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Condensation nucleation light scattering detection in principle works by converting the
effluent of the chromatographic separation into an aerosol and then selectively evaporat-
ing the mobile phase, leaving less volatile analytes and nonvolatile impurities as dry
aerosol particles. The dry particles produced are then exposed to an environment that is
saturated with the vapors of an organic solvent~commonly n-butanol!. The blend of
aerosol particles and organic vapor is then cooled so that conditions of vapor supersatu-
ration are achieved. In principle, the vapor then condenses onto the dry particles, growing
each particle~ideally! from as small as a few nanometers in diameter into a droplet with
a diameter up to about 10mm. The grown droplets are then passed through a beam of
light, and the light scattered by the droplets is detected and used as the detector response.
This growth and detection step is generally carried out using commercial continuous-flow
condensation nucleus counters. In the present research, the possibility of using other
fluids than the commonly usedn-butanol is investigated. The Kelvin equation and the
Nucleation theorem@Anisimov et al. ~1978!# are used to evaluate a range of fluids for
efficacy of growing small particles by condensation nucleation. Using the available ex-
perimental data on vapor nucleation, the correlations of Kelvin diameters~the critical
embryo sizes! and the bulk surface tension with dielectric constants of working liquids
are found. A simple method for choosing the most efficient fluid, within a class of fluids,
for growth of small particles is suggested. © 2003 American Institute of Physics.
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1. Introduction

1.1. Background

Condensation nucleation light scattering detect
~CNLSD! is a relatively new aerosol-based analytical se
rations detection technique, which was first introduced a
detector for high-performance liquid chromatograp
~HPLC! by Allen and Koropchak~1993!. Among the goals of
the CNLSD project is the development of sensitive and u
versal detection for various analytical separation metho
such as HPLC and capillary electrophoresis~CE!.

CNLSD in principle works by converting the effluent o
the chromatographic separation into an aerosol—gener
using pneumatic nebulization for liquid chromatographic a
electrospray~ES! for capillary electrophoretic separation
@see Szosteket al. ~1997!#—and then selectively evaporatin
the mobile phase, leaving less volatile analytes and nonv
tile impurities as dry aerosol particles. The dry particles p
duced are then exposed to an environment that is satur
with the vapors of an organic solvent~commonlyn-butanol!.
The blend of aerosol particles and organic vapor is th
cooled so that conditions of vapor supersaturation
achieved. In principle, the vapor then condenses onto the
particles ~condensation nucleation!, growing each particle
~ideally! from as small as a few nanometers in diameter i
a droplet with a diameter up to about 12mm @Agarwal and
Sem~1980!#. The grown droplets are then passed throug
beam of light, and the light they scatter is detected and u
as the detector response. This growth and detection ste
generally carried out using commercial continuous-flow co
densation nucleus counters~CNCs! @e.g., see McMurry
~2000!#—often referred to as condensation particle count
~CPCs!—although much of the early work was done with
home-built detector@e.g., Allen and Koropchak~1993!#. The
CNC most commonly used for CNLSD is the UCPC 3025
~TSI, St Paul, Minnesota!.

This growth of nanometer-sized particles into 12mm drop-
lets is a process with very large gains in mass (;1011) and
light-scattering efficiency~compared to detecting the dr
particles directly without growth!. In analytical chemistry
terms, the limit of detection~LOD! achieved has been as lo
as 10mg•L21 in some cases and calibration curves ha
been found to be generally linear. Two reviews of CNLS
have been published@Koropchaket al. ~1999!; Koropchak,
et al. ~2000!#.

