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Effect of the attractive potential of a drop in vapor phase nucleation
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The influence of the attractive potential between a drop and a vapor molecule on the rate of nucleation is
investigated by considering its effect on the drop’s capture cross section for a molecule. Previously unsus-
pected effects that may occur under certain conditions are revealed. In particular, as the carrier gas pressure is
increased, there may be a strong decrease in the nucleatiohSa063-651X96)02410-5

PACS numbg(s): 64.60.Qb, 64.70.Fx

I. INTRODUCTION We will revise Eq.(1) taking into account the fact that a drop
of interest for nucleation is typically small, even in compari-

The theory of vapor phase homogeneous nucleation hason to the mean intermolecular distance in the vapor.
evolved since the 1930'f1-3] and has been continually First, consider a drop devoid of its attractive potential,
revised, but no change has been made in the manner of estie., such that the potentials of all its molecules are arbitrarily
mating the average rate at which molecules collide with acutoff at the drop surface. Set the sticking coefficient to
drop. It has been customary to calculate this rate by using thenity, as usual. The rate at which molecules accumulate in
surface area of the drop. In the present paper we examine atkis drop is then
revise this aspect and uncover the consequences. o

In retrospect, the physical basis of our results is easy to
understandl,oand it is Svo);thwhile to present it at the outse)t/. A B=p(va)=p(v)(o)= (ﬁ) po), 2
drop of the condensed phase must accumulate a critical num-
ber of molecules, to become unstable with respect to growthwhere the superscrigt denotes “cutoff’ and wherdo) is
Each absorption of a molecule is enhanced by the drop’the drop cross sectiam averaged over all directions, aal)
attractive potential. At low supersaturations the critical dropis the average molecular velocity. For a spherical drop of
size is large, and so the enhancement is applied many timeadius Ry, (o)=mR3=(s)/4, and B°(j)=p®(j). For
during the drop’s growth to this size. This makes the nucle-other (nonspherical shapes{o)#(s)/4. 4 (o) and(s) have
ation rate sensitive to the enhancement. The enhancement,quite different geometric characters. For examgle) is
turn, is sensitive to the density of the vapor and carrier gasnuch less sensitive to shape fluctuations. To realize this, it is
because the effect of the drop’s attractive potential is reducednough to imagine a bump on the surface of the sphere; the
by encounters of incoming molecules with other vapor orbump is not even visible from most directions.
carrier gas molecules, an effect that may be referred to con- Next consider the more realistic situation without an arti-
veniently but inaccurately as a “screening effect.” This sen-ficial cutoff. The closest a molecule with spegdwhen it is
sitivity may result in a dependence of the nucleation rate orinfinitely far from the center of a central field(r), comes to
the carrier gas pressure. the center of that field is given by=r ., wherer . is a largest

In Sec. Il (and Appendix A we revise the conventional root of the following equatiof4]:
expression for the impact rate of pointlike molecules on a

spherical drop. In Sec. Iland Appendix B we discuss pos- M?2 B mo?2
sible consequences for steady state nucleation. U(re)+ omre. 2 ©)
[
Il. MOLECULE-DROP CROSS SECTION whereM =mRv is the angular momentum of the molecule

while R is the “impact parameter” for the encounter of the

We begin with the conventional expression for the averygjecyle with the field which we take to be that of the drop.
age rateg at which vapor molecules, having a Maxwell dis- The molecules withR> Rmaxl(v) with certainty will not

tribution, hit a drop touch the drop, wherRmaXl(v) is given by the value oR

( KT )1/2 that satisfies Eq(3) with Ry substituted forr.. We find

B=B9=|5—] p(s), (D) REw(0)=RA1L-[2U(RYMu?). If R<Ryay (v) was the only

2mm

restriction, the impact ratg@ would be equal to
wherem is the molecular masg is the number density of
vapor moleculesk the Boltzmann constant, the tempera- 1- U(Rd))ﬁ(c) @
ture, and the superscrigtdenotes an estimate based on the kT '
average surface area of the drop. This area is estimated as
(s)=4mR3; Ry=(3j/4mpsn™, WhereRy is the radius of where the averaging is according to the Maxwell distribu-
the drop, p.n is the molecular number density in the con- tion. Equation(4) does not depend on the form of the poten-
densed phase, ands the number of molecules in the drop. tial; only the magnitude o) (Ry) is involved. However, Eq.

