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Analysis of water—ethanol nucleation rate data with two component
nucleation theorems
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We generalize the second nucleation theorem to multicomponent systems. Nucleation theorems are
used to extract the molecular composition and excess internal energy of the critical cluster from
experimental nucleation rates in a water—ethanol mixture. The excess internal energy is found to
depend only weakly on temperature and to be almost solely a function of the molecular numbers of
water and ethanol in the cluster. We estimate the contribution of the kinetic pre-factor to our
analysis, and find that it is small in the case of the first theorem, but significant for the second
theorem. We find that capillarity approximation fails to predict the experimental critical size and
excess energy in this highly nonideal system. 2600 American Institute of Physics.
[S0021-960600)50432-2

I. INTRODUCTION very different. If properties of such clusters could be deter-
mined experimentally, it would provide further stringent

Characterizing the binding energy that holds matter t0yegts for the various theoretical models that have been devel-
gether in a given atomic or molecular arrangement is a cengo o 1o describe condensed matter

tral theme of condensed matter and molecular physics. It Unfortunately, the calorimetry of the formation of mo-

contributes to our understanding of why certain MICrOSCOPIG. - lar clusters is often poorly characterized, and this infor-

structures are chosen under given conditions. Clearly, the

framework for achieving this sort of understanding is to es_matlon is not usually available, except for simple cases and

tablish a theoretical model of intermolecular interactions,snﬂ"':lII c!usterg. ? But recent developments in the theory of
and to use it to calculate and compare suitable thermodﬁuueat'c_’” of drople.ts from supersgturated vapors as yveII as
namic potentials for different structures. Recently it has bethe quality of experimental nucleation data offer new infor-
come possib|e to performb initio calculations of these in- mation that could revolutionize this Situatié(h_.lz It has be-
teractions, starting from a basic quantum-mechanicafome possible to determine the thermodynamic properties
description of the electronic behavior in the system, thougHparticularly the binding energyf small clusters. The theo-
the computational costs are considerdifleAlternatively,  rems have been successfully applied to clusters containing as
models can be built upon semiempirical potentidis. few as six and as many as eighty molecules for a range of
It is important to validate models using experimentally substances, by analyzing experimental droplet nucleation
determined physical data. It is relatively easy to determingate data. In these experiments, a supersaturated vapor is cre-
the energy of a bulk condensed phase by studying the calggted and then the rate at which droplets nucleate from it is
rimetry of the process of formation from its component partsct,died as a function of the supersaturation and

and this is valuable input to the development of models. Th?emperaturé?‘“—’ This data can then be analyzed using the
same information is often available for individual molecules. ¢,_~41ed nucleation theorert®® relations between the rate

However, schemes that succeed in describing these spec@ ucleation and the properties of the critical cluster, which
cases of condensed matter are perhaps suspect when appllertillI

. . i ize of cluster that i lly likely to grow or in
to other cases like unusual bulk materials or surfaces, aniI e size of cluster that is equally likely to grow or decay

much current research is directed at considering such syé-e prevailing conditions. The main result of the analysis is a

tems plot of cluster excess energy against cluster size in mol-
Another unusual case is the molecular cluster. It ha£cules. The excess energy is the difference between the en-

been possible for some years to create and isolate bourff9Y ©f the cluster and the energy the constituent molecules
systems of some tens or hundreds of molecules, often usir}ﬁomd possess in a bulk liquid. It is loosely related to the
molecular beam experimert§.The molecules in the cluster number of unsatisfied intermolecular bonds at the surface of
are held together by the same mechanisms that hold bulk arifie cluster.

molecular structures together, but they have a very different  Until now, this analysis has been applied only to cases of
environment compared with those other cases, and conssingle component vapor condensation, due to the lack of a
quently the binding energy per molecule in the structure ikey theoretical result, the second nucleation theorem for
multicomponent nucleation. The first nucleation theorem for
dpresently at: Department of Physics, P.O. Box 9, 00014 University ofml'”ticomponent systems has been developed and exploited
Helsinki, Finland. Electronic mail: hanna.vehkamaki@helsinki.fi in several earlier studié€; ?°most of which neglect the con-
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tribution of the kinetic factor in the nucleation rate. In Sec. Il

of this paper we derive the second nucleation theorem for Vid p—SdT=2 ngiduy, 5)
multicomponent systems, and estimate the significance of the '

kinetic pre-factor in both the first and the second theoremand for the original phase

