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Measurement of the molecular content of binary nuclei. Ill. Use
of the nucleation rate surfaces for the water- n-alcohol series

R. Strey,? Y. Viisanen,” and P. E. Wagner®
Max-Planck-Institut fu Biophysikalische Chemie, Postfach 2841, D-37018ti@gen, Germany

(Received 8 March 1995; accepted 6 June 1995

In two preceding papers the molecular content of binary ethanol-hexanol and water-ethanol
nuclei, respectively, was determined from nucleation rate measurements. While nucleation of
ethanol-hexanol mixtures behaved nearly ideal, a strong mutual nucleation enhancement for
water-ethanol was observed. Here we extend the investigations to include the longer chain alcohols,
that is water—C;H,; . ;OH systems with =2 to 6. Using the nucleation pulse technique developed

in the past few years nucleation rates in the range<dicm 3s '<10° are measured. Ranging

from pure water to pure alcohol the water and alcohol activiagsinda,, respectively, are varied

for each system with about ten intermediate compositions at constant tempdarattifd K. Aside

from a remarkably similar behavior of the various alcohols, one observes that with increasing
alcohol chain length the mutual nucleation enhancement decreases. Since all water-alcohol systems
behave qualitatively similar, we confine ourselves to present the full experimental nucleation rate
surfacel(a;,a,) for one system, watar-pentanol, as an example. From the nucleation rate surface
for each system the onset activities corresponding to a reference nucleation rage- b’

cm 3s ! are determined. From the slopes of the nucleation rate surfaces one obtains the individual
numbers of molecules in the critical clust&f becausel In J/dIna ~ n’. As noted previously,
determining the molecular content this way does not involve any particular theoretical model, nor
does it depend on the structure of the critical cluster. Accordingly, the average composition of the
critical clusters can be obtained. An alcohol enrichment of the nuclei at low alcohol activity fraction
is found for all alcohols examined, the degree diminishing with increasing alcohol chain length. The
appearance of a macroscopic miscibility gap for the higher alcohols is not reflected in any
qualitative change of the composition of the microscopic nucleil®®5 American Institute of
Physics.

I. INTRODUCTION ation has been based on a macroscopic drop nfoBletker

Gas to liquid phase transitions involving several con-and Doing® developed the so-called classical nucleation
densable species occur in various environmentally and tectibeory for unary vapors, which was generalized to binary
nologically relevant situations. Particularly meteorologicalSystems by Volmér” and Reis$.A study by Doyl€ on bi-
processes are strongly influenced by simultaneous condeng2ary homogeneous nucleation has subsequently led to con-
tion of water vapor and various trace gases in the atmosiderable controversy'® The general description of the
sphere. The formation of fog and cloud droplets has receivegtructure of binary clusters is difficult, particularly for non-
considerable attention in recent years because of possibldeal systems, where inhomogeneous distribution and orien-
implications in connection with the evolution of the global tation of the molecules and possibly surface enrichment can
climatel be expected. This has led several authors to consider explicit

Vapor condensation is usually preceded by the formatiorgluster models/™*°
of transient clusters of the condensed phase. In the absence The macroscopic drop models are based on idealizing
of aerosol particles or other nucleation agents providing subassumptions, which may not be fuffilled for the critical clus-
strates for condensation particle nucleation can occur b§ers consisting of 10 to 100 molecules. A treatment based
spontaneous cluster formatién unary (single-component 0N microscopic molecular models might account for the de-
vapors this homogeneous nucleation process genera”y ré&l'@d structure of the clusters. Various cluster definitions
quires considerable vapor supersaturations, which are rarelfave been suggesté:?” However, insufficient knowledge
observed in practical situations. Homogeneous nucleation iAf the intermolecular potentials for interesting molecules has
vapor mixtures, however, often occurs at much lower supersO far precluded quantitative predictions for relevant sys-
saturations. Accordingly, heteromolecular homogeneous niems. Recently progress has come from the density func-
cleation is considered as an important process also for théonal approacti®** Similar deviations from classical nucle-
atmospheré. ation theory as found in experimental studies were observed

The first theoretical description of homogeneous nuclefor selected simple atoms.

The above-mentioned theoretical models for heteromo-
2IT:9 Whﬁngﬂc?rresil)ohdelnlce ts'h(t)UIdsbi ad'drissecjéZE SF-008100 Hols I(_Iecular homogeneous nucleation in binary vapors are based
F:El’gﬁd. eteorological Institute, Sahaajankatu 22E, SF- €SN the assumption that nucleation proceeds through the for-
dInstitut fir Experimentalphysik, UniversitaWien, Boltzmanngasse 5, mation of mixed critical clusters with a certain well-defined
A-1090 Wien, Austria. composition. This assumption, however, may not be valid for
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mixtures of molecules only partially miscible in liquid state.
Little is known so far about the binary homogeneous nucle-
ation of partially miscible liquids. Ragt al?® have theoreti-
cally examined the case of simultaneous occurrence of two
types of critical clusters with correspondingly different com-
positions.

In the present paper we report nucleation pulse measure-
ments of nucleation rates in supersaturated wataleohol
vapor mixtures. While for the nucleation conditions consid-
ered water-ethanol and watespropanol are still fully mis-
cible in the liquid state, the binary systems of water and the
higher n-alcohols exhibit an increasingly larger miscibility
gap. Accordingly, a systematic study of homogeneous nucle-
ation for the homologous series of the watealcohol vapor
mixtures can provide informations on the dependence of the
binary homogeneous nucleation process on the miscibility 0fiG. 1. Schematic diagram showing vapor generation system and expansion
the condensing liquids. As will be shown below, the way thechamber. The vapor generation system consists of vaporizeandV,,
nucleation rate measurements are performed allows genel?(rler gas bottleG gnd mixing receptacl'eR. The expansion chambgr is

. . . . Ivided into measuring sectiokl, expansion volumé& and compression
conclusions regarding size and composition of the correy mec. Connections o a vacuum system are provided.
sponding critical clusters without reference to any specific
nucleation theory® 3! Thereby the nonideal composition of

the critical clusters forming in various wataralcohol vapor .
) . : o cedure, however, can practically only be used for the study
mixtures considered can be characterized quantitatively. . . .y - :
; X . of binary nucleation of fully miscible liquids and is not ap-
The experimentation and evaluation procedures de-,.
licable for the present study.

scribed in this paper can be applied to a variety of carrief In order to allow a unique interpretation of the experi-
gases and vapor m|x_tures. _The pres_ent study can aCtual%ental data obtained and a quantitative determination of
serve as a starting point for investigations concerning atmo- . L .
spherically relevant svstems nucleation rates, it is advantageous to observe the nucleation
P n they next sectic)J/n the .ex erimental procedure is dePTOCeSS in steady state. This requires that the nucleation pro-
: . P ; P cess is decoupled from subsequent condensational growth of
scribed pertinent to the systems studied here. Further detai Re new phase thereby avoiding a self-quenching of the

have been described in preceding papers | aftfiland a . : .