As a first approximation, the response of CNLSD for ca
illary separations depends on the overlap between the de
tion efficiency curve~DEC! of the CNC and the particle-siz
distribution ~PSD! of the dry aerosol particles. The size o
these dry particles is related to the initial wet droplet dia
eter (dwet), nonvolatile concentration (C), and density~r! by
an equation derived from simple volume–density relatio
ships@see also Chenet al. ~1995!#:

ddry5dwetS C

r D 1/3

.
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13891389VAPOR NUCLEATING CRITICAL EMBRYO PARAMETERS
Since the size of the particles increases with increas
analyte concentration, and since the detection efficiency
creases for larger particles@e.g., Kestenet al. ~1991!#, the
response becomes greater for higher concentrations. T
the smallest analyte concentration that can be dete
~LOD! is limited by the lower-size threshold for partic
growth in the CNC~assuming that nonvolatile contaminan
in the background are not a limiting factor!. Thus, if the size
threshold could be lowered, smaller particles could be
tected and the sensitivity of the detector would be improv

The advantage of lowering the size threshold for parti
detection from about 3 to about 2 nm or less is illustra
schematically in Fig. 1. This figure shows the overlap of t
detection efficiency curves, DEC-A, having a size thresh
of less than about 2 nm and DEC-B having a size thresh
of about 3 nm, with two particle size distributions: PSD A f
a lower analyte concentration and PSD B for a higher ana
concentration. DEC-A represents the curve when usin
fluid with a lower Kelvin diameter~e.g., glycerol!, while
DEC-B represents the curve when usingn-butanol as the
condensing fluid. A CNC with DEC-A would grow and de
tect most of the particles in PSD A and virtually all of th
particles in PSD B, while a CNC with DEC-B~e.g., TSI
UCPC 3025A! would grow only PSD B usingn-butanol va-
por.

Another illustration is given in Fig. 2, which gives a ca
toon depiction of particles of different sizes that could
grown if different condensing fluids were used. For CNLS
a lowering of the detection limit~LOD! by almost 1 order of
magnitude can be predicted based on a lowered size thr
old for particle detection from 3 to 1.5 nm, provided th
nonvolatile background material is not a limiting factor.

In the present research, the possibility of using other flu
than the commonly usedn-butanol is investigated. The
Kelvin equation and the Nucleation theorem@Anisimov et al.
~1978!# are used to evaluate a range of fluids for efficacy
growing small particles by condensation nucleation.
simple method for choosing the most efficient fluid, within
class of fluids, for growth of small particles is devised.

1.2. Prior Work and Present Need

The key step in a condensation nucleation process is
increase in apparent size of a small particle by condensa
of a vapor onto the particle. Continuous flow CNCs have
to this date sometimes employed ethanol, but most o
n-butanol, as the condensing fluid@e.g., McMurry ~2000!#.
The most popular commercial CNCs, the TSI 3000-ser
introduced with the TSI 3020@Agarwal and Sem~1980!#, all
usen-butanol. This fluid was apparently chosen becaus
absorbs less water than the initially investigated isopropa
and because its vapor pressure at near ambient tempera
is suitable for growing droplets large enough for optical d
tection. Butanol vapor diffusivity in air is also low enough s
as to provide a low rate of vapor depletion to the conden
wall @McMurry ~2000!#. Recently, water has also been us
as the condensing fluid in a continuous flow modifi
g
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mixing-type CNC@Parsons and Mavliev~2001!#. This instru-
ment was characterized by a lower size threshold for part
detection of about 12 nm. However, because of hardw
constraints, the instrument was not optimized for small p
ticle detection, but rather for prolonging the life of the the
moelectric cooler modules used in the condenser. The
thors pointed out that one difficulty associated with the u
of water is the prevention of rampant microbial growth in t
system.

Water has previously been studied as the condensing
in various systems. Besides C. T. R. Wilson’s early work@see
Wilson ~1927!#, examples include studies of the siz
analyzing nuclei counter@Liu et al. ~1984!; Porstendo¨rfer
et al. ~1985!# and of a noncontinuous expansion type CN
@Helsper and Nießner~1985!#.

Some work has also been done with fluorinated hydroc
bons@e.g., see McDermottet al. ~1991!#. However, the cost
of continuous operation with this type of fluid is often pr
hibitive @Parsons and Mavliev~2001!#. Glycerol has been
used as the condensing fluid in the particle growth sys
~PGS!, which was tested for particles in the 3.9–70 nm s
range@e.g., Rebourset al. ~1996!#. However, no systematic
study of a wide range of fluids has been found in the lite
ture.

