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The Dillmann-Meier theory of homogeneous nucleation in its original form contains an inconsistency
which can be removed by taking into account imperfect vapor effects. The predicted nucleation rates of
the corrected model are much larger than those of the original model. Agreement between theory and

experiment can be restored, however, by a revised parametrization of the model, involving only one free
parameter r. Models suggest a range of possible values for this parameter, with ~=0 yielding good
agreement between predictions and data for n-nonane, water, and the lower alcohols. This value is
characteristic of a class of nucleation models which includes the classical theory and a self-consistent
derivative, modified to incorporate a size-dependent surface tension.

PACS number(s): 82.60.Nh, 64.60.gb, 64.70.Fx

INTRODUCTION

The condensation of liquid droplets from a condensible
vapor is a familiar example of a phase transition which is
responsible for the formation of clouds and mists in the
atmosphere, and which also has practical importance in a
number of industrial processes. The phenomenon has at-
tracted much recent interest motivated by the striking
discrepancies between measured nucleation rates and
various model predictions [1]. These disagreements have
been established by increasingly more accurate experi-
mental techniques [2—10] for a wide range of condensa-
tion conditions and substances, and there is now a need
for a theory to account for the data and to allow reliable
extrapolation to different conditions.

Nucleation proceeds by the clustering of vapor mole-
cules, by processes of accretion and disintegration, in a
dynamical system which can be treated within statistical
mechanics [11]. The important ingredient in this ap-
proach is the cluster binding energy as a function of i, the
number of molecules in the cluster [12]. The failure of
continuum thermodynamics, in the form of the classical
theory of nucleation [13,14], to account for the measured

'Present address: The James Franck Institute, The University
of Chicago, Chicago, IL 60637.

nucleation rates, has demonstrated that the clusters tak-
ing part in the nucleation process cannot be considered as
tiny versions of a bulk liquid droplet. The most satisfac-
tory alternative approach, the evaluation of cluster free
energies using numerical simulation based on intermolec-
ular potentials [15], is not practical due to an inadequate
knowledge of these potentials, and the correct interpreta-
tion of the results is still being developed [16,17]. A pos-
sible second-best strategy is to use a prescribed cluster
model containing unknown parameters which can be
chosen to reproduce known imperfect vapor properties.
The structure of the model is uncertain but can be made
to contain desirable features. The final predictions are
only phenomenological, but are at least based on a sound
physical model.

A model proposed by Dillmann and Meier [18,19]
(henceforth referred to as the DM model} followed the
approach just outlined. When compared with experi-
ment, and adjusted to reproduce the correct critical prop-
erties and virial coeScients of the vapor, agreement in
prediction of the nucleation rate was excellent for several
substances. An inconsistency in the DM theory was,
however, recently pointed out by Ford, Laaksonen, and
Kulmala [20] and Delale and Meier [21]. Namely, the
ideal gas law is used for monomers at one point of the
derivation of the DM theory, even though the model is
later calibrated against imperfect vapor properties. The
removal of this inconsistency by the use of the virial
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equation of state affects the resulting equations. It was,
furthermore, shown by Ford, Laaksonen, and Kulmala
[20] that the predictions of the corrected theory differ
significantly from those of the original DM theory. De-
lale and Meier [21], one the other hand, were able to re-
store the agreement with experiment to a large degree by
introducing a parameter which describes the dependence
of the mean surface area on the number of molecules in a
cluster. For a spherical (liquid droplike) cluster its value
is —', . The strategy of Delale and Meier was to calculate
this parameter at the critical point using the critical ex-
ponents as proposed by Fisher [22], and then to add a
temperature dependence in the form of a power law. The
values of the constants of this functional form were de-
duced using experimental nucleation rate measurements
for various substances.

It is our purpose to show, in this paper, that the agree-
ment between the corrected DM theory and the original
DM model can actually be recovered by considerably
simpler means than those employed by Delale and Meier
[21]. This, however, involves the determination of one of
the parameters of the DM theory from theoretical models
rather than from experiments.