: o : nucleation process. Decoupling of nucleation and condensa-
recent feature article describing the nucleation pulse ME: 1 al arowth can be achieved by removina the arowind par-
thod>2 The full set of nucleation rate data for the water- g y gheg gp

ticles from the sensing volume at a sufficiently high rate.

pentanol system is presented here along with Fhe evaluatlthiS procedure is usually applied in diffusion chambers. Fur-
procedure. The same procedure has been applied to the otfmr

. . _thermore, nucleation and growth can be decoupled by delib-

watern-alcohol systems. Comparisons are performed which e : -
L i X erately terminating the nucleation process after a sufficiently
allow similarities and differences of the various systems to . . ) .
be discussed short time interval before substantial condensational drop

growth has occurred and thus considering a nucleation
pulse®?

II. EXPERIMENT A. Experimental arrangement

Experiments on homogeneous nucleation in supersatu- In this paper we are presenting results of an expansion
rated vapors are frequently performed in three steps. At firsghamber study of homogeneous nucleation in binary vapor
particle free vapors or vapor mixtures with well-defined par-mixtures based on the nucleation pulse method. A detailed
tial vapor pressures are prepared. Secondly, vapor supersatiescription of the experimental system has been given
rations required for significant nucleation to occur are genelsewheré? here we are summarizing those features particu-
erated. In the third step the subsequent nucleation processlaly relevant for the present experiments. In order to allow
detected. As direct observation of the nucleation process ithe generation of vapor mixtures regardless of the miscibility
impossible in most cases, actually the droplets growing subef the corresponding liquids, the vapors are obtained from
sequent to the formation of critical clusters are usually monitwo separate vaporizers. Each vaporizer contains one of the
tored and counted. pure liquids considered. As illustrated in Fig. 1, the vaporiz-

Supersaturated vapor mixtures can be generated bsrsV,; andV, as well as a bottlé&s containing compressed
nonisothermal diffusion currents as occurring in st&titcor  inert gas are separately connected to a thermostated mixing
steady-state floW diffusion chambers, by adiabatic expan- plenumR (volume about 5000 cf via precision metering
sions obtained using expansion chamB&rs?3°-4855hock  valves.
tube4® or supersonic nozzle§;** or by turbulent mixing of For measurement of the gas pressure inflderecision
two gas flows at different temperatur€s=requently the va- pressure transducePs, and P, (full scale ranges of order 1
por mixtures considered are obtained by evaporation fronMPa and 1 kPa, respective)yare provided. The vapor sup-
liquid mixtures with properly chosen compositions. This pro-ply unit, consisting of vaporizerg; andV,, mixing recep-
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tacle R, pressure transducem®; and P,, corresponding porizer. A number of subsequent evacuation steps are then
valve manifold and connecting stainless steel tubes, is placguerformed in order to quantitatively remove any gases dis-
inside a heated temperature controlled box in order to presolved in the liquids.

vent premature condensation of the vapors considered. Via Next the desired vapor-gas mixture with partial vapor
the electronically controlled regulation val®V and a ther-  pressurep(R) andp{}? and partial carrier gas pressp§ is
mostated stainless-steel tube the mixing pleriens con-  prepared in the mixing receptackR. To this end the two
nected to a cylindrical expansion chamber. The thermostategapors considered and the carrier gas are sequentially passed
expansion chamber has essentially three partitions, the actuako the mixing receptacle via precision metering valves. Pe-
measuring chambeM (volume about 25 cf), the low-  riods of at least 15 in are allowed for proper equilibration of
pressure expansion volunte and the high-pressure com- the inside walls of the mixing receptadRe The components
pression volume&. Connections between these partitions areare admitted to the plenumR in the sequence of increasing
provided via the fast-action valvég andV., respectively, partial pressures. Measurements of the total pressure by
which are controlled by a specially designed trigger systenmeans of the pressure transdudeysandP, during and after
(reproducibility better than 5Qus). Via proper valve and each filling step allow direct quantitative setting of the vari-
regulation manifolds the high-pressure compression volumeus partial pressures in the mixing receptaRlendependent

C is connected to a bottl&- containing compressed inert of equilibrium vapor pressure data for the compounds con-
gas, while measuring chambbt and low-pressure expan- sidered. As a result the vapor fractions

sion volumeE as well as the mixing plenuiR are connected

to a vacuum system VAC. Absolute gas pressures in measur- pi/'?) P&/Ri)
ing chambeM and expansion volumie can be measured by W= R R p(R) = p(R) )
the precision pressure transdud®y (full scale range about PviPv2 T Pe ot
150 kPa, the pressure in the compression volu@&an be
determined by the manomet® . The piezoelectric pres-
sure transduceP,, (rise time about 5us) is provided for

guantitatively monitoring the pressure changes inside thg\lith respect to the temperature of the mixing receptatie
measuring chambeévl during the actual nucleation measure- order to avoid condensation inside

ment period. In order to avoid contamination, the measuring Before each measuring run the compression vilyds
chamber is se.parated.from the compression voluthdy closed, the pressure in the compression volUnis set to
means of a flexible but impermeable Teflon membrane. he desired value and the Teflon membrane is moved to a

The actu?l \_/apf_or tmlxture ans'iﬁred _dl_”mg a Sirﬁ'zf Obefined starting position by evacuation of the partition be-
measll:J_remenBsfls rs r:]repartle in the mnf{lnlg recep te' tween Teflon membrane and compression valye Then at
(see Fig. 1. Before each single experimental run a cer aMjaast three measuring chamber volumes of the vapor-carrier

amount of this vapor mixture is passed into the measurin%as mixture are passed from the mixing recept&tarough
volume M of the expansion chamber. Measurements of ho

leati tes | turated the measuring chambé&t and the open expansion valvg .
mogeneous nucleation rates in supersaturaled vapors are pBrl]ring this flushing period the total pressure inside the mea-
formed using the nucleation pulse metiédNucleation

| in th ) | th ted b suring chambeM is measured by the pressure transdier
PUISES In Ih€ measuring volume are then generated by expapy kept at a selectabl®nstantvalue py by means of the

sion and recompression in a well-defined time sequence, t ectronically regulated needle val®V. This procedure is

pressure ratios being kept con_stant during each Series _&ssential for establishing the required equilibrium conditions
measureme_nts. The condensation process oceurring INSI%¢1he inside walls of the measuring chamberlt turned out
the measuring vqumM subsequent to nucleation is moni- that reproducible experiments could only be performed after
tored by a light scattering method. proper equilibration of the chamber walls. After closing the
expansion valvé/g finally the pressure in the expansion vol-
umeE is set to the desired value.

