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ABSTRACT 
To investigate transient binary nucleation, both qualitatively and quantitatively, we numer- 

ically solved the birth-death equations for vapor-to-liquid phase transitions. We found that in 
its early transient stages, binary nucleation rarely, if ever, occurs via the saddle point. Instead, 
most binary systems pass through a temporary stage in which the region of maximum flux ex- 
tends over a ridge on the free energy surface before reaching the state of saddle point nucleation. 
Both the number of particles formed and their composition may be affected, and this could be 
very important for nucleation in glasses and other condensed mixtures for which timescales are 
very long. In order to plan experiments, accurate estimates of the time lag are important. We 
therefore directly calculated the time lag for the saddle point flux using our numerical results 
and compared it with the available analytical predictions. Although the analytical results over- 
estimate the time lag by factors of 2-6, the numerical results followed the predicted analytical 
trends quite closely under most conditions. 

1. INTRODUCTION 
Both transient nucleation kinetics and the behavior of the time lags have been investigated 

in depth in unary systems (see Refs. 1-29 in Wyslouzil and Wilemski, 1996). Much less effort has 
been expended in examining the transient behavior in binary systems although recently a few 
numerical studies have appeared (Nishioka and Fujita, 1994; KoZiSek and Demo, 1993, 1995). 
This paper highlights some of our recent work (Wyslouzil and Wilemski, 1996) in which we 
numerically solved the coupled kinetics equations describing nucleation in vapor-to-liquid phase 
transitions. This technique lets us follow the time ( t )  evolution of any quantity of interest for 
each cluster composition (i,j), where i and j are the numbers of molecules of species A and B, 
respectively, in the cluster. The objects of interest include the fluxes between adjacent cluster 
sizes, J ( i , j ,  t )  = J ~ ( i , j ,  t )  + J ~ ( i , j ,  t ) ,  the cluster concentrations, f(i,j ,  t ) ,  and the ratios of 
nonequilibriurn to equilibrium cluster concentrations, +(i , j ,  t )  = f(i,j ,  t ) / N ( i , j ,  t ) .  In addition 
we can directly calculate the time lag t* for the saddle point flux. In our paper we examined 
the transient and time lag behavior of six binary systems representing a wide range of ideal 
and nonideal solution behavior. Our discussion here focuses on ethanol-hexanol, a system that 
forms ideal liquid mixtures even though the equilibrium vapor pressures of the pure components 
differ by a factor of 226 at our simulation temperature of 260 K. 

2. RESULTS AND DISCUSSION 
We solved the kinetics equations describing binary nucleation assuming that the growth 

and decay of clusters proceeds only by the addition and loss of monomers. The equations, 
boundary and initial conditions, and computational procedures are presented in two recent 
papers (Wyslouzil and Wilemski, 1995, 1996) and will not be repeated here. Figure 1 illustrates 
a typical free energy surface for the ethanol-hexanol system, and Fig. 2 shows how the values 
of J ( i , j , t )  evolve to the steady state at these conditions. At the earliest times, Fig. 2(a), 
the net fluxes are essentially equal to the forward fluxes and the particle fluxes build up most 

9-a 
is ~~~~~~~~~ 



b ethanol/hexanol free energy surlace, ax ~ 1 . 5  an =e 

L 
a 

3 - 
U 
I. 

P 

ethanol molecules per cluster 

aI -1.5 an -9. Flux contours at time = 2.40E-8 s 

- 3 0 :: 
I. 30 
a 
D u - a 
OI - 
8 - 
0 
5 
OI 
c 

0 5 10 15 20 26 30 35 40 45 

ethanol molecules per cluster 

Figure 2. Contours of constant flux, J ( i ) j , t ) )  
at three different times. Heavy contour lines 
correspond to a flux of 1 ~ m - ~ s - l .  Light solid 
lines correspond to  fluxes greater than 1 ~ r n - ~  s-' 
Short dashed lines correspond to fluxes less 
than 1 ~rn-~s- ' .  Contour spacing is two or- 
ders of magnitude. Arrows indicate the local 
direction of the flux. The open square marks 
the saddle point. 