We apply the nucleation theorems in Sec. Il to obtain infor-
mation about small mixed molecular clusters of water and

ethanol, using data from Schmét al?! The results we ob-

tain provide a picture of the binding behavior of small binary\yhere n, ;(n, ;) is the number of molecules of typethat

clusters. We discuss the implications of this microscopic ingccupy the vblume/f (V,) of uniform final (original) phase,

formation in Sec. IV, and give our conclusions. andS; (S,) is the entropy of the finaloriginal) phase. For
the surface phase the Gibbs—Duhem relation reads

Vod po_SodTZEi no,id:Uvo,i ) (6)

II. SECOND NUCLEATION THEOREM FOR

MULTICOMPONENT SYSTEMS dgp+SdT=— Z Ngidus;+ ydA, (7

A. Basic thermodynamics where v is the surface free energy per unit area, and the

We adopt the Gibbs approach and model the formatiorsurface area of the clustek,is a function of droplet volume
of a molecular cluster from a vapor by referring it to the V. ng; is the surface excess number of particles &gds
notional formation of a continuum liquid phase with bulk the entropy of the surface phase. When the temperature is
properties and definite spherical geometry. The differencé&ept constant this equation is also called the Gibbs adsorp-
between this model and the real properties of a small motion isotherm. All the Gibbs—Duhem relations naturally hold
lecular cluster is expressed in terms of the properties of &or the special cases of a critical nucleus and the surrounding
surface phase, as will be seen. vapor. Keeping the chemical potentials of the original phase

We keep the terminology general, and starting with arfixed, and requiring that the chemical potentials of the final
“original” phase at pressur@, consisting of a number of and surface phases obey Ef) gives the result
components labelei at fixed chemical potentialg, ;, in a
volumeV, we reversibly and isothermally create within the (ﬂ)
system a droplet of 'final’ phase at pressgieoccupying a aT
volume V;. To derive the second nucleation we need to
evaluate the temperature derivative of the associated change If we take the derivative ofSW* with respect tos
in grand potential, or nucleation work. Following the nota- =1/T, we get
tipn of Oxtoby and Kashchiéf the nucleation worlW* is (r?,BW*) ((?W*>
given by =W* —

B
1) g

where ¢* is the total work of formation associated with the

—V?S* S -8t (8)
_Vz; o f s -

Ho,i

aT _
0,i

W*:(po_p?)v?+¢*y

*

surface phase.

The asterisk refers to the critical cluster, which satisfies

\%
=(Po=PFIVE + % = TS+ TS] T

(o]

the following conditions® =—pi Vi +TS¢
i=ufi=us, (for all i), 2
Mo,i = Mfi— Msj ( ) 2) +2 n?’iu?’i+¢*+T8§+E n:,iﬂ;i
aqs* | I
P =Po+ Y, , )
f Tk, + _poV:+TSg+2i n;,iﬂo,i}

where u,;, uf;, andug; are the chemical potentials of

component in the original, final and surface phases, respec- * Vi
tively. - _pov_’_Z NiotiMo,it T 1+V_* Ss |
Now we take the derivative of Eql) with respect to °
temperature holding the chemical potentials; fixed for all (C)
species. whereng, ;=nf;+ng;+ng; is the total number of molecules
IW* d(po—pF) OV X of spgcies', andV=V§f + V3 is the total volume. The com-
(7) =V} 0T + T (Po—PF) bination of the terms' in square prackets can be readﬂy |'nter-
Ko preted. The expression in the first square brackets is simply
. . . the energy of the original phase in the presence of critical
N d¢ IV +<f7¢ ) (4  Cluster. The expression inside the second square brackets is
V¥ - aT JT VE o, the energy the original phase would have in the absence of
Mo :

the critical cluster, but at the same presspge chemical
potentialsu, ; and temperaturg. The combination takes the
form SE,=T8S,—PodVot Zito,iONg; With 8V,=—VFf,