The corrected DM model is discussed in the next sec-
tion. Experimental data used in the calculations for vari-
ous substances are discussed in Sec. III, and predictions
using a number of alternative parametrizations are dis-
cussed in Sec. IV. Finally, our conclusions are given in
Sec. V.
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where p, is the equilibrium vapor pressure. Equation (4)
can equivalently be expressed as

p, exp(K, B+Bp, Ika T)

p

II. THE CORRECTED DM THEORY

We start with an expression for the populations of i
clusters [18,19]: and

1K = ——lne +Bp, lka T
qokq T

(7)
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where B=a A
&
Ika T,o is the surface tension, A &i

~ the
cluster surface area, V the system volume, ka
Boltzmann's constant and T the absolute temperature.
The coeScients qo, v. and the K,. are adjustable parame-
ters. The above equation is often written in terms
of a free-energy change EG; given by
n; =n, exp( —B,G; I(ka T ) ). The chemical potential p, „ in

Eq. (1) is related to the monomer concentration n, ac-
cording to

p„=kz Tlnn
&
+f ( T), (2)

where B is the second virial coe@cient. Hence, the num-

where f (T) is a function of temperature only. p„„,„ is
the chemical potential of a vapor in equilibrium over a
plane surface of condensate. Using the virial equation of
state, the monomer concentration can be expressed as

n, = P 1+ P +O(p')V B
k~T k~T

Equations (7) and (8) are then used to calibrate an expan-
sion of the K, in powers of 1Ir (or equivalently, in i '~

),
with r the cluster radius:

K, =1+g a, (i '~ )',
j=1

with aj a set of unknown coefficients. The expansion
represents a size-dependent surface tension. Since only
K, and K2 are known, the development can only proceed
by limiting the expansion to two terms with coef6cients
a, and a2 related to K, and EC2. This determines all the
K, , supposing the expansion in Eq. (9) limited to i = 1 and
2 is suf5ciently accurate.

Comparison of the above development with the DM
theory shows that there is, besides the small Bp, /k~T
terms in Eqs. (7) and (8), a factor of two missing from the
logarithm in the expression for E2 in the original DM
model. This increases the resulting nucleation rate by re-
ducing the nucleation barrier height, and alters the pre-
dictions of the model significantly.

Let us now look at the model parameters qo 7 and K,-.
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It was shown by Ford et al. [20] that if K, is given by the
truncated form of Eq. (9), the model actually becomes in-

dependent of qo entirely, and the only remaining free pa-
rameter is ~. This rather surprising result would change
if some other functional form was assumed to hold for
E;. Our intention, however, is not to consider other pos-
sibilities, but rather to find out how the variation of ~
affects the predictions of the present theory.

Delale and Meier [21], following Dillmann and Meier
[18,19], use Eq. (1) at the critical point to obtain values of
r and qo from the critical properties of the vapor. For in-

stance, n-nonane critical properties yield x=2. 19 and
q0=1.87X1026 m ~. There are other ways of complet-
ing the parametrization, however, which do not rely on
extrapolating the free-energy expression from the critical
point to the droplet nucleation conditions, and we shall
now explore these. Unfortunately, the parametrization
loses its reliance solely on experimentally measurable
quantities (such as the critical properties) and becomes
model dependent.

Sp, =fo(T„)+aifi(T„)+f2(T„),
C

where

(12)

f0( T, )=0.1445 —0.330/T, —0. 1385/T„

—0.0121/T, —0.000607/T~, (13)

fi(T„)=0.0637—0.331/T, —0.423/T~ —0.008/T„,

(14)

and

phtalate were taken from Okuyama et al. [29], except for
the critical parameters and the second virial coefficient.
The critical temperature and pressure were estimated
with the Ambrose method (see [27]} to be 823.5 K and
17.3 bar. The dipole moinent of dibutylphthalate (DBP)
is 2.4 [28); an estimation for the second virial coefficient
was obtained using the Tsonopoulos method for polar
materials:

III. THERMODYNAMIC DATA fi(T„)= —0.003105/T„. (15)

Sp,
RT,

9 6
1 — aT„exp(b/T„—),

128

where T, and p, are the critical temperature and pres-
sure, T„ is the reduced temperature, and a and b are ex-

perimental constants. To estimate the second virial
coefficients of pentanol and hexanol, we plotted the con-
stants a and b of the lower alcohols against the number of
carbon atoms in the molecule, and fitted curves through
the data points in order to get extrapolated rough values
of a and b for pentanol and hexanol. We then plotted the
second virial coefficients of all the alcohols at various
temperatures, and adjusted the pentanol and hexanol pa-
rameters until smooth curves could be drawn through the
va1ues of S for the homo1ogous series at temperatures be-
tween 250 and 350 K. The resulting expressions are
8 „,=87.9—527.5/T„—8.0X 10 exp(10. 5/T, }, Bh,„=88.2—529.2/T2 —1.0 X 10 exp(12. 6/T„), both in
cm /mol. The critical temperatures and pressures used
were 588.2 K and 39.1 bar for pentanol and 611 K and
40.5 bar for hexanol [27].