For CNLSD detection, an ability to detect smaller a
smaller particles generally translates into an ability to det
lower and lower concentrations of analyte~assuming that
nonvolatile background material in the buffer or mob
phase is not a limiting factor!. This is especially true for
CE–ES–CNLSD, where empirical data@Magnusson~2002!#
indicate that the LOD of the system is limited partly by th
inability of the best commercially available CNCs, i.e., t
TSI UCPC 3025A, to grow and detect particles smaller th
about 3 nm in diameter@Stolzenburg and McMurry~1991!;
Kesten et al. ~1991!#. Thus, the sensitivity of CE–ES–
CNLSD is limited by the UCPC size threshold for partic
detection. It should be mentioned that Wiedensohleret al.
~1997! reported a size threshold as low as 2.0 nm for the T
UCPC 3025A. However, the lower cutoff may have be
biased because of the use of differential mobility analyz
~DMAs! unsuitable for generating monodisperse particles
this low-size range. Too low size thresholds may have b
reported due to diffusion in these DMAs, as suggested e
where@Gamero-Castan˜o and Ferna´ndez de la Mora~2000!#.
These authors note further that the issue is complicated
the fact that the particles generated in DMAs are gener
charged, which facilitates condensation, and, in some ca
~positive ions in dibutyl phthalate vapors! enables detection
even of subnanometer nuclei. On the other hand, other in
tigators have reported lower-size limits of about 3.5 nm
TSI’s UCPC 3025 A@Alofs et al. ~1995!#. With these consid-
erations and conflicting data in mind, the manufactu
claimed lower size threshold of about 3 nm for this partic
counter, supported by theoretical calculations, is taken as
true threshold.

The limitation in size threshold has become increasin
important. For example, even if the size threshold could
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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13901390 MAGNUSSON ET AL.
lowered only from about 3 to 2 nm, the volume or mass
the smallest detectable particle would be reduced by thre
four fold. This would lead to instruments with improved c
pabilities, extending the sensitivity of CNCs to smaller p
ticles, which would lead to improved sensitivity in CNLSD
It would also permit detection of smaller particles in sca
ning mobility particle sizer~SMPS! systems and other sys
tems using CNCs.

1.3. Organization of Paper

In Sec. 2, the current scientific background for selecting
the working liquid for CNLSD is presented. The Kelvin d
ameter will be adopted as a suitable approximation for
size of critical embryos for heterogeneous vapor nucleat
The influence of physical and chemical properties on hete
geneous nucleation are discussed, and the prediction
critical supersaturation using nucleation theory are con
ered. In Sec. 3, critical vapor saturation as a limiting con
tion for the condensation growth of heterogeneous seed
discussed. Section 4 contains the description of the me
for choosing the best working fluid. Here the correlations
Kelvin diameter with the dielectric constant and dielect
constant with the bulk surface tension are introduced.
nally, the strategy for selection of the working liquid fo
CNLSD is summarized in Sec. 5.

2. Present Method

2.1. Kelvin Diameter

It is customary to identify the condition for growth of
nucleus into a drop as that when this growth proceeds w
out an activation barrier. This corresponds to the diamete
the critical embryo, given in the classical nucleation theo
~CNT! by the Kelvin diameter, and, more in general, by t
Nucleation theorem. This diameter decreases with an
creasing saturation ratio, but only to a point, when the sa
ration ratio reaches acritical value ~the saturation ratio
where one droplet per cubic centimeter and second is for
by homogeneous nucleation from vapor!, the working fluid
in the UCPC will start to condense on itself, growing in
detectable droplets, thus producing false particle counts.
ter the critical value is reached, the number of dropl
grown by homogeneous nucleation increases exponent
with increased supersaturation. It is this onset of homo
neous nucleation that puts the size-threshold for instrum
operated withn-butanol as the condensing fluid at about
nm.