At the beginning of an actual nucleation experim¥git

Before starting a series of experiments, the various partis opened thereby initializing an adiabatic expansion process
of the measuring system are evacuated to a few B@&. The inside the measuring chamblér and subsequently homoge-
temperature of the expansion chamber is set to the desirattous nucleation starts. The expanded supersaturated state,
valueT,, which is kept constant to within I8 K during the  during which nucleation occurs, is maintained for typically 1
whole series of measurements. The mixing plerRiia ther-  ms. Opening oW then causes a slight adiabatic recompres-
mostated with the same precision in order to ensure wellsion inside the measuring chamtérpractically terminating
defined conditions during the filling procedure. The vaporiz-the nucleation process. The pressure changes occurring in-
ersV; andV, are kept at a somewhat higher temperature angide the measuring chambir during the nucleation experi-
the temperature of the box containing the whole vapor supment are monitored by the piezoelectric pressure transducer
ply unit is chosen sufficiently above these temperatures iy, . Expansion pulses with very nearly flat pulse plateaus
order to prevent vapor condensation in any part of the vapoare observed. As described in detail elsewRétage plateau
generation system. After sufficient evacuation a propewalue Ape,,, of the pressure drop as well as the duration
amount of each of the twpure liquids considered in a par- At of the pulse plateau are evaluated from the experimen-
ticular experimental series is passed into the respective vdal pressure signal. Since the initial total presspgen the

(i=1,2) @

of both vapor components in the vapor-carrier gas mixture
are quantitatively determined. During the filling procedure
care must be taken to keep the vapor mixture undersaturated

B. Measurement of vapor phase activities

J. Chem, Phys., Vol. 103, Nc. 10, 8 September 1995
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measuring chambelM has been set and measured before  While practically no new droplets are formed after re-

expansion, the average pressure expansion ratio compression, the droplets formed during the nucleation pulse
continue to grow by condensation of the still supersaturated
pO_Apexpt i Th b 6l fth _
f=—— (2)  vapor mixture. The number concentratiGg,,, of the grow
Po ing droplets is determined by the constant angle Mie scatter-

. . . . . . H 54 : P H
during the nucleation pulse is obtained. Thus taking into acing (CAMS) method2* As described in detail elsewhete,
count the constant valug, of the chamber temperature, the Simultaneous monitoring of scattered and transmitted laser

average nucleation temperature light fluxes and (_:om_parison to Lorenz—Mie the?f’r?ﬁallow
11 absolute determination of the number concentration of grow-
Texpt=ToB ©) ing spherical droplets at various times during the growth

occurring during the nucleation pulse can be calculated. Therocess. No external reference standards are required. As-

ratio  of the specific heats of the carrier gas-vapor mixturesuming that each individual growing droplet corresponds to

is determined according to Richatzlt should be noted that just one nucleation event and that nucleation proceeds nearly

during one measurement series the vapor fracmmdwz in Steady State dUring the nucleation pLﬁéd!he nucleation

and thusk remain unchanged. As the chamber temperaturéaté occurring in the measuring chamber can now be deter-

Ty is fixed andApeypi/Po and thusp are kept at the same mined as

value, a constant nucleation temperatilig,; is achieved

during one series of experiments within a few 1. In ~ Cexpt

fact, all measurements reported in the present paper were JeXp‘_Atexpt' (6)

performed at the same nucleation temperature of 260 K. As

the vapor fractionss, and w, will not change during expan-  The droplet number concentratiofs,,; are typically mea-

sion, the actual partial vapor pressures sured already several ms after nucleation has occurred, when

Puiexpt=BwiPo,  (i=1,2), (4) droplgts have grown to about Oufn in radius. The present

experimental system allows to measure nucleation rates

during nucleation inside the measuring chambkrare ob- ranging from about 10to 10> cm 3s % While the lower

tained from direCtly measurable quantities and without refer‘iimit Of the measuring range is reiated to the minimum num-

ence to literature data on the compounds considered. NoWer of droplets required inside the sensing volume of the

using data on the equilibrium vapor pressupds (T) and  Jjight scattering arrangement, the finite amount of the vapors

PV2¢(T) over thepure liquids considered, the vapor phase available for condensation restricts the size of the condens-

activities ing droplets and accordingly concentrations cannot be deter-
Pyi.expt Bw, . mined beyond a certain_ upper limit. It is notable that the
A expt= 0 - =— po, (i=1,2) (5> CAMS method allows time-resolved droplet growth mea-
Pvie(Texpt)  PielTexpt) surements®®° By means of the CAMS measurements it can

can be calculated. A, w;, and Te,,, remain unchanged therefore be verified that nucleation and condensational
during one measurement series, the vapor phase activitiéisoplet growth are actually decoupled to a large extent in the
a1 expt @Nd &y e are simply selected by proper setting of present experiments. Furthermore influences due to hetero-
the initial total pressurg, inside the measuring chamber.  geneous nucleation in the measuring chaniMecan safely
The ratio of the two vapor phase activities is determined bybe detected by means of the CAMS metfibd.
the composition of the vapor-carrier gas mixture and there-  According to the above described measurement proce-
fore remains constant during one measurement series. dture the nucleation pulse system used in the present study is
should be noted that vapor phase activity and supersaturatigrharacterized by the following featurgg) The partial vapor
are identical for unary vapors. However, these quantitiepressures and the temperature are uniform inside the sensing
have to be carefully distinguished for the case of vapor mix~volume.(2) The partial vapor pressures and the temperature
tures. are practically constant during the period of nucleati®).
Partial vapor pressures and temperature during nucleation
can be calculated in a direct way referring only to data on the
ratios of specific heats of the compounds conside@®dl he
nucleation temperature can be selected independent of the
For detection of the nucleation process the condensgpartial vapor pressures thus allowing to obtain isothermal
tional droplet growth subsequent to nucleation is observeddata sets(5) Vapor mixtures can be generated regardless of
To this end the growing droplets are illuminated by a lasetthe miscibility of the condensing liquid¢é6) Nucleation and
beam, while a photodiode monitors the light flux transmittedgrowth are practically decoupled and steady-state nucleation
through the measuring chamber and a photomultiplier measonditions are achieved7) The observation process has
suring the light flux scattered at a constant forward scatteringegligible influence on the nucleation in the measuring
angle of 15°. At the intersection of the incident laser beanchamber.(8) Heterogeneous nucleation can be experimen-
and the observation cone of the scattered light photomultitally discriminated from homogeneous nucleati¢®). Mea-
plier a comparatively small scattering volume in the center osurement of nucleation rates can be performed quantitatively
the measuring chambé is defined, where the nucleation over ranges of vapor phase activities rather than just deter-
process is actually detected. mination of nucleation onset conditions.

C. Measurement of nucleation rates

J. Chem, Phys., Vol. 103, Nc. 10, 8 September 1995
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IIl. RESULTS water - n-pentanol

Homogeneous nucleation has been studied for five dif-
ferent binary waten-alcohol vapor mixtures. Nucleation
rates were measured over ranges of vapor phase activities at
the constant temperature of 260 K. Argon was used as the
carrier gas. As will be shown below, the nucleation of the
various systems considered exhibits significant differences as
the alkyl chain length of the alcohols is varied from 2 to 6
carbon atoms. However, a similar general behavior was
found. Therefore it is sufficient to describe the actual experi-
mental data for one selected system. In order to illustrate the
results obtained, the waterpentanol system will be dis-
cussed in some detail below.