The thermodynamic properties used for dibutyl-

With n-nonane, water, methanol, ethanol, propanol,
and butanol we use the thermodynamic properties listed
by DM [19],with the exception that the surface tension
of n-nonane is calculated from Ref. [23]:

0 =24.7316—0.09923628+ 8.38083 X 10 8 (10)

in mN m ', where 8 is the temperature in degrees cen-
tigrade. The revised surface tension leads to a small
enhancement of the rates calculated by DM [19].

The surface tensions and vapor pressures of pentanol
and hexanol were taken from Schmeling and Strey [25],
and the densities were determined by a linear fit to the
data of Timmermans [26]. There is no data available for
the second virial coefficients for these substances. The
expression which DM use for the n alco-hols is

R denotes the gas constant, and the Pitzer factor co is es-
timated to be 0.79. The thermodynamic properties used
for toluene were taken from Schmitt, Zalabasky, and
Adams [35].

IV. RESULTS AND DISCUSSION

Figure 1 illustrates the predicted nucleation rates for
water according to a number of possible models, normal-
ized by a set of experimentally measured values [10]. The
original (inconsistent) DM model predictions are shown
along with their corrected values, with the same parame-
trization. The remaining four models correspond to pa-
rameters qo and r suggested by the theories of Reiss,
Katz, and Cohen (RKC I and II) [11],the classical theory
[13,14], and a form of the classical theory [24]. (Do not
be mislead by the names attached to the predictions in
Fig. 1: all models considered here possess a size-
dependent surface tension and so are distinct from the
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FIG. 1. Predicted nucleation rates for water for a range of
temperatures, normalized by experimental data {Ref. 10). Each
model corresponds to a different parametrization, described in
the text.
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General case Parameters for n-nonane
at 219 K and S =200

TABLE I. Parameters ~ and qp provided by various models.
On the left are analytic expressions, where available: The aster-
isk denotes a numerical value based on critical properties
[18,19]. On the right are example values for n-uonane at 219 K
and S=200. Up is the liquid volume per molecule.
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originals. ) The "self-consistency corrected" model is a
variant of classical theory, in which qo is given by

p, lksT rather than by plk sT. Note, that this ensures
that E, =0 (to lowest order in B), which is required in
some models which interpret K;ei as the surface term
in a cluster potential energy [12]. It must be stressed that
in all the calculations, the E; depend on i, determined by
Eq. (9). RKC I and II and the classical theory normally
use E;= 1 for all i, so the calculations in Fig. 1 differ from
the usual RKC I, II and classical predictions. We take
from each model a value of ~ and qo and these are listed
for comparison in Table I, both in analytic form, where
available, and numerically for n nonane at 219 K and
S =2OO as an example. The predictions increase with v,
as expected, and furthermore, the classical and consistent
model predictions coincide, bearing out the qo indepen-
dence established by Ford, Laaksonen, and Kulmala [20].

A few comments on the physical origin of the various
choices of qo and v are perhaps necessary, and since qo
does not afFect the predictions here, we concentrate on ~.
Fisher considered the lni term in the droplet free energy
to represent an entropy change corresponding to the
phase change. In RKCI I and II, the Ini term appears
after a statistical mechanical derivation of the free ener-

gy, taking into account both the position and momentum
degrees of freedom of the atoms, and the constraints of
the cluster definition. The latter affects the value of v.,
suggesting that here, too, the term represents entropy, or
more exactly, the enumeration of equivalent states.
Different approaches to the problem give rise to difFerent
values of ~.