The critical supersaturation is different for different fluid
however @e.g., Heist and He~1994!#, and homogeneou
nucleation will thus occur at different saturation ratios d
pending on which condensing fluid is utilized. Measurem
of the critical supersaturation as a function of temperature
various condensing fluids has been a large part of a sig
cant number of articles published since the early to m
1970s@e.g., Katzet al. ~1975!# through the 1980s and 1990
@e.g., Dillmann and Meier~1991!#. The measurements hav
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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most often been made in order to test and/or develop theo
for vapor nucleation, for which a consistent rigorous theo
applicable to all cases has yet to be developed. In more
cent years, with advancement in experimental equipmen
has become more popular to measure the vapor nuclea
rate in lieu of critical supersaturation@e.g., Anisimovet al.
~1998!#. Critical supersaturation data can often be extrac
from nucleation rate data.

The suitability or efficacy of a range of condensing fluid
for the purpose of growing particles as small as possible,
be evaluated by computing the Kelvin diameter based
published critical supersaturation data for each fluid. T
Kelvin diameter depends not only on the saturation ratio,
also on surface tension, molecular weight, density, and t
perature. Of these properties, surface tension and densit
temperature dependent and measurements over various
perature ranges are available in the literature for many flu
Up to this point, no systematic comparison of Kelvin diam
eters at critical supersaturation has been published for a w
range of fluids.

FIG. 1. The overlap of two detection efficiency curves, DEC-A having a s
threshold of less than about 2 nm and DEC-B having a size threshol
about 3 nm, with two particle size distributions; PSD A for a lower anal
concentration PSD B for a higher analyte concentration. A CNC w
DEC-A would grow and detect most of the particles in PSD A and virtua
all of the particles in PSD B, while a CNC with DEC-B~e.g., TSI UCPC
3025A! would grow and detect most of the particles in PSD B, but none
the particles in PSD A.

FIG. 2. A cartoon depiction of spherical particles having diameters of 1
3.0, and 4.0 units, giving a visual idea of the difference in volume or m
of the particles that could be grown and detected using fluids with differ
Kelvin diameters for nanometer sizes.
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However, two difficulties of using the Kelvin equation fo
calculation of the lower size threshold arise. Firstly, a f
reports have found differences in detection efficiency ba
on the origin of the condensation nuclei. Both Helsper a
Nießner~1985! and Porstendo¨rfer et al. ~1985! found differ-
ences in sensitivity between sodium chloride and silver p
ticles in systems operating with water as the condens
fluid. Porstendo¨rfer and co-workers@Porstendo¨rfer et al.
~1985!# suggested that the solubility of sodium chloride a
the hydrophobicity of silver played a role in the finding
Some questions about the validity of these results exist, h
ever, and even if the results are valid, no study of this eff
exists for a range of fluids, i.e., it is not established that
effect is specific to water@e.g., see Rebourset al. ~1996!#.
Kestenet al. ~1991! also found differences in detection effi
ciency of then-butanol operated TSI UCPC 3025 for th
same particle materials~silver and sodium chloride!, but
these differences were relatively small. It is logical to belie
that the free energy barrier for condensation of a fluid ont
particle could be lowered under certain circumstances w
some kind of attraction exists between the fluid and the p
ticle, e.g., when the condensing fluid and the particle ma
rial are prone to reacting with one another@e.g., Magnusson
et al. ~1998!#. Perhaps the observed differences have to
with the charge state of the investigated particles. Howe
the available data are insufficient for establishing a good
oretical description of the phenomena@e.g., see Mavliev
et al. ~2001!#.

On the other hand, close agreement with the Kelvin eq
tion was found for condensation of water onto particles
dioctyl phtalate@Liu et al. ~1984!#. Rebourset al. ~1996! call
the equation ‘‘Kelvin’s law’’ in reference to the calculation o
the size threshold. The results of McDermottet al. ~1991!
and of Stolzenburg and McMurry~1991!, where the lower
size threshold for growth and detection is accurately e
mated using the Kelvin equation, should also be reme
bered. It may be that some of the discrepancies obse
result from the same sources as the uncertainties in the
termination of the lower size threshold, i.e., the use
DMA’s unsuitable for this lower size range. However, it
not the goal of this research to explain the discrepan
observed by some authors, and the Kelvin equation is
sumed to give an accurate estimation of the size thres
from the standpoint of condensation onto different parti
materials.