In (J/em-3s-1)

water-rich

8 9 10

A. The nucleation rate surface

The experimental system described in the preceding sec-
tions, allows to measure the nucleation ratas function of water - n-pentanol

the vapor phase activities; and a, of water and alcohol 24 et
vapors, respectively. Since the vapor mixtures are prepared ®x=.592 s8s
in the receptacld, the ratioa,/a, of the two activities re- 2! OB gas
16 -
a - I
X:
a;tap @ 14 -
[ u}
of the alcohol considered and of the variable 12 - T=260K 1
n-pentanol-rich
10 " ! 1 1 1 1 L |

mains constant during each series of experiments while the
total pressure and thus the activities are changed. Therefore it 20 ¢

a=a’+al. (8) 4 5 6 7 8 9 10 11 12 13 14
a

is useful to consider the experimental nucleation rates as

functions of the activity fraction 18 1

In (J/em3s)

During each individual experimental series perfornxece-

mains constant whila is varied according to changesa){ FIG. 2. Experimental nucleation rates for the watguentanol system
anda, shown as a function dd, wherea = \/a71+ ag anda, anda, are the water

. . . Cfmd alcohol activity, respectively. Note the trend reversal near an activity
In Fig. 2 the experimental nucleation rates are plotteGaction x=0.5, where x=a,/(a; +a,). The full lines are linear least

versusa. The data display a systematic variation with thesquares fits providing In J/5a. The dashed line indicates the reference
activity fractionx of n-pentanol. It can be seen that thelin nucleation ratel,.
versusa representation of the datapoints is quite linear. The
solid lines indicate linear least-squares fits to the data which o L
allow to accurately determine the slopet J/sa at fixed B Determination of onset activities
activity fractionx. As one starts with pure wat¢Fig. 2(a)] In Fig. 3 the intersection of this surface with ag-a,
the slope of the curves increases with increasinghile the  plane corresponding to a fixed nucleation rakg=10’
curves are moved to smallar As x becomes larger than 0.5 cm 3s™! is indicated by the dotted line in this plane. The
the trend reverses until one finally arrives at porpentanol  rate J,=10" cm 3s ™! actually represents the center of our
[Fig. 2(b)]. Concomitantly, the slope of the curves decreasesneasuring range and thus determination of the activitigs
with increasinga. The actual numerical values and the ex-anda,, corresponding to this nucleation ralg is particu-
perimental measurables are presented in Table I. larly accurate. In the following we will refer ta;, anda,,

As shown previousR’ and described in detail in the asonset activitiecorresponding to thesference nucleation
experimental sections of the preceding papers | arfdfl, rate J:
the individual nucleation rate curves measured for various Haye.a50,T)=J ©)
constant ratios,/a, determine a nucleation rate surface in 10,4520, 0
the InJ-a;-a, space. A three-dimensional presentation of the  The onset activities corresponding to the reference
individual InJ versusa curves for waten-pentanol at 260 K nucleation ratel,=10" cm 3s™! are indicated by the full
is shown in Fig. 3. circles on the dotted line in the;-a, plane in Fig. 3. It

As can be seen from Fig. 3, the experimental data of theshould be mentioned that onset activities corresponding to a
individual InJ versusa curves indeed shape a surface in thereference nucleation rate of 1 ¢ths ! have sometimes been
In J-a;-a, space. termed “critical” activities.

J. Chem, Phys., Vol. 103, Nc. 10, 8 September 1995
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TABLE |. Results of the nucleation rate measurements for water- TABLE I. (Continued)
pentanol. Experimental measurables: Initial chamber temperaguia °C),

vapor fractions in the vapor-carrier gas mixtuse (in %), activity fraction D. Ty=32.40 °Cw;=1.5226%w,=0.04168%x=0.385
of n-pentanol in the vapor mixture, initial total pressurg, (in kP3. Ap is 115.46 0.3350 6.58 259.08 5.35 3.35
the measured difference betwegyand the actual pressupg, during the 110.89 0.3352 2.68 259.95 5.15 3.22
nucleation pulseleyp, (in cm~s 1) is the experimental nucleation rate. The  110.89 0.3350 3.68 259.98 5.14 3.21
average temperaturk,,, (in K) and the average vapor phase activitigs 106.50 0.3346 9.87 260.04 4.92 3.07
during the nucleation pulse are calculated using Poisson’s eqU&tip(8)]. 106.50 0.3348 9.d7 260.01 4.93 3.08
106.50 0.3348 8.47 260.02 4.93 3.08
A. Ty=32.25 °Cw;=2.2684%w,=0% Xx=0 102.28 0.3347 2.&7 260.03 4.73 2.95
Po Ap/po Jexpt Texpt a a; 102.28 0.3345 1.7 260.06 4.72 2.94
122 67 0.3347 > &3 26001 851 0 102.28 0.3344 1.67 260.08 4.71 2.94
12267 0.3347 268 260.03 8.51 0 98.23 0.3343 4.46 260.09 4.52 2.82
12267 03346 2.8 260.03 850 0 98.23 0.3352 5.6 259.95 4.57 2.86
120.22 0.3348 188 260.01 8.35 0 98.23 0.3346 4.6 260.05 4.53 2.83
12022 0.3343 1.68 260.08 830 0 94.34 0.3347 8.65 260.03 436 212
115.46 0.3355 4.67 259.89 8.08 0 94.34 0.3349 9.65 259.99 4.37 2.73
115.46 0.3344 4.57 260.07 7.98 0 94.34 0.3347 7.65 260.02 4.36 2.72
115.46 0.3350 4.67 259.97 8.04 0 E. To=32.45 *Cas;=1.2621%w,=0.05346%x=0.492
110.89 0.3344 9.86 260.07 7.67 0 0o Ap/p, Joo Torot a a
110.89 0.3346 7.86 260.03 7.69 0
106.50 0.3350 2.d6 259.97 7.41 0 113.15 0.3350 7.€8 259.98 4.34 4.20
106.50 0.3344 2.6 260.07 7.36 0 113.15 0.3351 7.68 259.96 4.34 4.20
113.15 0.3348 7.48 260.00 4.33 4.19
B. Tg=32.30 °Cw;=2.0485%w,=0.01489%x=0.142 108.67 0.3346 268 260.03 4.15 4.01
Po Ap/po Jexpt Texpt & a 108.67 0.3347 2.68 260.02 4.15 4.02
120.22 0.3350 4 63 259.99 753 1.25 108.67 0.3346 2.€8 260.04 4.15 4.01
120.22 0.3349 5.d8 259.99 753 1.25 104.37 0.3347 6.47 260.02 3.99 3.85
120.22 0.3351 5.68 259 97 754 1.25 104.37 0.3349 6.687 260.00 4.00 3.86
115.46 0.3352 268 25995 7.26 1.21 104.37 0.3347 5.d7 260.03 3.99 3.85
115.46 0.3351 1.58 259.97 7.24 1.20 100.24 0.3346 1.87 260.03 3.83 3.70
110.89 0.3349 6.67 260.00 6.94 1.15 100.24 0.3344 ler 260.07 3.82 3.69
106.50 0.3343 147 260.09 6.62 1.10 96.27 0.3346 2.66 260.03 3.68 3.55
106.50 0.3351 1.47 259.96 6.68 1.11 96.27 0.3346 3.86 260.04 3.67 3.55
106.50 0.3348 1.47 260.02 6.66 1.10 92.46 0.3342 5.85 260.11 3.51 3.39
102.28 0.3344 2.66 260.08 6.36 1.05 92.46 0.3344 8.65 260.07 3.52 3.40
102.28 0.3349 2.6 260.00 6.40 1.06 92.46 0.3347 7.85 260.02 3.53 3.41
‘23 osms 8@  smer 61 100 F To=32.49 “Ciy=101475h,=0.06446%c=0.502
98.23 03348  4.85 26002 614  1.02 Po P/Po Jexpt Tept & 22
98.23 0.3351 7.685 259.96 6.17 1.02 113.15 0.3349 3.88 259.99 3.48 5.04
o _ _ _ 113.15 0.3348 3.63 259.99 3.48 5.04
C. T0—§2)34 Cwl—Jl.7550%w2;0.02769%x—0.265 11315 03351 3.68 259.95 3.49 506
Po PPo et expt & a2 108.67 0.3348 1.68 260.00 3.34 4.84
117.82 0.3351 3.688 259.95 6.33 2.28 108.67 0.3347 1.48 260.01 3.33 4.83
117.82 0.3348 3.68 260.00 6.30 2.27 108.67 0.3347 1.8 260.01 3.33 4.83
117.82 0.3349 3.68 259.08 6.31 227 104.37 0.3346 3.7 260.03 3.20 4.63
113.15 0.3349 1.48 259.08 6.06 2.18 104.37 0.3349 2.6/ 259.98 3.21 4.66
113.15 0.3347 9.67 260.01 6.05 2.18 104.37 0.3347 2.47 260.01 3.20 4.64
108.67 0.3348 3.67 260.00 5.81 2.09 100.24 0.3346 5.86 260.03 3.07 4.45
108.67 0.3348 2.87 260.00 5.81 2.09 100.24 0.3349 6.86 259.99 3.08 4.47
108.67 0.3350 3.67 259.97 5.83 2.10 100.24 0.3348 5.66 260.00 3.08 4.46
104.37 0.3343 5.86 260.08 5.55 1.99 96.27 0.3346 8.85 260.03 2.95 4.27
104.37 0.3346 6.66 260.03 5.57 2.00 96.27 0.3346 7.65 260.02 2.95 4.28
104.37 0.3348 6.86 259.99 5.58 2.01 96.27 0.3347 1.66 260.01 2.95 4.28
100.24 0.3345 8.66 260.05 5.34 1.92
100.24 0.3344 8.5 260.05 534 1.92 G.Ty=32.52 °Cw,=0.8155%w,=0.07791%x=0.685
100.24 0.3345 1.86 260.04 5.35 1.92 Po Ap/po Jexpt Texpt a a
100.24 0.3350 1.8 259.97 .37 1.94 113.15 0.3347 4.8 260.01 2.79 6.07
100.24 0.3349 1.66 259.98 5.37 1.93 113.15 0.3347 4.8 260.01 279 6.07
98.24 0.3350 6.45 259.97 5.27 1.90 113.15 0.3349 4.68 259.98 2.79 6.0
98.24 0.3347 8.8 260.02 5.25 1.89 108.67 0.3350 1.8 259.96 2.68 5.86
D. Tp=32.40 °Caw,=1.5226%w,=0.04168%x=0.385 108.67 0.3347 1.3 260.00 2.68 5.83
Po Ap/po Joo Torot a, a, 108.67 0.3348 1.68 260.00 2.68 5.84
104.37 0.3345 2.67 260.05 2.56 5.58
115.46 0.3350 8.€8 259.97 5.36 3.35 104.37 0.3349 2.47 259.98 2.57 5.62
115.46 0.3349 7.€8 260.00 5.35 3.34 104.37 0.3346 2.87 260.02 2.57 5.59
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TABLE I. (Continued)