It is seen from Fig. 1 that the corrected theory yields
nucleation rates close to the experimental rates of Vi-
isanen, Strey, and Reiss [10],when ~ is given a value be-
tween ——', and 0. The predictions of the original DM
theory are close to those of the "RKC II" model
(~= —

—,
'

) at the lower end of the temperature range, and
approach those of the "classical" model at higher tem-
peratures. Based on the information of Fig. 1 we con-
clude, that the predictive success of the DM theory is
recovered to a large extent by setting ~=0 within the
framework of the corrected theory. The predictions are,
in the case of Fig. 1, even better with ~= —

—,'. However,
we prefer to set ~ to zero, because this simplifies the mod-

+ RKCE
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FIG. 2. Predicted nucleation rates for n nonane for a range
of temperatures, normalized by experimental data with nu-
cleation rates of 1(a) and 10 cm ' s ' (b) Ref. [4].

el somewhat, which is convenient in a phenomenological
theory. Besides, the predictions with other substances
and at difFerent nucleation rates are not necessarily better
with the v= —

—, model. This is illustrated in Fig. 2,
which shows the predictions of the original DM theory
and the v = —

—,
' and v.=0 models for n-nonane nucleation

rates, normalized by two experimental datasets at I = 1

cm s ' and I =10 cm s ' [4]. The predictions of
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FIG. 3. Comparison of experimental critical supersaturations
for water (Refs. [6] and [7])and the correct theory with x=0.
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FIG. 4. Predicted nucleation rates for the homologous al-
cohol series for a range of temperatures, normalized by experi-
mental data (Ref. [5]).

the model with v=0 turn out to be the closest to the mea-
sured rates in most cases. In the remaining calculations
we shall use this model only, and refer to it as the revised
DM model.

It should be noted that not all of the experimental data
of n-nonane nucleation is consistent (see, e.g., Kalik-
manov and van Dongen [30]), and, thus, the predictions
of the original and the revised DM model are in disagree-
ment with the dataset of Wagner and Strey [2] (see Ford,
Laaksonen, and Kulmala [20]). Whether or not the re-
vised DM model can really predict nucleation rates of n
nonane can only be decided in the future, with further ex-
periinental data.

Fortunately, there are substances for which the various
datasets of measured nucleation rates are consistent. Fig-
ure 3 shows the critical supersaturations for water nu-
cleation at a rate of 10 cm s ' for a range of tempera-
ture, together with a curve calculated using the revised
DM model. The fit is excellent, lending further support
to the use of the classical theory parameters together
with the corrected theory. Once again, the predictive
success of the revised model is as good as that of the orig-
inal one (see DM [19]). In fact, we find that the nu-
cleation rate predictions of the revised model are always
very close to the predictions of the original model, re-
gardless of the substance or nucleating conditions.

Figure 4 illustrates a set of comparisons between
theory and experiment for the homologous n-alcohol
series at experimental nucleation rates between 10 and

109 cm s ' [5]. It is seen from Fig. 4 that the higher
the alcohol, the higher is the ratio between theoretical
and experimental nucleation rates, with methanol as an
exception. It must be noted that the experimental values
for methanol measured by Strey, %agner, and Schmeling
[5] seem to be misplaced in the figures of DM [19] and
Delale and Meier [21]—a calculation of J(theor)/J(expt)
using the original DM theory yields results very close to
those shown in Fig. 3. However, the experimental data
of methanol at nucleation rates close to unity measured
with a difFusion chamber [8,9] show much better agree-
ment with theory than the expansion chamber data of
Strey, Wagner, and Schmeling [5], as shown by Fig. 5. It
is possible that the quality of the difFusion chamber data
is better than the quality of the expansion chamber data
as far as methanol is concerned, because of the lack of the
association heat effects in the diffusion chamber (see, e.g.,
Ref. [5]).

Another feature that Fig. 4 reveals (if pentanol, with
only two datapoints, is left out) is that the slope of the
curves diminishes from methanol upwards in the homolo-
gous series, becoming negative for hexanol. The overall
predictability of the theory is good with ethanol, pro-
panol, and butanol. The fact that the second virial
coefficient of pentanol was estimated using data for
lower alcohols may lead to the two-three order-of-
magnitude disagreement between theory and experiment
seen in Fig. 4. With hexanol the disagreement between
theory and experiment is about ten orders of magnitude.
To remove this discrepancy just by altering 8 would re-
quire the use of the second virial coefficient expression of
n butanol instead of the one estimated for hexanol (the
difFerence between the actual values of 8 calculated using
the two expressions is over an order of magnitude at the
temperature range considered here). On the other hand,
one could regard r as an adjustable parameter, although
this is far less satisfactory, and fit the theoretical rates to
the experimental values. However, in that case one
would have to use r= —10, a value which is far less than
suggested by any model, and besides, the temperature
dependence would be wrong.

