanol-enriched surface
are prevalent. Cluster composition distributions calculated for fegion is responsible for the observed mutual enhancement and
the critical nuclei and some pre-critical clusters at the large- 8lS0 the shortcomings of the CNT predictions for the water/
curvature region are shown in Figure 9. These composition &thanol system. For the waterionane mixture, the microscopic
profiles show clearly that a mixture of pure critical nuclei is immiscibility observed fo_r the crmcal_ nuclei is the origin for
present at the large-curvature region. In addition, even very smallthe two-pathway nucleation mechanism.

pre-critical clusters show a distinct bimodal distributiorgtane Acknowledgment. We thank Ken Leopold, Bruce Garett,

= 0.5. This is also reflected in the nucleation free energy surface Greg Schenter, Shawn Kathmann, Veronica Vaida, Howard
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