G. Ty=32.52 °Cw;=0.8155%w,=0.07791%x=0.685

100.24 0.3347 4.86 260.01 2.47 5.38
100.24 0.3348 5.86 259.99 2.47 5.39
100.24 0.3348 5.46 260.00 2.47 5.38
96.27 0.3345 8.65 260.03 2.37 5.15
96.27 0.3347 9.65 260.01 2.37 5.17
96.27 0.3346 7.85 260.03 2.37 5.16
H. To=32.55 °Cas;=0.6155%cw,=0.09192%x=0.773

Po Ap/pgy Jexpt Texpt a a
115.46 0.3350 3.88 259.96 2.15 7.33
115.46 0.3351 4.88 259.94 2.15 7.34
115.46 0.3350 3.88 259.96 2.15 7.33
115.46 0.3351 4.8 259.95 2.15 7.34
115.46 0.3350 4.88 259.96 2.15 7.33
115.46 0.3349 4.68 259.98 2.15 7.32
110.89 0.3347 1.48 260.00 2.06 7.01
110.89 0.3349 9.7 259.97 2.06 7.03
110.89 0.3347 1.8 260.00 2.06 7.01
106.50 0.3351 1.8 259.95 1.98 6.77
106.50 0.3348 1.&7 260.00 1.98 6.74
106.50 0.3348 1.&7 259.99 1.98 6.74
102.28 0.3345 2.66 260.03 1.89 6.45
102.28 0.3345 2.86 260.04 1.89 6.44
102.28 0.3345 2.6 260.03 1.89 6.45
102.28 0.3348 1.66 259.99 1.90 6.48
98.23 0.3346 5.85 260.02 1.82 6.20
98.23 0.3348 4.85 260.00 1.82 6.22
98.23 0.3347 3.65 260.01 1.82 6.21

l. Ty=32.57 °Cw,=0.4750%w,=0.1162%x=0.848

Po Ap/pg Jexpt Texpt a a;
110.89 0.3348 5.48 260.00 1.59 8.85
110.89 0.3349 5.8 260.00 1.59 8.85
110.89 0.3349 5.88 260.00 1.59 8.85
106.50 0.3347 7.67 260.03 1.52 8.48
106.50 0.3347 9.47 260.03 1.52 8.48
106.50 0.3349 9.87 259.99 1.52 8.51
102.28 0.3346 1.67 260.03 1.46 8.14
102.28 0.3346 1.er 260.05 1.46 8.13
102.28 0.3347 147 260.02 1.46 8.15
102.28 0.3348 1.47 260.01 1.46 8.16
98.23 0.3347 2.6 260.03 1.40 7.82
98.23 0.3345 1.86 260.06 1.40 7.80
98.23 0.3347 1.6 260.02 1.40 7.82
94.34 0.3346 3.65 260.05 1.34 7.50
94.34 0.3346 2.65 260.04 1.35 7.50
94.34 0.3348 4.65 260.01 1.35 7.52
94.34 0.3347 2.85 260.02 1.35 7.52

J.To=32.59 °Caw;=0.2365%w,=0.1368%x=0.929

Po Ap/ Po ‘]expt Texpl ag a
117.82 0.3349 7.€8 259.99 0.84 11.07
117.82 0.3348 7.88 260.00 0.84 11.05
113.15 0.3346 1.88 260.03 0.80 10.58
113.15 0.3348 1.48 260.00 0.80 10.62
113.15 0.3351 1.68 259.96 0.81 10.66
108.67 0.3346 2.687 260.03 0.77 10.16
108.67 0.3348 2.87 260.00 0.77 10.19
104.37 0.3346 5.86 260.03 0.74 9.77
104.37 0.3347 4.86 260.01 0.74 9.78
104.37 0.3349 4.€6 259.98 0.74 9.82
100.24 0.3346 8.€5 260.03 0.71 9.38
100.24 0.3343 7.€5 260.08 0.71 9.33
100.24 0.3348 8.85 260.00 0.71 9.41