Figure 6 shows the logarithm of critical supersatura-
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FICx. 5. Comparison of experimental critical supersaturations
for methanol (Refs. [8] and [9]) and the corrected theory with
~=0.

FIG. 6. Comparison of experimental critical supersaturations
for DBP (Refs. [31], [32], [33], and [34]) and the corrected
theory with ~=0.
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tion against temperature for nucleation of DBP at a con-
stant rate of 10 cm s '. The solid line is calculated
using the revised theory. The experimental supersatura-
tions are by about a factor of two lower than the theoreti-
cal ones, which corresponds to a difFerence of about six
orders of magnitude in nucleation rate. Again, if ~ is re-
garded as a fitting parameter, it would have to be as-

signed a value of about +10 in order to achieve agree-
ment between theory and experiment. The question of
the correctness of the theoretical temperature depen-
dence remains somewhat unclear. The theoretical curve
would appear to show crossover behavior compared with
the individual measurement series of both Vaganov, Ko-
denev, and Rubakhim [31] and Anisimov, Hameri, and
Kulmala [32]. However, the crossover temperatures of
these two series are some 30' C apart.

Figure 7 shows the logarithm of critical supersatura-
tion against temperature for nucleation of toluene at a
constant rate of 106 cm s '. The solid line is calculat-
ed using the revised theory. The dashed line represents
experimental supersaturations calculated using an experi-
mental nucleation rate equation given by Schmitt, Zala-

basky, and Adams [35]. As with DBP, the curves indi-

cate crossover behavior. However, unlike with DBP, the
experimental supersaturations are lower than the theoret-
ical ones at high temperatures, and lower at high temper-
atures.

One can canclude fram these calculations that a suc-
cessful description of the experimental data of severa1
substances can be obtained using the Dillmann-Meier ap-
proach to evaluate the K; within a free-energy model
with ~=0. The free energy, therefore, 1ooks somewhat
like the classical theory, or a model based on the self-
consistency corrected classical theory which requires the
value of K& to become zero, but, in fact, the adjustment
to the E,- makes the predictions rather different to these
other models. Surprisingly, many of the differences be-
tween the models disappear when the parametrization us-

ing the imperfect properties of the vapor is made.

It appears that the model described above can predict
the nucleation rates of water, lower alcohols, and n

nonane (although with methanol and n-nonane this is not
quite certain at this point, since different experimental
datasets are not consistent with each other). With a large
polar molecule (DBP) the model predicts nucleation rates
which are much too low at most parts of the experimen-
tal range, whereas with hexanol the model predicts nu-
cleation rates several orders of magnitude too high.
Wright and El-Shall [36] have found that two strongly
polar molecules, acetonitrile and nitromethane, behave in
the same manner as we find for hexanol, i.e., they calcu-
lated, using the original DM theory, critical supersatura-
tions that were a factor of two lower than the experimen-
tal ones. Interestingly, Smolik and Zdimal [37] found
crossover behavior resembling that of DBP with bis(2-
ethyl-hexyl)sebacate (DEHS), another strongly polar mol-
ecule, as the original DM theory predicted the critical su-

persaturations of DEHS to be too low at high tempera-
tures and vice versa. Finally, we are somewhat surprised
to find that our model does not account satisfactorily for
the nucleation behavior of toluene, a nonpolar molecule.