The second and third term vanish according to €. The
Gibbs—Duhem relation for the final phase reads
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v,i

8S,=—V5ls, where s,=S5/V} is the constant entropy duS; vSi(hS;—ht) . N(hs )

density, andsn; ,=n} ; — Ny . S0 SE, is the change in en- a7 s s S f—sji , (14

ergy of the original phase caused by the loss of volume to the Ty =i

final phase cluster. We end up with the simple result Hereh;; andh?; are the molecular enthalpies of saturated
IOW*/T) vapor and liquid, respectively; ; is the molecular entropy
(T) =—(Ef +E! + 6E,)/T? in the saturated vapor, and ; andv;; are molecular vol-

. umes in the saturated vapor and equilibrium liquid, respec-
N ) tively, for pure species. The last form follows when the
=~ Ecxcess—origindl (10 jiquid is much denser than the gas, <v; ;. Using u; ;
whereE} andE? are the internal energies of the final and =h; j—Ts;; for the equilibrium chemical potential and ap-
surface phases. The temperature derivative of the nucleatidifoximatinghy;~e7;, whereey; is the molecular energy in
work divided byT is seen to be essentially the difference in pure equilibrium liquidi, we get
internal energy between the system with the cluster and a

_E* *
homogeneous system of the original phase, which is written M) = Eexcess“’ap"’_ Am (i 1—€59)
2 2 v, )
:xcess—original a S T T
Using the Gibbs—Duhem relations keepifigconstant
yields in a similar fashion the first nucleation theofém An3 R
- - ?(Mu,z_ €2 (15
( = — Anl* , (11) i . . *
Ilo,i) Using the form implied by Eq99) and (10) for EZ,cess—vapor

and assuming that-£Vi/Vi~1 andV=V; + Vi~V , we

where An¥=(1-p,;/pf;)nf;+ng;~nf;+ng;, and the end up with

densities of the final and the original phase &sg;
=ng./V5 andp¢ ;=nf;/Vf , and the last approximate form [ 5(—W*/kT)
applies for gas-liquid nucleation if the vapor is dilutg,( a1
<pf).

1

I

Ef +ES _Ei (nfi+nge’;

)51,52

_ :xcess—liquid
B. Nucleation theorems for two component - T (16)
gas—liquid nucleation
wWhereEg, cess iiquidWhich will hereafter be shortened Ef )

In analyzing nucleation forv r—liquid nucleation,. € .
analyzing nuc eation data fo apor—iqu d nuc eato. ’|§ the difference between the internal energy of the cluster
saturation ratios are more useful variables than the chemica

. . : . . and the energy the molecules would have as constituents of
potentials. The saturation ratio for componerg defined as S - -

—b [0S h is th ial f pure equilibrium liquids. Thus, both the surface contribution
S =Pi/Pi pures Wherep; is the partial pressure of component d the bulk mixi included in th i
i, andpS .. is the saturation vapor pressure above a pool of € bulk-mixing energy are Included in the excess en
' pl,pure por p p

liquid of pure substance The final phase is now liquid, and 1oy
q : _p : _p ) quid, . The first nucleation theorem in terms of saturation ratios
the original phase is vapor. Suffix will now be used in

place of suffixo, and suffixl will take the place of suffir, > 'S 9Ven by

Using the first nucleation theorem we can transform the I(—W*/KT) An
second theorem into the form 7S “ s (17)
' T
( &(W*/T)) _ - E:xcess—vapor_ An,1c ( aﬂv,l)
aT T2 T \ T
s, S,
5 15 C. The nucleation rate
*
_ A&( I U'Z) ) (12) For multicomponent systems an exact expression for the
T\ Jr s,.S, nucleation rate(analogous to the one used by Frtt to

obtain the derivatives of the nucleation rate in one compo-

.If we mgke the gsual assumption that _the vapor phase 'S bt systensis not available. Instead, we shall use a form
ideal mixture of ideal gases, the chemical potential of com-

i 4wh h le-
ponenti in the vapor is given by, ;= w5 (T) +kTIn§, suggested by approximate treatmeiit$* where the nucle