(VR (1)) =
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sphere(“drop” ) in a vacuum, then the dispersion potential
47 ~—(1/r® must be corrected at large distandé&s. Also,
small angle deflections of slow particles in the potential may
require quantum corrections.
3t Tl(dil)
Ill. STEADY STATE NUCLEATION
AND A CARRIER GAS EFFECT

27 A refined estimate o8 can now be used in the standard
expressiorj2,8—1( for J the steady state rate of nucleation,
given by

1 P 3 ] 1 B
k?R6 J:p( 2 m) * ®)
d

in which f(j)=I1{Z}[ B(1)/y(1 +1)] andf(1)=1. Heregs(l)

is B for a drop ofl molecules, whiley(l) is the average rate
at which molecules evaporate from the drop. In principle,
may be directly calculated from a drop model and substituted

. . _ into Eq. (6). Such an approach was attempted recently by
(3), for a pair of variables ,R whereR= Rmaxl(v), may have Nowakowski and Ruckenste[11].

another root, larger thaRy, for small enoughy. For a po- It is well known that the dominant terms in E€§) cor-

tential U(r)=—a/r", n>2, the resulting restriction is respond to “critical” drops having values df typically in

R<Rma(v), WhereRpa(v) =Rnax(v) atv>vo andRmadv)  the range 10 to 100L,2). As a result the factor'™", which

=R (0)=[N(0n—2)""?P(a/mv?) ] at v<v,, and entersf(j) through the product of's, appears in of Eq.

vo=[(n—2)/(a/mRY)]*2 (For more details see Appendix (6) raised to a high power. _ _

A.) The resulting impact rate, for this case, is This effect is nearly eliminated in the conventional
theory, in whichy's are obtained through an application of

FIG. 1. The enhancement factgrvs (a/k TRS) [for the poten-
tial U(r)=—a/r%] and its tangentl+[a/k TRS]).

(i) _ ’ | om 2 —ul a0 the principle of detailed balance that involves evaluating the
BV =mp(uRnav))=|u™y| 1— —,u|+e " B, equilibrium distribution of dropgsee, e.g.[2,8,9). Then,
(5) is expressed as

where u=(n—2/2)(a/RgkT) and y is the incomplete i1 B(1) ye(1+1) ;{ G(j))

gamma functiori5]. The label(dil) indicates that the result is f(j)= — ——exp ———|, )

limited to a vapor, sufficiently dilute so that intermolecular =1 Bel) v(I+1) kT

collisions do not have to be considered along the molecular . _—

trajectory. The smalli expansion where expp—[G(j)/KT]}=I1{Z3[ Be(1)/ ve(1 +1)], and the

subscripte (equilibrium) refers to quantities corresponding

Bl 2 ) to the saturated vapor.G(j) is the Gibbs free energy that
o 1+ u+ O must be suppliedi.e., the reversible work that must be per-

formed to excise g drop from liquid coexisting with vapor.
has the form of the right-hand side of Eg). Forn=6 our  In the classical theor}3] this free energy is estimated using
enhancement factor the “capillarity approximation” such thatG(j)=es(j)
wherep is the bulk surface tensiofiThis capillarity approxi-
pan mation can be substantially improvg®12] or replaced by a
B8O density-functional method13] or by a fully molecular ap-
proach [14].) Now, since B 1)/ (1)]1=(p/pe) and
is shown in Fig. 1. v(1)=1vy4(l), based on the excellent approximation that
|U(Ry)| may be estimated as the depth of the drop’s po-depends only on the internal properties of the di>i1,15
tential well, which, in turn, is nominally of the order of the the factor®" does not appear in Eq7). This factor there-
depth of the intermolecular pair potential. Depending on theore appears only once in each term of E§).
substance, this is typically of order 10—1000(i units of However, another situation arises when the vajoorthe
temperaturg[6]. Thus Eq.(5) indicates thaf3®" may be of  vapor-carrier gas mixturg’]) is dense enough, or the critical
order of B9 or several fold larger(For a review of typical drop size is large enough. We now discuss the possible con-
experimental conditions, s¢&].) sequences of a crossover gffrom B9 to B9 due to the
In case the reader feels uncomfortable about such an emfluence of the gas surrounding the drogd=53®, where
hancement of the conventionaf®, we point out that, the 1<z=<#%". Unlike %", 5 generally depends on the number
larger the drop, the more dilute must the surrounding gas bdensitiesp and p; of the vapor and carrier gas, respectively.
for the enhancement to be valid. Otherwise, as we discuss iApparently, =7(l;p;p;) decreases with an increase mbr
Sec. lll, the conventional result is recovered. And if onep; (we also indicate thaty depends on the droplet sizg¢
imagines, for the sake of understanding, a macroscopitlow
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By p nlipip) p increases with increasing carrier gé®lium) concentration.
B = p— 7(lipeipr) p—, The effect increases with decreasing temperature or with in-
€ e MhPef1l Fe creasing molecular weight of the alcohol. The same trends