Wright and El-Shall [36] associated the unsuccessful
predictions of the original DM theory with the polarity
of the molecules they studied. While this may well be
correct, our calculations with toluene suggest that the
theoretical predictability of the DM theory (be it the
original or the revised version) can be weak also with
some nonpolar molecules. However, we would like to
note that one feature af the theory noted by Wright and
El-Shall seems to hold true also in our calculations. Con-
sider the factor K;, which can be interpreted as the size-
dependence factor of surface tension for clusters with i
molecules. The work of Sinanoglu [38] indicates, that K,
should be greater than unity for polar molecules and less
than unity for nonpolar rnolecules; this is also what DM
[19] found with the substances they studied. Wright and
El-Shall, on the other hand, found that the E;* (the star
denoting the critical cluster) of acetonitrile and ni-
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tromethane are below unity. Of the polar molecules stud-
ied in this work, K (calculated with qo =p Ikz T) exhib-
its values above one with water, methanol, ethanol, and
n-propanol. With n-butanol and pentanol K is slightly
below one, and with hexanol it has values close to 0.6 at
the critical cluster sizes. With DBP K exhibits values
below one at the lower end of the temperature range
studied here, where the experimental and theoretical crit-
ical supersaturations are furthest off; at the higher end of
the temperature range K is slightly above one. With the
two nonpolar molecules, E;* is below one for n-nonane.
With toluene, EC is below unity at low temperatures and
above at high temperatures. It would thus seem that the
unsuccessful predictions of the theory with some sub-
stances are related to the fact that the K; calculated for
them do not behave as expected from Sinanoglu's work
[38]. It would perhaps be worthwhile to investigate why
the K; does behave as expected for some substances and
not for others: in the DM theory it is assumed that K;
can be represented as an expression based on K, and Kz
only, which can be regarded as a questionable assumption
at best.

V. CONCLUSIONS

The phenomenological model of homogeneous nu-
cleation proposed by Dillmann and Meier (DM) [18,19]
contains an inconsistency which emerges when the equa-
tion of state is calculated by two diff'erent routes [20].
The inconsistency can be resolved by including imperfect
vapor eff'ects in the model, showing that the route chosen
in the original development is incorrect. The corrected
nucleation rates are much larger than the old predictions,
unfortunately spoiling the agreement with experiment
with most of the substances studied. This can be re-
stored, however, by abandoning the parametrization of
the model using the critical properties of the vapor. This
approach can be called into question, anyway, since it re-
lies on the same expression for the free energy applying at
the critical point as well as at nucleation conditions. The

two parameters r and qo which were set by this pro-
cedure are now set according to models.

However, an examination of the theory reveals that
one of these parameters, qo, is actually irrelevant and
cancels out when the correct virial behavior of the vapor
is imposed. The remaining parameter is v, the coelcient
of the lni term in the model free energy. Various theories
suggest values of ~ between —

—,
' and 0: the DM model

used a value of about 2.2, based on a model of the free en-
ergy at the critical point. More generally, but less satis-
factorily, once could consider ~ as a fitting parameter not
corresponding to any particular theory. However, the
comparisons with experimental data for water and lower
alcohols given here have suggested that v=0 provides a
good fit to the measured critical supersaturations for n
nonane, water, and the lower alcohols. This would indi-
cate a free-energy function motivated by classical theory
or a derived consistent version of it.

The model has a number of drawbacks which have
been ignored in the development. At best, it is phenome-
nological, since it is based on an assumed free-energy ex-
pression with only a limited number of possible terms.
The most questionable assumption is the form chosen for
K;, the coefficient of the surface term. The expansion of
Eq. (9) limited to only two terms is really only reliable for
large i and can merely be regarded as a hypothesis for
small i, where it is fitted against known vapor properties.
The form chosen for K; would appear to afFect the pre-
dictions in an arbitrary way. Nevertheless, the success of
the model supports the approximation, and an investiga-
tion into why this is so must be left to the future.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Y. Viisanen for
discussions concerning the quality of experimental data.
This work was supported by the Academy of Finland and
by the American Chemical Society, Petroleum Research
Fund.

[1]For a recent review, see D. W. Oxtoby, J. Phys. Condens.
Matter 4, 7627 (1992).

[2] P. E. Wagner and R. Strey, J. Chem. Phys. $0, 5266 (1984).
[3]C. H. Hung, M. J. Krasnopoler, aud J. L. Katz, J. Chem.

Phys. 90, 1856 (1989).
[4] G. W. Adams, J. L. Schmitt, and R. A. Zalabsky, J. Chem.

Phys. 81, 5074 (1984).
[5] R. Strey, P. E. Wagner, and T. Schmeliug, J. Chem. Phys.

84, 2325 (1986).
[6]R. C. Miller, Ph.D. thesis, University of Missouri, Rolla,

(1976).
[7] R. J. Anderson, R. C. Miller, J. L. Kassner, Jr., aud D. E.