K. T¢=32.60 °Cw;=0% w,=0.1502%x=1

Po A p/pO Jexpt Texpt ap az
122.67 0.3348 5.48 259.98 0 12.64
122.67 0.3348 6.88 259.98 0 12.64
122.67 0.3346 6.88 260.00 0 12.61
117.81 0.3345 1.8 260.02 0 12.08
117.81 0.3344 1.68 260.03 0 12.07
113.14 0.3341 3.87 260.07 0 11.55
113.14 0.3344 3.er 260.04 0 11.59
113.14 0.3344 2.67 260.02 0 11.60
108.66 0.3343 8.66 260.05 0 11.12
108.66 0.3341 4.86 260.08 0 11.08
108.66 0.3345 7.6 260.02 0 11.15
104.36 0.3343 1.66 260.05 0 10.67
104.36 0.3345 1.6 260.01 0 10.71
104.36 0.3344 1.6 260.02 0 10.70
102.27 0.3344 4.8 260.03 0 10.48
102.27 0.3344 3.d5 260.03 0 10.48
102.27 0.3343 5.66 260.05 0 10.46

The intersection of the nucleation rate surface and the
a;-a, plane atJ,=10" cm 3s! is shown for waten-
pentanol in Fig. 4, curvé=5. The full triangles in Fig. 4
actually indicate the onset activities, and a,, for water-
n-pentanol corresponding to the reference nucleationJgte
These onset activities are determined with comparatively
high accuracy from the best fits to the individual nucleation
rate curves as shown in Fig. 2.

As can be seen from Fig. 4, water anebentanol sup-
port each other in the nucleation process stronger than ideal
mixtures. This can be judged from the fact that nucleation
occurs at lower activities than expected for a linear combi-

water - n-pentanol

FIG. 3. Three-dimensional representation of the dafen points of Fig. 2
shaping a nucleation rate surfadéa, ,a,). The intersection of this surface
which with a plane at constant nucleation rage=10" cm °s ™! yields the
corresponding onset activitieull points). The line connecting the full

points is a 6th-order polynomial providirdg,/da; at each point.

J. Chem, Phys., Vol. 103, Nc. 10, 8 September 1995



4340 Strey, Viisanen, and Wagner: Molecular content of binary nuclei. 11l

water-CH,, ,OH water-CH,,, ,OH
20 ¥ T T T T T i T 1-00 T T T
181 " T=260 K
16 0.8 -
2
14 =
£ 12 8 0.6
e 2
E 10 -§
S 8 = 041
E 3
= 6 =
4 g 02
S
2 =
0 0.0 !
6 1 2 3 4 5 6 7 8 0.0 0.2 0.4 0.6 0.8 1.0
water activity normalized water activity

FIG. 4. Onset activities corresponding to the reference nucleation rat&lG. 5. Onset activities shown in Fig. 4 normalized by the activities of pure
Jo=10" cm3s7! for the watem-alcohol systems ranging from ethanol water and pure alcohol systerfsg. (10)]. The symbols correspond to those
(i=2) to n-hexanol {(=6). Note the homologous trend. The full triangles of Fig. 4. Note the decreasing mutual nucleation enhancement with increas-

correspond to the full points in Fig. 3. ing alcohol chain lengtf.

nation of the onset activitiea), and a3, for the pure com- « . B2nom i
ponents corresponding to a straight line connecting the onset "™ a3 nomit 82,nom

activities of the pure components. The deviation is appParyt the alcohol considered. Figure 5 shows the normalized

ently largest for intermediate activity fractions. o :
onset activitiesa anda corresponding to the ref-
The smooth curves through the data points in Fig. 4 10.norm 20,rorm P g

. ; erence nucleation ratd, for the watem-alcohol systems
correspond to 6th-order polynomials, which serve to accu

) . considered.
raFer determine the Slqp%‘Z/fyal at fixed reference pucle- It can be seen from Fig. 5 that the mutual enhancement
ation rateJy. As mentioned in the theoretical sections of

930 ; > of nucleation seen most clearly for water-ethanol is appar-
bapers | and IF.’ ~"the slopesyIn J/Ja at fixed activity f_rac- ently reduced with increasing alkyl chain length of the alco-
tion x as o_btalned from the 1a versusa curves in F'g' 2 hol. This might actually have been expected in view of the
together with the sIopeQaZ/agl a.t fixed ‘]‘?' as obta|ngd increasing miscibility gap occurring for the higher alcohols.
from thea, versusa, y curves in Fig. 4 suffice to determine

the number of molecules in the critical cluster. This will be
further discussed |.n't.he next section. C. Measurement of molecular content of nuclei
The onset activities for the other watevalcohol sys- _ -
tems considered in the present study are indicated in Fig. 4 The numbers of molecules in the critical clusters can
as well. A systematic trend of the onset activities of the al-Without reference to any specific nucleation theory be ob-

cohols with increasing molecular chain length toward highertained to a good approximation from the slopes of the nucle-
activities is observed. The shape of thg, versusa,, ation rate surfac® 3! As described above, our measure-

curves, however, remains similar. In particular, no indicationments allow the quantitative determination of the nucleation

of phase separation is found for the three higher alcoholdate surface in the ld—a; —a, space for a fixed temperature
although macroscopic miscibility gaps occur in these sysT. Aside from the respective onset activitiag, and azg
tems. corresponding to the reference nucleation thtethe deter-

In order to demonstrate the systematic change in thélination of the slopes of the experimentally determined
nucleation behavior with varying alkyl chain length, it is nucleation rate surface only requires the knowledgelnfJ/
useful to consider normalized vapor phase activities da at fixed aCtiVity fractionx and&azlﬁal at fixed reference

nucleation rate,.2° The former is the slope of the respective
a steep dotted line in Fig. 3, whereas the latter is the derivative
a; norm:_('T, (i=1,2) (10) of the dotted line in the plane corresponding to the reference

' aip nucleation ratel,=10" cm 3s7! in Fig. 3. Both of these

derivatives can be determined quite accurately from proper
of the vapors considered, whea§, and a3, are the onset numerical fits to the corresponding experimental data. The
activities for the correspondingure vapors, respectively. slopes of the nucleation rate surface and thus the numbers

Correspondingly we introduce the normalized activity frac-nj andn? of the respective molecules in the critical clusters

tion are expressed &5
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water-ethanol water - n-propanol
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FIG. 6. Molecular content of the critical nuclei as function of normalized

activity fraction [vapor composition, Eq(11)] for water-ethanoln} and

n} are the numbers of water and ethanol molecules in the critical nucleus,

respectively. Note the enrichment of the clusters with ethanol on the water

side and with water on the ethanol side. alcohol activities. These are typical observations for all alco-
hols consideredsee Figs. 6 to 10 In each case the number

of water molecules remains quite high, while the alcohol

FIG. 7. As Fig. 6, for waten-propanol.

JlnJ molecules enrich in the clusters at low activity fractions.
n; =~ JIna For quantitative comparison of the different systems the
Ha, average mole fraction
*
e T2 X (14
dayl, oa ny +n3
a5\ 21V ay, da,| 172 of alcohol in the critical clusters may be considered. In this
X1+ a_) T , (12 connection it should be noted that significant spacial nonuni-
10 10 7%y, formities of the critical clusters can be expected, particularly
for nonideal systems. According to the theoretical treatment
dind : ; 30
ni ~ in the preceding papefe® as well as from the thermody-
d1na; a namic derivation by Oxtoby and Kashchi&vit is clear,
dlnd ay\ 212
~20 5| [ A
X 10 water - n-butanol
80 T T T T
ay, da,| |71
g20 792 (13) 70 - T=260K -

In Figs. 6 to 10 the numbers* andn} of molecules in 60

the critical clusters are shown for all systems studied.