andf(j) in Eqg. (7) must be corrected by the multiplier were observed recently for the methanol, ethanol, 1- and
. 2-propanols, with helium and hydrogen as carrier ga%8k
! 7n(l;p,p1) In [19] the effect has been observed for the nucleation of
Ll m . n-nonane in helium and argdi9]. Remarkably, it has not

been seen at low carrier gaargon pressuregless than 1

Thus the nucleation rate is somewhat below that predicted byar, in the nucleation oh-butanol, methanol, and water
the classical theory. However, typically the carrier gas den 20]). It is also interesting that there is evidence of carrier gas
sity is much higher than the vapor densi]. influence in the nucleation of water vapor at low supersatu-
In the remainder of this paper we discuss the dependenddtions[17,21], but the effect has not been found at higher
of 7 on p;, that may result in an effect that should be ob- Supersaturation$S>7) [22]..Also, 1_‘or water the effect has
servable directly by experiment and be qualitatively indepenfot been found at low carrier gésitroger) pressure$23].
dent of any particular theory, namely, the effect of carrier gas These experimental observations cannot be explained by a
on the nucleation rate. WitlB(l;p.,p;) = n(l;p1) 8 (I;p) weak influence of the carrier gas and vapor nonideality on
and y independent op,, Egs.(6) and (7) indicate that the the equilibrium distribution of drop§19,25, ar)d it is pos-
steady state nucleation rale=J(p,p;) depends orp, in the sible that they may be related to the “screening” effect dis-

following manner: cussed here, which has an entirely differéabd kineti¢
_ origin.
o (1 To check this possibility, we estimated the carrier gas
Ip.pD~| TT —=~]3(p.p), (8)  pressure
i=1 7(l;p1)
wherej, is the critical drop size. In arriving at E¢8) we B kT
took vy to be independent gf; because the gas densities are P= A

3

assumed to be high enough such that thermal equilibration 3 R:

by the carrier gas is establishgth]. Equation(8) predicts a
unidirectional effect, i.e., a decrease in nucleation fatel ] ] ]
thus an increase in critical supersaturatioith an increase Which should produce this effect. To estimate
of carrier gas density.

The full correction(v[R2,(v) —R3]) in Eq. (5) was de- 20
rived only because the drop was allowed to capture all those R~ 71

; ) . PcorKTLNS
molecules moving slowly enough, independent of impact pa-
rameter. But for a typical rapidly damped intermolecular po-
tential, e.g.u(r)~—r°, the trajectory of a moleculé to-
wards the drop is interruptedto a first approximation,
randomizedl as soon as another molecueis closer toA
than the drop.

Thus, qualitatively,n=~1 if the average carrier gas inter-
molecular distance-p; *® is much smaller than the critical
droplet sizeR.,, and 7~7' if p; ¥¥<R.,. (We provide an
estimate of the deviation af from 7% in Appendix B) The
important ratios ar¢see Eq.(8)]

we used the critical supersaturations for methanol, ethanol,
n-propanol, and-propanol from[18,17,26,2T and the sur-
face tensiongp of these substances frof28,29. Making
polynomial interpolations of these values in temperature, we
find, for instance, that al=350 K, the P’s for all these
substances lie within the range 1-2 ljathereas the effect
was investigated if18] at total pressures extending from
several bar to 40 barAt T=330 K all P lie within 2—3 bar.
And atT=380 K all P lie within 0.3—0.8 bar. For these large
temperatures the effect is, actually, “saturated”: a change
7(1;p7) in the carrier gas density from; to p] should not much

~ change the ratio§ n(l;p7)/n(I;p1)]=~1 when bothp;,p]

> peon!l- This may explain why the effect is found to be less
if p.pi<R;° or p;,pt>R,> Qualitatively from Eq.(8)  Pronounced at higher temperatufés. _ _
[see also Eq(B3)], we expect an onset of the strong carrier Concluding this section, we must mention that a slight
gas effect under conditions such that the average carrier gdfluence of carrier gas due to nonisothermal effects has been
intermolecular distance is comparable to the critical droplePredicted in16]. At low carrier gas pressures the latent heat
size. The classical estimate for the latter is©f condensation cannot be easily removed from a newly