The second difficulty concerns the fact that the Kelv
equation is based on the approximation of a spherical dro
and that macroscopic properties, such as the bulk liquid
face tension, are employed in the calculations. The valid
of using macroscopic properties to describe highly curv
surfaces with radii of curvature approaching molecular
mensions has been questioned@e.g., Everett and Hayne
~1973!; Melrose ~1966!, ~1972!, ~1989!#. However, it has
been found that the Kelvin equation holds to extraordina
small radii of curvature, down to as small as one or t
molecular diameters for simple liquids@e.g., see Hunter
~1987!#. Measurements of forces of adhesion due to Lapl
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pressure in capillary-condensed cyclohexane betw
crossed mica cylinders have shown that major deviati
from the Kelvin equation do not occur for meniscus ra
above 0.5 nm, suggesting that macroscopic thermodynam
are in principle applicable to such small entities@Fisher and
Israelachvili~1981!; Fisher~1982!#. However, it was found
at the same time that the situation is different for water,
that the Kelvin equation may not be applicable for low
nanometer sized water droplets. Further, Anisimovet al.
~2001! used homogeneous nucleation rate data by Anisim
et al. ~1998! to determine the excess energy of critical e
bryos for glycerol, using a method independent from t
Kelvin equation. It was found that there are only slight d
ferences in surface energy using this method compared to
Kelvin equation.

Most measurements to check the validity of the equat
have been carried out in a three-phase~solid–liquid–vapor!
system~i.e., the system of Fisher and Israelachvili!, which
means that the results obtained may be influenced by spe
solid–liquid and solid–vapor interactions, contact angles a
surface roughness, etc. Fenelonovet al. ~2001! translated
into English the article of Anisimov’s group@Anisimov et al.
~1978!#. Anisimov et al. ~1978! used homogeneous nucle
ation experiments and concluded that the Kelvin equatio
valid with an error not higher than 12%–14% for droplets
radii below 0.7–1.0 nm.

In the common case, the droplet approximation should
limited by the small size of clusters because the assump
that a small cluster can keep the bulk liquid density is un
alistic. Computer modeling of cluster formation from pol
molecules shows that molecules form chains@‘‘polymers,’’
Rein ten Woldeet al. ~1999!#. ‘‘As the cluster size is in-
creased, the polymers become longer. But, beyond a ce
size, the clusters collapse to form a compact globule.’’ T
observation leads to the conclusion that critical embryos
represented by molecular chains up to at least 100 molecu
One hundred or more molecules collapse to globule fo
@Rein ten Woldeet al. ~1999!#. A globule is closer to the
droplet approximation. An impression of Kelvin equation v
lidity arises because the surface excess energy and the cl
density go down simultaneously, with diminishing of th
cluster molecule contents, even if the surface tension is
duced faster than it follows from the droplet approximati
@Anisimov et al. ~2001!#.

In this study we compute Kelvin diameters at the critic
supersaturation as a function of temperature for 30 differ
condensing fluids. The goal or this exercise is to identify
most promising fluids to use in techniques based on cond
sation nucleation processes, e.g., CNLSD, in order to g
and detect as small particles as possible, and thus incr
the sensitivity of the detector. Another goal is to provi
rational criteria for choosing the best fluid, even when e
critical supersaturation data are unavailable.

The Kelvin diameters are calculated based on publis
data for critical supersaturations, surface tensions, molec
weights and densities. Kelvin diameters based on critical
persaturation predicted by the CNT are also reported, as
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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13921392 MAGNUSSON ET AL.
as calculations based on the nucleation theorem. The Ke
diameters for different fluids are then compared and a n
semiempirical method for predicting the best fluid, within
class of fluids, for growing the smallest particles is devis
This method is based upon the relative dielectric cons
within the class of fluids@see also Koropchaket al. ~2000!#.