s - . ; ation rateJ takes the form
wherep, ; is the chemical potential of a saturated pure vapor

andk is the Boltzmann constant. Joct W* R*
The Gibbs—Duhem relatio(6) for the pure vapoi and ~Co &XP T 17/ Ra

kT (18
the Clausius—Clapeyron equation

wherecg exp(—W*/(kT)) is the concentration of critical nu-
dpipwe D5 —h7 clei, R}, is the average growth rate of the critical nucleus,
a7 - T =0t (13 andzis the zeldovich factor.
v EL For the cluster size distribution we use the form pro-
can be used to express the temperature derivative of the equiesed by Wilemsket al? [their Eq.(53)], which gives the
librium chemical potentiak; ; in the form coefficientcy as
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ch=(p$ pure)(l—x*)(pg pure)x*' (19 where B =Sp; A/ V2kTrm; is the rate at which mol-
’ ’ ecules of componeritare added to the critical clustar; is

the mass of a molecule of typeandA* is the surface area

glf the critical cluster. The presented form fg{ is valid

where pﬁpure is the density of saturated pure vaporand
x*=n{,/(nf;+n}",) is the mole fraction of component 2 in

the cr|t|cai cluiteg. The vapor phase is assumed to be ide under the assumption that the mass and the volume of the
and thUSpi,pure_ P; ,purr!(kT)-

According to Stauffé?® the average growth rate has the critical clgster are.mut?h larger than thosg of a single mol-
form ecule. ¢ is the direction of the nucleation flow in the
(ny 1, »)-plane and in the steepest descent approximation it
. B1B3 (20) is given by tanp=x*/(1—x*). The pre-factor J,
v B% sirf o+ B4 cod ¢’ =c§ Ry Z, therefore, takes the form

. ZSISA* (P3 purd® ™ (P purd ™ X 24 (1= x%)?] o1
O_ .
v 277( kT)3/2[ Slp?.,pure mZX* 2+ Sng,pure\/ ml( 1-x* )2]

D. Derivative of the pre-factor with respect to supersaturation

First we want to see how much the pre-factor contributes to the derivativelafitih respect to the supersaturatioBs
We get

dlnJ, 1 1 0A* 19Z [ox* P3 pure 4x* -2
=t ——— o+ P
S, ST S A S, 2445 |95 S,.T P pure 2X*2—2x* +1
(1Sy) + (2Ix*) (9x*13Sy)s, 1L 1+ ((X* = 1)S,P3 pureV M)/ (X* S1P3 el Ma) ]
a * 2 S * 2 s ' (22)
1+ [(X _1) SZF)Z,pure\/Hl/X Slpl,pure\/m_Z]
The derivative of the pre-factor with respect3g reads
(aln JO)
9% s,
1 N 1 9A* . 19z N ax*) P3 pure 4x* —2
S A* S 23S \0S)g | pSpe 2¢*2-2x*+1
[O¢* = 1)2P3 pure M/ X* 28105 My ] + (2%%) (9X*19S) s {1+ [(X* = 1) D3 pured M/ X* S1P3 puredM2]) 9

1+ [((X* = 1)2S,p3 pure/M1)/(X* 251 p5 pure/my) ]

Our aim is to estimate how significant the derivative vapor phase is assumed ideal, then the chemical potential
of the pre-factorJ, is compared to the derivative of difference takes the formy u;=KkTIn(S/g), where the activ-
exp(—W*/(kT)). Since the Zeldovich factor is known to be of ity a,=a;(x,T)= p?(x,T)/pﬁpu,e(T) is the ratio of the satu-
the order of unity in two component systems, and it variegation vapor pressure over a liquid solution with mole frac-
slowly with system conditions, we neglect the derivative oftion x to the saturation vapor pressure over a pure liquid of
the Zeldovich factor. component.