R.~(20/peekTLNS, whereS=(p/p,) is the degree of su- formed drop. This effect should havc_e a'weak qppositg trend

persaturation of the vapor. (an increase of the nL_cheatlon rate with increasing carrier gas
The effect(a decrease in the nucleation rate with an in-Pressurg must show itself at very low carrier gas pressures,

crease in carrier gas pressuraight be observed in experi- and has probably been obserjed].

ments with vapors with molecules of large enough size, if

n(l;p1)

nucleation is obs_,erva_ble at low enough supersaturations. IV. CONCLUSION
In fact, there is evidence of such an eff¢t?-19. Ac- _
cording to[17], the critical supersaturation of 1-pentanol, In conclusion, we have argued that the cross segsiBh

1-butanol, 1-propanol, and even of ordinary and heavy wateof a small drop in a dilute vapor-gas mixture may be several
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times larger than the conventiona(® Eq. (1). We have For the potential (r)=—(a/r") Eq. (A4) readsv <v,(R),
indicated and discussed the adjustments in nucleation theowherev(R)=n(n/n—2)""22(a/mR"). [The restriction is
required by this change in cross section. Furthermore, wequivalent toR< Rmax,(v), see Sec. . Thus the restriction
have discussed the sensitivity Bfto the density of the gas- , <, (R) must be taken into account at v, wherev is
vapor mixture. Screening affects the impact of vapor mol-yefined asvo=v,(Ry); v1(Ry)=v4(Ry). It is straightfor-
ecules on the drop approximatgly times, during growth to .- 4 10 find Ro=(n/n—2)Ry, v is as in Sec. |, and the

the critical size, Eq(8). Among other things it may appear restriction v<uv,(R) is stronger than that in EqA2) at
as an effect of a carrier gas on the rate of nucleafaber <v,.

crease of the rate with increasing the carrier gas pressure
We have not discussed the question of sticking probabili-
ties for very small drops. A sticking probability is larger for APPENDIX'B

a slower molecule and the average energy of a molecule The full correction(v(Rﬁqa@)—Rﬁ» in Eq. (5) was de-
colliding with a spherical drop is(b o(mv?/2))/(va)]. The  rived only because the drop was allowed to capture all those
“additional” molecules considered in this paper, i.e., the molecules moving SlOle enough, independent of impact pa-
molecules that would not collide with the droplet in the ab- rameter. But for a typ|ca| rap|d|y damped intermolecular po-
sence of an attractive potential, have a lower average energjantial, e.g.u(r)~—r8 the trajectory of a molecul& to-
Thus StiCking prObab”itieS that are not Unity can Only en-wards the drop is interrupted[o a first approximation,
hance the effect discussed in this paper. randomizedl as soon as another molecueis closer toA

We also have not considered the internal degrees of freghan the drop. Thus, our cross section must be restricted to
dom of the drop or the molecules. These may absorb somgolecules with an impact parameter smaller than some cut-
angular momentum and so increg8€". The revision may  off, R ~p; 1? (we consider the number density of the car-
be important in the case of vapors of molecules of largekier gas molecules to be much larger than that of the vapor
size. These are of special interest in view of E@.and  molecules. We can estimat®&,, as following. In timeAt a
(B3). molecule A encounters approximately;(v,oq) At mol-
eculesB (carrier gas moleculgswhereoy is the correspond-
ing cross section, and the average), is taken over the

. Maxwell distribution of the velocities, of the molecules.
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APPENDIX A

The radial velocityv, of a particle in a spherical field
U(r) is given by[4]

2

2(ry=v?| 1 R 2u Al
vi(N=v 1=z |- ~U(r). (A1)

A particle reaches a drop of radig if it has initial velocity
v and impact parametd® such that 2(r)>0 for allr=Rj.
[Equationuv 2(r) =0 gives Eq.(3).] Thus
v2(Ry)>0 (A2)
is the necessary conditioflt is equivalent toR< Rimax, (v),
see Sec. I]. We defineR, as the distance at which the at-
tractive tail of U(r) is terminated by a typical sharp repul-
sive core. So, all particles)(R) which satisfy Eq(A2) and
[dvE(r)]r—g,>0 (A3)
will certainly reach the drop. For a potentld(r) = — (a/r")
Eq. (A3) readsv=v,(R), wherev 3(R)=(na/mR] ?R?).
If [arvf(r)],:Rd<0, we must add the restriction

min vf(r)>0. (A4)