2.2. Extraction and Prediction of Data

A literature review was conducted to identify data for t
variation with temperature of critical supersaturation, surfa
tension and density for most fluids available from the sci
tific literature. Inorganic materials except water were n
considered due to e.g., unsuitable volatility properties for
in CNLSD.

The fluids for which sufficient data were found and whi
were taken for theoretical evaluation weren-nonane, Freon
11, n-hexane,n-octane,n-heptane, isopropanol,n-pentanol,
propylene glycol, n-butanol, carbon tetrachloride
n-propanol,o-xylene, ethanol,n-butylbenzene, toluene, chlo
roform, methanol, heptanoic acid, 1,1,2,2-tetrachloroetha
trimethylene glycol, ethylene glycol, myristic acid, decano
acid, glycerol, water, acetic acid, acetonitrile, benzonitr
nitromethane, and nitrobenzene. The properties of the flu
given as functions of temperature, are listed in Table 1.

2.3. Surface Tension

Jasper~1972! reviewed and published surface tension d
for a wide range of pure liquid compounds. Data from Jas
were used for ethylene glycol, trimethylene glycol,o-xylene,
toluene,n-butylbenzene, heptanoic acid, chloroform, carb
tetrachloride, and 1,1,2,2-tetrachloroethane. Data
n-heptane,n-hexane,n-nonane andn-octane were obtained
from Jasper and Kring~1955!; for n-butanol, ethanol, metha
nol, n-pentanol andn-propanol from Strey and Schmelin
~1983!; for isopropanol from Lide~1994!; for glycerol from
Vargaftik ~1975!; for water from Vargaftiket al. ~1983!; for
Freon 11 from Heide~1973!, and for decanoic acid from
Hunten and Maass~1929!. For acetic acid and propylen
glycol, the equations given by Heistet al. ~1976! and Kane
et al. ~1996!, respectively, were used. For acetonitrile, be
zonitrile, nitromethane, and nitrobenzene, equations given
Wright et al. ~1993! were used. For myristic acid, an es
mated equation given by Agarwal and Heist~1980! was
used. In the cases where the authors did not provide e
tions, the given data were fit to third degree polynomials,
to straight lines using the method of least squares.

The surface tension equations are only valid within limit
temperature ranges. Extrapolation outside the range w
data were actually collected was avoided as much as
sible, but for chloroform, the line was extrapolated down
220 K, while the equation had been fit to data collected fr
288 K and higher. For carbon tetrachloride, the line w
extrapolated down to 260 K, while the equation had been
to data collected from 288 K and higher. For Freon 11,
line was extrapolated down to 220 K, while the equation h
been fit to data collected from 233 K and higher. F
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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n-butanol, the line was extrapolated slightly above the hig
est data point~up to 320 K, while data were collected up t
313 K!. The surface tension equations and their valid te
perature ranges~when known! are also listed in Table 1.

2.4. Density

Data for methanol, and chloroform were obtained fro
The International Critical Tables~1928!. Data for water,
n-nonane, andn-butylbenzene were obtained fromSelected
Values of Properties of Hydrocarbons and Related Co
pounds~1965!; for n-heptane,n-hexane andn-octane from
Lide ~1994!, for glycerol from Vargaftik~1975!, for o-xylene
and toluene from Hales and Townsend~1972!, and for etha-
nol, n-butanol, n-pentanol, n-propanol, isopropanol and
myristic acid from Costello and Bowden~1958!. The equa-
tion for heptanoic acid was estimated as the average of th
for hexanoic and octanoic acids given by Costello a
Bowden ~1958!. The last four references give experimen
density data for a range of temperatures, and the data we
to third degree polynomials using the method of le
squares. Data for acetic acid were obtained from Timm
mans~1950! and data for decanoic acid were obtained fro
Hunten and Maass~1929!, and these data were fit to straig
lines using linear regression. The equations for ethylene
col, propylene glycol, and trimethylene glycol are estima
equations and were used as given by Kane and El-S
~1996!. For carbon tetrachloride, Freon 11, and 1,1,2
tetrachloroethane, equations as given by Katzet al. ~1976!
were used. For acetonitrile, benzonitrile, nitromethane,
nitrobenzene, equations given by Wrightet al. ~1993! were
used.