To obtain the composition and surface area of the critical ~ The critical cluster composition is identified by solving
cluster and their derivatives we make use of the Kelvin equathe following equation, which can be obtained by taking the

tions (see, e.g., Refs. 2628 ratio of the Kelvin equations for components 1 and 2:
. —2y(X*, Tvi(x*,T) . .
Alu’i(x !Ti81!82): R* ) (24) A,U,]_(X !TISllSZ)UI,Z(X !T)
whereA ui=u, (T,S;,S;) — uy,i (P, %, T), v is the surface = Apo(X* T,S1,Sp)v) o(X*,T). (25)

tension andR* the radius of the critical cluster. The surface
area is given byA* =47R*2, If the liquid density is again
assumed to be much larger than the vapor density, and the If we take the derivative of Eq.25) with respect toS;
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*

keepingS, and T constant, we find an expression for the 1 (v ,\* 1 day,
derivative of the composition of the critical cluster oF X |, akIn(s,/al) | o
*
(‘9)(*) _Yi2| ( v 2\ * ﬂ avl,l)* We have assumed that the surface tension is a function
ISy ST S x| \af X |+ of temperature and the mole fraction only, and does not de-
pend on the size of cluster. This is essentially the capillarity
S, da\*vf, [day\* vl -1 approximation and we shall find ultimately that the resulting
X\ — |t X — X — contribution to the nucleation theorems is small. We consider
a Ta T @ it likely that use of a curvature dependent surface tension

(26) would not change this situation.

where @a,/dx)F=(das/dx)t/x=x+» The derivative of the
surface area of the critical cluster can be obtained by taking

the derivative of the Kelvin equatiditq. (24)]; for example,
fori=2: E. Derivative of the pre-factor with respect to

temperature
1 (0A* IX* 1 [ay\*
| 35 =2 7S S\ ax 27 The contribution of the pre-factor to the temperature de-
A s, T s, 1LY T rivative of nucleation rate is

Ls

2 *)Ll (Lt 3 . 1 (aA*) +1(az) +((9x*> p;pure+ 4x* —2
=(2-x")— X )——5=+— S| = n
2 2
kT kT2 2T A*\ 9T 5.5, Z\dT 5.5, aT 5.5,

Pl pue  2X* 2_2x*+1

alnJy
aT

)51,52

(La/KT?) + (Lo/KT?) (X" = 1)S5P3 pured M)/ (X* *S1P3 pure M)
L [((X* = 1)°SP3 pureMo)/ (X**S1p3 pre/my) ]

(20x%) (x*19T)s 5, (1+ ((X* = 1)S5P3 pured M)/ (X* S1P3 e/ M)

14 [(X* = 1)2S,p3 pured M)/ (X*2S1p3 udMy) ]

We have used the Clausius-Clapeyron equafigg. (13)] and the approximatiom»ji/(vji—vﬁi)~l to express the
derivatives of the saturation vapor pressures of pure substances in terms of latent heats of evaporation per Imolecule,
=h? - ﬁi , for pure liquids. The remaining task is to obtain the temperature derivatives of the surface area and composition

of the critical cluster by taking the derivatives of E§24) and (25).
For the mole fraction we get

(29

(&X*) 1 (9a2 * 1 (&vhl *I 82 l &al * 1 (al)|’2 *I Sl /
=| — —_— |—— R — —_ —_— n—
JT S,.S, vi@s L IT) vl IT ) ey vfad VIT ), ofwi, | 9T ) ar
1 [da,\* 1 vy 1\ * 1 [da\* 1 dvi,\* S
* ok (9_)(2 Tk * ( (9)'(’1 I%_ * ok O’)_Xl + * K ( &)I(’Z _:’ (30
Uy 282 T Uiali2 T 8 U3 T Uiz T a
and finally for the surface area
1 [9A* 1[{ay\* [ay\*[aox* 1 [dvo\* [dvo\*(x*
o) T A e e e o) ) T
A S..S, Y X X/t $.8,] Vl2 X Xy S..S,
1 1 da,\*  [day\* [ ox*
T T @insyan |\ Tl ) LT : 3D
a; In(Sy/a3) X T $1.S,
|
lll. RESULTS duce nucleation rates of iQcm®s), 10*/(cm®s) and

There are not many sources that present experiment&logl(.cnﬁ s) at temperatures 263, 273, 283, and 293 K. For
binary nucleation rates at different temperatures. We angeonsistency, we used the same fits for surface tension, activ-
lyzed the data of Schmitt al.>* who measured the super- ity coefficient, saturation vapor pressures of pure compo-

saturations of ethanolS,) and water §,) required to pro- nents and density as Schmét al. Latent heats of evapora-
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6 T=273K 160 — An,, (exp.)
—_ J=10® /(cm3 s) X An,, (exp.) assuming J, constant +
o J=10* f(om’ 5) 140t @ An, classical
5K v J=10° /(em’ 8) Q ;e (core) classical H
[ ] Experimental points 120 i

100
80
60
40
20

0 20 40 60 80 100 120
An, (exp.)