Figure 1. Contour plot of the free energy sur- 
face. The analytical saddle point is located at 
the junction of the intersecting contours. The 
contour values are relative to the saddle point 
free energy, W * / ( k T )  = 42.4. 
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rapidly in the direction of the ethanol axis. Somewhat later, Figs. 2(b) and (c), the fluxes 
near the pure ethanol axis decrease because the cluster decay steps become important, and the 
region of highest flux swings toward the saddle. In Fig. 2(b), the region of highest flux extends 
considerably up the ridge that lies between the saddle point and the pure ethanol ax is ,  and the 
particle formation process resembles ridge crossing nucleation, cf. Fig. 5(  b) of Wyslouzil and 
Wilemski (1995). In Fig. 2(c), t z 10 x t * ,  and we finally see the relatively narrow steady state 
nucleation path passing through the saddle point. 

As illustrated in Fig. 3, the transient behavior of 4( i , j , t )  presents a much simpler pic- 
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Figure 3. Contours of constant +(i , j , t )  at 
three different times. The heavy contour cor- 
responds to +( i , j , t )  = 0.1. The light solid 
lines correspond to higher values and increase 
in steps of 0.2. The short dashed line corre- 
sponds to + = 0.99: The open square marks 
the saddle point. 
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ture. The ideal behavior of the liquid mixture leads to a set of straight parallel contours that 
progressively moves away from the origin. The difference in timescales for ethanol and hexanol 
evaporation is responsible for the rapid increase of 4 in the ethanol direction and for the large 
region of quasi-equilibrium along the ethanol axis.  Despite the ideal character of this liquid 
mixture, this behavior is very similar to that found by Suzuki and Mohnen (1980) for the highly 
nonideal water-sulfuric acid sytem. As in unary nucleation, the critical cluster concentration 
equals one half the equilibrium value at  steady state. Not illustrated here is the fact that the 
qualitative behavior of has a “universal” character to it. Changes in the vapor phase activities 
only weakly affect the time evolution of 4 even in the extreme case when the unary nucleation 
rate of hexanol (the “slow” component) is higher than the binary rate. 

If we define the time lag for the saddle point flux, t* ,  as 

Oo J * ( t )  t* = 11 - -I&, J* 
where J * ( t )  = J( i* , j* , t )  and J*  is the steady state Emit of J * ( t ) ,  we can directly calculate 
a numerical saddle point time lag tiurn and compare it to available analytical results for this 
quantity. 

There are only two analytical expressions available for the time lag in binary nucleation. 
The first, denoted by tb, is the estimate for the time lag at  the saddle point developed by 
Wilemski (1975). The second expression, denoted by t i s ,  was derived by Shi and Seinfeld 
(1990). Both expressions have the form t* = TL where r is a characteristic time scale for binary 
nucleation determined by the collision frequency of the monomers with a critical cluster and L 



Figure 4. Analytical estimates for t* are com- 
pared with the values of tfi,, (solid squares) 
for ethanol-hexanol at  the indicated vapor ac- 
tivities. The light solid lines are tb using a 
fit to the values of L given by Wilemski(l975). 
The heavy solid lines are tb using the asymp- 
totic result of Shneidman and Weinberg (1992), 
2L = ln(W*/3kT)+0.5772 .... The heavy dashed 
lines are tzs. 
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is primarily a function of the dimensionless barrier height W * / k T ,  where W* is the reversible 
work required to form a critical cluster from the gas phase. 

Figure 4 compares our numerical time lag results with the two analytical time lag predictions 
for the ethanol-hexanol system for a wide range of vapor phase activities. We see that the 
numerical results follow the analytically predicted trends quite closely although all analytical 
results are somewhat high. 
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