A quite similar shape of the curves is observed for all
systems. For the waterpentanol system presented here in
detail the measured numbers of water molecutss,
n-pentanol molecules’ , as well as the total number of
moleculen} + n3 in the critical clusters, are shown in Fig.

9 as function of the normalized activity fractiog,q,,, of
n-pentanol. Considering theormalizedactivity fraction al-
lows to present the data as evenly spaced points in the fig-

50

40

30

20

10

number of molecules in nucleus

ures. As can be seen, aside from experimental scatter, the 0 s ' ' : )
number of water molecules] in the nuclei remains quite 0.0 0.2 0.4 0.6 0.8 1.0
high until x,,,,,;=0.8 and it even exhibits a slight maximum. water  Dormalized activity fraction | o .
The number ofi-pentanol molecules} increases monotoni-

cally, but shows an enrichment of-pentanol at very low FIG. 8. As Fig. 6, for waten-butanol.
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water -n-pentanol water-C;H,;. ;OH
P alcohol it72i+1
60 3 T T T
T=260 K 1.0 . < . . )
z "z 08
g SR
g =
: £
E ‘g 0.6
= =9
z £
e o 04
(=] (2] o
z E
=) [Z]
: -
2 0.2
g
=
: 0 [m: 1 1 I ! \J )/
0.0 0.2 0.4 0.6 0.8 1.0 0.0 . ! ' !
normalized activity fraction 0.0 02 04 06 08 1.0
water n-pentanol water  hormalized activity fraction alcohol
FIG. 9. As Fig. 6, for waten-pentanol. FIG. 11. Average compositions of critical nuclgf, as function of normal-

ized activity fraction where}, = n3/(n} + n}). The symbols correspond
to those of Figs. 4 and 5. The ideal case of identical molecules is indicated
as straight dashed line. Note the enrichment of the nuclei with alcohol on the

however. that the determination of the number of each typ(\,_évater side and with water on the alcohol side for all systems.

of molecules in the critical clusters from the slopes of the
nucleation rate surface is insensitive to and independent d¥. DISCUSSION
the actual structure of the clusters. A comparison of the ava_molecular content of unary nuclei

erage mole fractiong}, is presented in Fig. 11. ) .
A quite similar behavior of all systems considered is  1he measured numbers® of molecules in the critical

observed. As can be seen the alcohols are enriched alreafly'Stérs for the six unary systems considered, namely water
for low alcohol activity fractions. On the other hand also @d the fiven-alcohols GH,i,,OH (i=2,...,6) areindi-
water is enriched for low water activity fractions. Therefore, €at€d as function of the carbon chain numbey the full

the average mole fractions, of the critical nuclei shape circles in Fig. 12. No_te that water can formally b_e considered
sigmoidal curves deviating systematically from an ideal cas@S the compound with carbon chain number0 in the ho-

of identical molecules that would correspond to the dashed'0!0-

line in Fig. 11.
CiH,;. OH
80 T T T T T
water - n-hexanol 70 - { _
60 + T x . %
60 -~ —
T=260 K
50 .
g 50 - é : .
E
= 40 b n*@ L _l
= n *+n,* @40 ¢ g
3 ’ 30 8_ L/
5 30 N 5
¥
E 20 - mho -
E 20
)
i 10 b _
2 T=260 K
s 10
= 0 ! I L | !
= 0 1 2 3 4 5 6
0= L o) .
00 02 04 06 08 1.0 !
t normalized activity fraction n-hexanol
water FIG. 12. Measured molecular content for pure water and the pure alcohols
CiH,..,OH (full symbols. The predicted numbers according to the Gibbs—
FIG. 10. As Fig. 6, for waten-hexanol. Thomson equatiofiEg. (15)] are shown for comparisofopen symbols
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gous series ofh-alcohols and may therefore be representedn the homologous series, where the macroscopic phase be-
together with then-alcohols in the same graph. It should be havior changes from miscible to partially miscible.
mentioned that the hydrocarbon chain is crucial for the alco-  Performing the analogous considerations for g
hol to act as an amphiphile. In a forthcoming paper on theurves on finds on the water-rich side an enrichment of the
binaryn-nonanen-alcohol systems we shall show that in this clusters with alcohol for all systems. This enrichment was
connection water actually appears to behave as the first hopt unexpected, because alcohols are surface active and
mologue in the (H,; , ;OH series. _ lower the surface tensions which in turn makes nucleation
_ For comparison the numbers of molecules in the unary,,qier However, the enrichment decreases with increasing
critical clusters were also calculated according to the GlbbsT’;\Icohol chain length. At closer consideration also this trend
Thomson equation appears plausible, if one conceives the cluster to be divided
i 4mr*3  32mwav into bulk and surface regions: As the chain length of the
n®= 30 3(kTIn ag)®’ (15) alcohol increases, even at constant surface activity, the in-
_ " _ _ ~ creasing tendency of hydrocarbon chain incompatibility with
wherer* is the corresponding radius of the unary critical water (the hydrophobic effe€?) could lead to a depletion of
cluster anda, is the respective onset activitgupersatura- the interior of the water-rich cluster. Macroscopically, the
tion) of the unary vapor considered,, and o denote the  soubility of alcohols drops from about 7 wt % farbutanol
macroscopic/alues of molecular volume and surface tensionyg 1 wt % for n-hexanol. Therefore. the overall number of
of the condensing unary liquid, respectively. In the calcula-yiconol molecules in the clusters is expected to decrease.
tions for alcohols we used the surface tensions measured by 1o above described enrichments with water and with

Strey and Schmelinj, the densities compiled in the same alcohol are clearly observed by considering the average mole

baper, _and the equilibrium vapor pressures measured bf¥actions of the critical clusters as shown in Fig. 11. Further-
Schmeling and Stre}# For water we used the parameters . . . )
more it can be seen from Fig. 11 that critical clusters with

given by Viisanenet al?® The predictions by the Gibbs— - . )
verage compositions ranging continuously from pure water

Thomson equation are indicated as open circles in Fig. 1t lcohol tound for all alcohol idered. Thi
showing quite good agreement with the corresponding ex2 Pure aicohol were found for all aiconols considered. This

perimental data for all compounds considered. The overaff Particularly notable for the higher alcohols, where macro-

agreement will even be improved considering that the eX_scopic phase separation is expected for mole fractions of

perimentaln* contain a small contribution amounting to @/cohol between about 0.1 and 0.7. Apparently binary water-
about 1 or 2 molecules from the variation of the prefactordlcohol microclusters are forming regardless of macroscopic
K.252% |t surprises how accurately the macroscopic droplefhase separation. In this connection it should be noted, how-
model is accounting for the properties of microscopic clus-€ver, that the data on macroscopic solubility refer to bulk
ters containing only 30 to 70 molecules, particularly in view properties of the systems considered. Due to possible enrich-
of the fact that macroscopic parameters are used in the cament effects at the surface of the small critical clusters their
culation. The quantitative agreement shown in Fig. 12 is conaverage mole fractions,, may not be directly comparable to
sistent with the qualitative observation that the slopes of exthe corresponding bulk properties available from macro-
perimental nucleation rate versus supersaturation curves aseopic measurements.
often correctly predicted by the classical nucleation theory  For the water-ethanol system we demonstrated in the
even if the actual values of the nucleation rates are differingrreceding paper 1 that the essential features of the experi-
by several orders of magnitudg®®4¢.% mentaln¥ , n3, andn} + n} curves are surprisingly well

accounted for by a simple cluster mod®The idea of Mira-

bel and co-workers to apply the Guggenheim treatment of
B. Molecular content of binary nuclei the planar water-ethanol surface teng?otl) calculate the