2.5

FIG. 2. The number of ethanol molecules in the critical cluster. The data is
arranged as a function of the number obtained from experimental data. The
solid line represents one to one correspondence. The error bars terminated
by cross bars are related to the experimental values, and the ones without
cross bars to the classical values.

FIG. 1. The saturation ratio of wate6() as a function of the saturation
ratio of ethanol §,) needed to produce a certain nucleation rate. The up-
permost of the triple dots correspondse 10°/(cnt s), the middle one
J=10%(cm®s) and the lowest ond=10*/(cn®s). The figure shows the
experimental points and our polynomial fits.

alnd dlnd
tion were taken from the work of Schmeling and Sty Any :(F) Si—( 75 0) S, (32
for ethanol and from Preiningt al3*?for water. We fitted a ST ST

fourth order polynomialS, (S, T,InJ)=A+BS+CS+DS  and the excess energy of the critical clugtmmpared to the

+E$ to presens5,, as a function of5; at constant nucleation energy of its molecules in pure bulk liquidis given by
rate and temperature. The coefficients of the polynomial
dalnd alnJg
) kTZ—( ) kT?, (33
S S

A, B, C, D and E were fitted up to second order as *_
functions of InJ and T (for exampleA(T,InJ)=a;+a,InJ X aT aT
+azIn P+ a,T+asT?+agTIn J), to obtainS, as a function
of temperature, nucleation rate an&e_ Figure 1 where the derivatives of the pre-factﬂJ(; are estimated by
shows the experimental points and the polynomial fit at the classical equatiori&gs.(22), (24), and(29)].
=273 K. Figures 2 and 3 show the relative lack of importance of
The fourth-order polynomial produced the best polyno-the pre-factor in evaluating numbers of molecules in the
mial fit to the data, and the fit remains monotonic over thecritical cluster. They also compare the classical predictions
whole range of experimental points. We used our fit to obtairfor these numbers and the ones obtained from experimental
the derivatives of Id with respect taS,, S,,, andT at ex- data. On the axis is the number obtained from experimental
perimental points. Clearly the disconnectedness of the da@ata. The curve representing experimental data is of course a
results in some uncertainty in the derivatives obtained frontraight line indicating one to one correspondence. The
the fit, and all the presented results are subject to this unceRoints forAn;* obtained assuming, is constant shows that
tainty. We did not evaluate any results in the regions bethe contribution of the pre-factor is seen to be almost negli-
tween the experimenta| points since we felt that the uncergib|e, as expected. A|th0Ugh our estimates for the derivatives
tainty would be too large. A physically more well-grounded
fitting formula would be the scaled formula for binary sys-

tems presented by Hat al >3 However, this formula would 20— Ay, (exp.) s
require a knowledge of the bulk mole fractiof of the 200 e constant © ° o
critical cluster which cannot be extracted from the experi- A e el © o °
mental data. Thus we felt that a direct fit to the experimental /
points is more appropriate. The saturation ratios of water are 150
clearly lower pure water than for the water—ethanol mixture.
This causes problems in the parametric fit, and we chose to 100
fit the pure water cases separately. For pure water we fitted
InJ as a second order polynomial §f, and the coefficients 50
were fitted as third-order polynomials ®f The pure ethanol
data of Schmitet al?* were not incorporated into this study. o,
The derivatives of the nucleation rate were interpreted An,’ (exp.)