with At~(Rgyfv). o4= WRS is the cross section for a de-
flection of the trajectory of the molecuke stronger than that
caused by the drop. Since a small acquired momentum due to
the potentiale/r" is proportional toa, and inversely propor-
tional to the relative velocity and to theth power of the
impact parameteff4], we can estimateR, by equating
(aglvgRY)~(alvRYy). For simplicity, (a,/r®) represents
the potential betweeB and A and (a/r®), the potential be-
tween the drop and (although whem is very close to the
drop, the potential cannot have this simple fariwe ap-
proximate the velocity oB relative toA by v, (A is slow)
and the velocity ofA relative to the drop by (the drop is
slow). Substitution ofcrg~§agv/avg)1’37rR§ut, into Eq.(B1)

leads toR,=Ry(v?%(v)?°), where
11\ { .m 1/3 -1/3
Ro~ 21’3w5’6r<€ (ﬁ pl) . (B2)
g

Heremgy is a mass of the carrier gas molecule. This depen-
dence ofR.,; on v is reasonable since a slower molecAle
has a larger probability of experiencing an encounter with
carrier gas moleculeB on its way to the drop. It is easy to
see, however, that the estimate, with the small exponent 2/9
and with the exponents 1/3 in E@B2) is qualitatively the
same as the guest, ~p; 2.

To estimate the order of the effect of the carrier gas on
our enhancement factay, we impose an additional restric-

tion R<Rg,(v) [compare WithRmay (v) andRmay,(v)]. No-
tice that the velocity ., defined byR. (v cuw) = Rm%(vcu,) is
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related to v, (see Sec. )N as (vgvo)? w3 a \¥3(Ry\®
=(3%2"7?) Y3 (kTRY a)?(Ry/Ry) ¥ Here the key ratio n=7 —W(m) (R_o) (B3)

is Ry/Ry, which is essentially the ratio of the drop size to the
average intermolecular distance in the carrier gas. Accordingg  the first order in (mv2/2kT)=3%472)Y(al

to the classical estimate for the critical drop radiuskTRS)¥%(Ry/Ry)*°<1.

Re~20/p.o:KTLNS whereg is the bulk surface tension of  Unlike 7% (which is at least universal at smal), the
the condensed phasR,, may be of order 10-15 A or more, ‘“screened” » depends strongly on the functional form of the

1/3
35 A,

for a low enoughp,,, (i.€., for large enough vapor mol- potential between the drop and the vapor molecule, and also,
ecules [1]. While to a lesser extent, on the type of potential between the carrier
gas molecule and the vapor molecule. These potentials are
13 T Py not generally known, except for the noble gags Thus we
P1=\300 k/ 1 Bar cannot make quantitative estimates based on(&q.How-
ever, qualitatively from Eq98) and(B3), we expect an on-
whereP, is the carrier gas pressure. Thus at moderate carrieset of the strong carrier gas effect under conditions such that
gas pressures.<v, and we obtaijanalogously to Eq5), the average carrier gas intermolecular distav[c(éB) is com-
but taking into accounR<R{v)] parable to the critical droplet siZR,~20/p;, KTLNS

[1] J. Frenkel,Kinetic Theory of Liquids(Clarendon, Oxford, [16] J. C. Barrett, C. F. Clement, and I. J. Ford, J. Phy26A529
1946 Ch. 7; F. F. AbrahamiHomogeneous Nucleation Theory (1993. See also J. Feder, K. C. Russell, J. Lothe, and G. M.

(Academic, New York, 1974 Pound, Adv. Phys15, 111 (1966.
[2] D. W. Oxtoby, J. Phys4, 7627(1992. [17] V. N. Chukanov and B. A. Korobitsyn, Zh. Fiz. Khing3,
[3] M. Volmer and A. Weber, Z. Phys. CherfLeipzig) 119, 277 1970(1989 [Russian J. Phys. Cher3, 1085(1989], and
(1926; L. Farkas,ibid. 125 236 (1927; R. Becker and W. references therein.
Doring, Ann. Phys.(Leipzig) 24, 719 (1935; J. Frenkel, J. [18] R. H. Heist, M. Jgnjua, and J. Ahmed, J. Ph)./s.. Qh%n.4443
Phys.1, 315 (1939; J. B. Zel'dovich, J. Exp. Theor. Phys. (1994; R. H. Heist, J. Ahmed, and M. Janjuiajd. 99, 375
(Russiah 12, 525 (1942. (1995. See also J. P. Franck and H. G. Hertz, Z. PHy&3,
[4] L. D. Landau and E. M. LifshitzMechanics(Oxford, New 559(1956.