Considering th . f five bi ¢ h . surface energy of small clusters was further developed by
__~onsidering the series of Tive binary Systems SNOWN 1 o sonen and Kulmaf:1°A generalization to the case of
Figs. 6 to 10 one finds quite similar behavior. An at first

sight somewhat unexpected feature is the enrichment JT)artlaIIy miscible binary systems is the next step. However,

the alcohol clusters with water. Checking macroscopicOne will have to develop a tractable way of treating the re-

water-GH,, ;,OH phase diagrams for>3 one finds that gion of partial miscibility for which neither surface tension
1241 ilibri

there is approximately a 20 wt % solubility of water in alco- N°" €quilibrium vapor p_ressuresé;:;snsé)g measured.
hols nearly independent f In terms of mole fractions this It has been recognized bef that the classical

means that for mole fractions of water up to about 0.3 therdh€ory of binary homogeneous nucleation fails to describe
is no phase separation to be expected. the nucleation behavior for nonideal mixtures. Moreover, at

For each system there is a maximum or hump of thePresent there is apparently no theory available, which allows
n% curve on the alcohol side. Considering the water side oft thermodynamically consistent treatment of homogeneous
the n¥ curves we observe that for the short chain alcoholgiucleation of partially miscible liquids. Accordingly, at this
then} are located above a straight line connectingrifieof ~ point we have no theory which would allow a quantitative
pure water with zero fox,,=21. The opposite is true for the prediction of our experimental results. A theoretical descrip-
long chain alcohols. The corresponding crossover is obtion of homogeneous nucleation for systems which show
served between-propanol anch-butanol, those compounds nonideal behavior or partial miscibility is urgently needed in
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TABLE II. Onset activities for water &;)-n-alcohol @,,) systems for  TABLE II. (Continued)
T=260 K. The corresponding molecular contedjt andn} of the critical

clusters according to Eqgs. 12 and 13 are also given. E. watern-hexanol
219 20 ny n;
A. water-ethanol
as 2o n n3 5.10 5.15 17.6 11.3
4.16 6.54 15.0 15.4
0.00 3.20 0 70.7 3.36 8.00 13.2 16.9
0.67 2.58 16.2 58.3 2.69 9.50 13.9 18.5
1.21 2.05 30.6 51.0 2.07 11.4 13.9 20.6
1.60 1.61 37.8 43.3 1.46 13.8 11.7 24.5
2.04 1.29 39.5 36.1 0.80 17.0 5.8 30.2
2.46 1.05 32.0 26.0 0.00 18.5 0 31.8
2.93 0.85 29.5 22.6
3.52 0.64 30.6 20.9
4.27 0.46 32.4 16.5 i ) . L A
5.44 0.26 37.9 1.7 view of various practical applications. Our data compiled in
6.34 0.14 36.7 6.6 Table II should provide a useful basis for testing such a
7.50 0.00 34.2 0 theory.
B. watern-propanol
a0 a0 nt n C. Accuracy of the results
782 0.00 329 0 As has been discussed in more detail elsewffeeerors
6.95 0.22 313 4.4 of the experimental nucleation rates will not exceed a factor
6.10 0.40 31.0 75 of 2. The calibration procedure for the piezoelectric pressure
5.05 0.75 30.0 11.9 transducer involves comparison of the voltage from the
‘3"‘112 i'g; 22'421 ;g'i charge amplifier to the reading of the Baratron pressure
205 175 29.0 271 transd_ucer on _the time S(_:ale of second_s._ As the pressure
236 211 28.4 28.2 pulse is occurring on the time scale of milliseconds, an ob-
1.88 2.61 25.5 30.8 served drift of the pressure signal in between these time
1.87 2.59 25.2 30.3 ranges may lead to an inaccuracy of the temperature during
égg 431'83 ig? 32'5 nucleation of upa 1 K onabsolute scale. We are presently
0.00 1.66 0 513 examining this effect in more dF..‘t{:ll'l. It would result in a
systematic decrease of the activities by a few percents,
C. watern-butanol . equivalent to an increase in nucleation rate by a factor of 2.
410 320 M n2 This error, however, will not affect the comparison between
8.10 0.00 34.1 0 the various systems considered, because all measurements
6.58 0.72 34.8 10.2 reported would carry the same error. In this connection the
518 1.30 28.8 15.3 essential feature is the reproducibility of the nucleation tem-
4.23 1.80 26.2 18.6 T . i~
3.48 231 299 200 perature, which is typically 0.05 K. The reproducibility of
290 291 24.8 23.2 the whole set of nucleation rate curves may be judged from
2.34 3.50 22.9 24.7 Table I. For each of the five binary systems one nucleation
1.82 4.34 21.4 30.3 rate versus activity curve for pure water has been measured.
1.34 526 215 45.5 The corresponding onset activities vary between 7.50 and
1.02 5.77 16.5 46.7 . . L
071 6.35 8.0 419 8.10 with an average of 7.78 and relative standard deviation
0.00 7.22 0 47.8 of 0.028. The slopes of these five nucleation rate versus ac-
D wat ol tivity curves for pure water determine the numb®r of
. o watern-pen ar:i s water molecules in the critical nuclei. The corresponding ex-
- 20 ! 2 perimental values of¥ vary from 32.4 to 34.2 with an av-
7.68 0.00 32.4 0 erage of 33.3 and relative standard deviation of 0.024.
6.63 1.10 27.5 4.7
5.65 2.04 24.0 9.5 V. CONCLUSIONS
4.64 2.90 18.2 13.4
3.79 3.67 16.6 15.8 A comprehensive set of data on homogeneous nucleation
3.11 4.50 17.3 17.8 in watern-alcohol vapor mixtures at fixed temperature has
igg 2'22 5(7) ;gé been obtained. Our measurements confirm and extend results
145 8.08 15.0 20.8 SO far_avalle_lble in the I|te_rature. Strong deviations frqm the
0.76 9.96 6.8 343 behavior of ideal vapor mixtures were observed. Considering
0.00 11.3 0 375 the onset activities in Fig. 4 we find that water and
n-alcohols mutually enhance nucleation. However, this ap-
E. watern-hexanol . ] ]
* % parently happens irrespective of the alcohol chain length,
Ao azo n; N, L. e L
which is somewhat surprising in view of the fact that water
7.82 0.00 2.9 0 and the higher alcohols exhibit macroscopic miscibility gaps.
6.15 3.62 20.0 7.9

Normalizing the onset activities in Fig. 5 reveals that the
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