Hagen, J. Atmos. Sci. 37, 2509 (1980).
[8] C. Flageollet, M. Dinh Cao, and P. Mirabel, J. Chem.

Phys. 72, 544 (1980).
[9]J. P. Cxaruier, P. Mirabel, and H. Rabeony, J. Chem. Phys.

79, 2097 (1983).

[10]Y. Viisauen, R. Strey, aud H. Reiss, J. Chem. Phys. 99,
4680 {1993).

[11]H. Reiss, J. L. Katz, and E. R. Cohen, J. Chem. Phys. 48,
5553 (1968).

[12] I. J. Ford, J. C. Barrett, and M. Lazaridis, J. Aerosol Sci.
24, 581 (1993).

[13]M. Volmer and A. Weber, Z. Phys. Chem. 119,77 (1926).
[14]R. Becker aud W. Doriug, Auu. Phys. (Leipzig) 24, 719

(1935).
[15]J. K. Lee, J. A. Baker, and F. F. Abraham, J. Chem. Phys.

58, 3166 (1973).
[16]H. Reiss, A. Tabazadeh, and J. Talbot, J. Chem. Phys. 92,

1266 (1990).
[17]H. M. Ellerby, C. L. Weakliem, and H. Reiss, J. Chem.

Phys. 95, 9209 (1991).
[18]A. Dillmann aud Cx. E. A. Meier, Chem. Phys. Lett. 60, 71

(1989).



5524 A. LAAKSONEN, I. J. FORD, AND M. KULMALA 49

[19]A. Dillmann and G. E. A. Meier, J. Chem. Phys. 94, 3872
(1990).

[20] I. J. Ford, A. Laaksonen, and M. Kulmala, J. Chem. Phys.
99, 764 (1993).

[21] C. F. Delale and G. E. A. Meier, J. Chem. Phys. 98, 9850
(1993).

[22] M. E. Fisher, Physics 3, 255 (1967).
[23] Y. Viisanen and R. Strey, in Proceedings of the Workshop

on Condensation, edited by M. Kulmala and K. Himeri,
Report Series in Aerosol Science No. 17 (Finnish Associa-
tion for Aerosol Research, Helsinki, 1991),p. 82.

[24] S. L. Girshick and C. P. Chiu, J. Chem. Phys. 93, 1273
{1990);S. L. Girshick, ibid. 94, 826 (1991).

[25] T. Schmeling and R. Strey, Ber. Bunsenges, Phys. Chem.
87, 871 (1983); R. Strey and T. Schmeling, ibid. 87, 324
(1983).

[26] J. Timmermans, Physico Che-mical Constants of Pure Or
ganic Compounds (Elsevier, New York, 1965), Vol. II.

[27] R. Reid, J. Prausnitz, and B. Pohling, The Properties of
Gases and Liquids (McGraw-Hill, New York, 1986}.

[28] A. F. M. Barton, CRC Handbook of Solubility Parameters

and Other Cohesion Parameters (CRC, Boca Raton, Flori-
da, 1983).

[29] K. Okuyama, Y. Kousaka, D. Warren, R. Flagan, and J.
Seinfeld, Aerosol Sci. Technol. 6, 15 (1987).

[30]V. I. Kalikmanov and M. E. H. van Dongen, Phys. Rev. E
47, 3532 (1993).

[31]V. Vaganov, G. Kodenev, and E. Rubakhim, Institute of
Geology and Geophysics, report (in Russian) (1985) (unpub-
lished).

[32] M. P. Anisimov, K. Hameri, and M. Kulmala, J. Aerosol
Sci. (1994) (in press).

[33] M. Anisimov and A. Cherevko, J. Aerosol Sci. 16, 93
{1985}.

[34] D. Warren, K. Okuyama, Y. Kousaka, J. Seinfeld, and R.
Flagan, J. Colloid Interface Sci. 116, 563 (1987).

[35]J. L. Schmitt, R. A. Zalabasky, and G. W. Adams, J.
Chem. Phys. 79, 4496 (1983).

[36] D. Wright and M. S. El-Shall, J. Chem. Phys. 98, 3369
(1993}.

[37]J. Smohk and V. Zdimal, J. Aerosol Sci. 24, 589 (1993).
[38] O. Sinanoglu, J. Chem. Phys. 75, 463 (1981).