[19] J. L. Katz, C.-H. Hung, and M. Krasnopoler, Atmospheric
Aerosols and Nucleatigredited by P. E. Wagner and G. Vali
(Springer, Berlin, 1988 J. L. Katz, J. A. Fisk, and V.
Chakarov, inNucleation and Atmospheric Aerosoédited by
N. Fukuta and P. E. Wagn¢A. Deepak, Hampton, 1992p.
11.

[20] P. E. Wagner, R. Strey, and Y. Viisanen, Nucleation and
Atmospheric Aerosolsdited by N. Fukuta and P. E. Wagner
(A. Deepak, Hampton, 1992p. 27.

[21] L. B. Allen and J. L. Kassner, J. Coll. Interface S8D, 81

York, 1976.

[5]I. S. Gradshteyn and I. M. Ryzhikable of Integrals, Series
and ProductgAcademic, New York, 1980

[6] T. Kihara, Intermolecular ForcegWiley, Chichester, 1978

[7] R. H. Heist and H. He, J. Phys. Chem. Ref. D&@ 781
(19949.

[8] J. L. Katz and H. Wiedersich, J. Colloid Interface S&4, 351
(1977; J. L. Katz and M. D. Donohue, Adv. Chem. Phy§,
137(1979.

[9] V. I. Kalikmanov and M. E. H. van Dongen, Phys. Rev4E

(1969.
3532(1993; Europhys. Lett21, 645(1993. - .
221 Y. V R. H. R . Chem. Plogs.4
[10] S. L. Girshick and C.-P. Chiu, J. Chem. Phg8, 1273(1990. | ](199'53”9”’ Strey, and H. Reiss, J. Chem 680

[11] B. Nowakowski and E. Ruckenstein, J. Chem. PI94%.1397
(1991); 94, 8487(1991); E. Ruckenstein and B. Nowakowski,
Langmuir7, 1537(1991.

[12] M. E. Fisher, Physic8, 255(1967); A. Dillmann and G. E. A.
Meier, J. Chem. Phy$94, 3872(1991); Chem. Phys. Lettl60,
71(1989; C. F. Delale and G. E. A. Meier, J. Chem. Ph98,
9850(1993; A. Laaksonen, I. J. Ford, and M. Kulmala, Phys.
Rev. E 49, 5517 (1994; I. J. Ford, A. Laaksonen, and M.
Kulmala, J. Chem. Phy€9, 764 (1993; W. K. Kegel, ibid.
102, 1094(1995.

[13] V. Talanquer and D. W. Oxtoby, J. Phys. Che@®, 2865
(1995; ibid. 100 5190(1994), and references therein.

[14] H. Reiss, A. Tabazadeh, and J. Talbot, J. Chem. P8gs.
1266 (1990; H. M. Ellerby and H. Reissjbid. 97, 5766

[23] G. Wilemski, B. E. Wyslouzil, M. Gauthier, and M. B. Frish,
in Nucleation and Atmospheric Aerosp&lited by N. Fukuta
and P. E. WagnefA. Deepak, Hampton, 1992p. 23.

[24] J. Steinwandel and T. Buchholz, &kerosols, Proceedings of
the First International Aerosols Conference Minneapolis,
1984 edited by B. Y. H. Liu, D. Y. H. Pui, and H. J. Fissan
(Elsevier, New York, 1984 p. 877. See also P. P. Wegener, J.
Phys. Chem91, 2479(1987).

[25] I. J. Ford, inNucleation and Atmospheric Aerospedited by
N. Fukuta and P. E. WagnéA. Deepak, Hampton, 1992p.
39; J. Aerosol Sci23, 447 (1992.

[26] A. Kacker and R. H. Heist, J. Chem. Phy2, 2734(1985.

[27] C. Flageollet, M. D. Cao, and P. Mirabel, J. Chem. Pmz.

, . 544 (1980.
(1992; _H' M. Ellerby, Phys. Rev. B9, 4287(1994; H. R. [28] R. Strey and T. Schmeling, Ber. Bunsenges. Phys. Clg&m.
Kobraei and B. R. Anderson, J. Chem. Ph94, 590 (199)); 324(1983

95, 8398(1991).

29] J. J. Jasper, J. Phys. Chem. Ref. DBt&841(1972.
[15] C. L. Weakliem and H. Reiss, J. Phys. Ch€8,. 6408(1994). [29] P Y DR (1972