using Egs(16) and(17) for the derivative of the exponential

function in the nucleation rate, Eq18), together with the FIG. 3. The number of water molecules in the critical cluster. The data is

estimates of the derivatives of the pre-factor arranged as a function of the number obtained from experimental data. The
. . ' . solid line represents one to one correspondence. The error bars terminated
The molecular numbers in the critical cluster are givenyy cross bars are related to the experimental values, and the ones without

by cross bars to the classical values.
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of the pre-factor are based on a clearly inadequate classical T=263K, J=10/cm’s
theory, we can safely conclude that uncertainty in the pre- 120 (o

factor is not important in using the first nucleation theorem. 100 S Aman

We have estimated the sensitivity of the results to the form

of the fitting function by using third-order polynomials in- 80
stead of fourth order polynomialfs.e., by settingE(T,In J)

=0]. The resulting change in the excess numbers is indicated 60
as error bars terminated by crossbars in Figs. 2 and 3. We see 40
that the results are reasonably insensitive to the change in the
fitting function. 20
In the classical theory the cluster reference state is mod-
eled as a spherical droplet that has sharp Gibbs dividing sur- O 07 02 0.3 04 05 08 0.7 08 08 1.0
face between liquid and vapor phases. The difference be- normalised activity fraction

tween the number of mOIGCUI,eS pO.SSGISSGd by the true C|USt'§|I’G. 4. Molecular content of critical clusters. The symbols show the number
and the reference state of uniform liquid encompassed by thg ethanol and water molecules and the total number of molecules in the
dividing surface(referred to as the coyés the surface excess critical cluster. The solid lines are a guide to the eye.
number. Two classical values of molecular number are pre-

sented in Figs. 2 and 3: one represents the number of mol-

ecules in the core of the cluster and the other is the total _ SelSe

number of molecules including surface excess molecules. X”O’m_se/SeoJrSN/SNO'

Once the mole fraction in the core is obtained from &%),
the molecular numbers in the core can be solved from E

(34)

where S, and S5 are the saturation ratios which lead to

, . o TN ) %ucleation rate)=10"/c? s for pure ethanol and water, re-
(24) using V* =4mR**/3=nj v, (X*) +ni01 2(X*). The  gnectively. Although the lowest temperature we studied is
me_thod for evaluating the surface excess numbers is deg3 15 K, we use the valu&s, andS,,, which are valid for
scribed by Laaksoneet al**?° The total number represents T— 260 K, and are taken from Fig. 2 of Viisanehal® The

the actual number of molecules belonging to the cluster; it ihjghest nucleation rate measured by Schrettal?! is J

also the one that can be extracted from experimental data=10°/cm®s. To enable qualitative comparison with Vi-
The core numbers are purely hypothetical and depend on theanenet al,*° Fig. 4 shows our deduced molecular content
choice of the dividing surface between the liquid and vapoiof the nuclei as a function of normalized activity far
phases. We take the dividing surface to be the surface of260 K andJ=10°/cm®s. When comparing with Fig. 3 of
tension, as usual. The error estimates for the classical valuasisanen et al.!® we conclude that our results agree well
are obtained by using slightly modified fits for surface ten-with the earlier ones.

sion, density and activities. It must be noted that the modifi-  Figure 5 shows a comparison between the classical pre-
cations to ethanol and water activities can not be performediction for the excess energy of the critical cluster and the
independently, since the activities have to satisfy the Gibbs-experimental results. Also the contribution of the pre-factor
Duhem equation. Not only the absolute values of these quans indicated. The energy is expressed in urkiig, where
tities, but also their temperature and composition derivatived 0=273.15 K. On thex axis is the number obtained from
must be modified to perform a relevant sensitivity analysis&XPerimental data. The curve representing experimental data
At most, the uncertainty in activities was taken to be 10%,S of course a straight line indicating one to one correspon-
and the density as well as surface tension were modified by
5%.

For water, the classical theory generally overestimates 500
the molecular numbers. The core numbers are far off the 400
experimental results, but taking the surface excess into ac-
count improves the situation considerably. For clusters with 300 1
only a few ethanol molecules the classical theory underesti- I“
mates the number of ethanol molecules in the critical cluster 200 = i k \
severely, and for clusters having many ethanol molecules the
predictions oscillate between underestimation and overesti- 100 — Eom
mation. The surface excess numbers for ethanol are generally iy . ggsg"%j,ﬂ”’m"'
" classic

much smaller than for water. These results point out the im-
portance of surface excess numbers in surface active systems
such as water—alcohol mixtures.

Viisanenet al*® have analyzed their experimental dataFIG. 5. The excess energy of the critical cluster. The data is arranged as a
for water—ethanol mixtures at=260 K for J=10"/ cm° s. function of the number obtained from experimental data. The solid line
Th h | | f th lei f represents one to one correspondence. The horizontal error bars terminated

ey present the molecular content of the nucler as a un(-\‘lc')y cross bars are related to the experimental values, and the ones without

tion of normalized activity fraction defined as cross bars to the classical values.

0
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Ex (exp.)
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FIG. 6. The experimental excess energy of the critical cluster as a function . . .

of the number of ethanol and water molecules in the cluster, for water-rict /G- 7- The experimental excess energy of the critical cluster as a function

clusters. of the number of ethanol and water molecules in the cluster, for ethanol-rich
clusters.

dence. The contribution of the pre-factor is betweerk33  involving latent heats. The surface area derivative produces a
and 38kT, for all the cases, including pure water, and can-small correction, and all the other terms are almost negli-
not simply be neglected. gible. The latent heats of evaporation for water and ethanol
The classical excess energy is evaluated using a temyre quite close to each other, and so from @§) the major
perature derivative ofV*/kT=47R*20*/3, whereR* is  contribution of the pre-factor to the second nucleation theo-
given by the Kelvin equatiofiEq. (24)]. The error bars are rem is fairly independent of the mole fraction of the critical
produced as was done for the excess numbers. Vertical errefuster. This diminishes the error caused by the inaccurate

bars are related to the classical values and are quite signifrediction of critical cluster mole fraction by the classical
cant, since the excess energy as a derivative of the free etheory.

ergy is very sensitive to changes in the composition and
temperature dependence of the activities. Horizontal errog
bars with end bars refer to experimental values and show tha
the energies are fairly insensitive to the specific form of the  We have derived a multicomponent version of the sec-
fitting function. It should be noted, that the experimental andond nucleation theorem which allows us to analyze experi-
classical energies compared in this Figure are not related tmental data on the nucleation of droplets from metastable
clusters of the same size: The experimental energy o the mixtures of vapors. The result of this analysis is information
axis corresponds to certain conditionS,(S.,T), and the on the binding energies of small clusters consisting of only a
classical energy is the excess energy of a cluster that is cofiew molecules of each species. The theorem is based partly
sidered critical in these conditions according to the classicabn thermodynamic identities, and partly on an approximate
theory. We found that the error in classical predictions con-analysis of the growth kinetics of clusters. Together with the
sists of two factors: The critical size is in error, and so is themulticomponent first nucleation theoré¥?® we are then
energy of a given size. It is seen that most often classicahble to produce a plot of energy against molecular content of
theory overestimates the excess energy of a critical clusterthe cluster. This approach provides valuable and unique in-
Figures 6 and 7 show the excess energy of the criticasight into the binding characteristics of small molecular clus-
cluster as a function of the number of ethanol and wateters. We also present an estimate for the significance of the
molecules in the cluster for a number of points derived fromkinetic factor in the multicomponent nucleation theorems.
the experimental data. The clusters rich in water are shown We have applied the analysis to data on the nucleation of
in Fig. 6 and the ones dominated by ethanol in Fig. 7; it turnsiroplets from a mixture of water and ethanol vapdrsVe
out that the data produce two separate groups of points. Datxtract information about clusters which happen to fall into
representing different temperatures were found to be consiswo groups: those consisting mostly of water with a rela-
tent with a single surface and thus they are all combined intdively minor component of ethanol, and vice versa. The larg-
one picture. est cluster studied contained 143 molecules, 29 of which
Figures 6 and 7 give an indication of a fairly smooth were water, and the smallest contained 0 ethanol and 35
energy surface describing various molecular compositions ofvater molecules. The temperatures of the surrounding vapor
the cluster. The dominating terms in EQ9) are the ones ranged from 263 to 293 K, so that the clusters are probably

. CONCLUSIONS
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