Extrapolation of the lines outside the ranges where
data were actually collected was avoided. The valid tempe
ture ranges for the density data for carbon tetrachlori
Freon 11, and 1,1,2,2-tetrachloroethane were not known
these cases, it was assumed that the data are valid in
same range as the data for critical supersaturation. The
sity equations and their valid temperature ranges~when
known! are also listed in Table 1.

2.5. Saturation Vapor Pressure

The saturation vapor pressure,ps, is needed in theoretica
estimations of the critical supersaturation ratio. Since
saturation vapor pressure usually is a required paramete
nucleation experiments, expressions for the temperature
pendence of the saturation vapor pressure are usually
ported in the articles concerning the measurement of crit
supersaturation and/or nucleation rate. These equations
commonly given in the Antoine form, but sometimes in t
Clausius–Clapeyron or another form.

The equations for acetic acid,n-butanol, ethanol, ethylene
glycol, glycerol, isopropanol, methanol,n-propanol, propy-
lene glycol and trimethylene glycol were obtained fro
Yaws~1994! and forn-pentanol from Anisimovet al. ~2000!.
The equation for water was adapted from theIAPWS Indus-
trial Formulation 1997 for the Thermodynamic Properties
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TABLE 1. Density~r!, surface tension~s!, critical supersaturation (Scr), and saturation vapor pressure (ps) for the investigated fluids~references are given in
the text!

acetic acid
M560.05 g•mol21

r51.071621.0914•1023 t g•cm23 ~20–70 °C!
s529.42720.0952t dyn•cm21

ln Scr56.699•1027 T326.934•1024 T210.2204T220.33~290–335 K!
log10 ps528.3756– 2973.4/T27.032• log T21.5051•1029 T12.1806•1026 T2 mm Hg ~290–593 K!

n-butanol
M574.122 g•mol21

r525.245•1029 t322.621•1027 t227.269•1024 t10.8237 g•cm23 ~260–180 °C!
s525.9820.08181t dyn•cm21 ~235.10–39.90 °C!
ln Scr522.912•1027 T313.059•1024 T220.1147T115.88~230–330 K!
log10 ps539.667324001.7/T210.295• log T23.2572•10210 T18.6672•1027 T2 mm Hg ~184–563 K!

n-butylbenzene
M5134.212 g•mol21

r54.434599•10211 t321.846525•1027 t228.036903•1024 t10.87632 g•cm23 ~280–150 °C!
s531.28– 0.1025t dyn•cm21 ~10–100 °C!
ln Scr521.041•1026 T311.089•1023 T220.3953T151.24~220–360 K!
log10 ps56.980821577.008/(T271.819) mm Hg

carbon tetrachloride
M5153.82 g•mol21

r51.6318621.867•1023 t28.914•1027 t222.943•1029 t3 g•cm23

s529.4920.1224t dyn•cm21 ~15–105 °C!
ln Scr52.083•1025 T321.685•1022 T214.522T2400.4~260–280 K!
log10 ps56.933921242.43/(t1230) mm Hg

chloroform
M5119.38 g•mol21

r51.5264321.8563•1023 t20.5309•1026 t228.81•1029 t3 g•cm23 ~253–55 °C!
s529.9120.1295t dyn•cm21 ~15–75 °C!
ln Scr52.496•1026 T321.696•1023 T210.3585T220.59~220–260 K!
log10 ps56.9032821163.03/(t1227.4) mm Hg

decanoic acid„n-capric acid…
M5172.26 g•mol21

r50.9177827.7131•1024 t g•cm23 ~31.9–140.1 °C!
s530.4620.0762t dyn•cm21 ~31.9–151.2 °C!
ln Scr53.962•1027 T323.736•1024 T210.09390T21.757~340–430 K!
log10 ps57.945822203.2/(T2106.4) mm Hg

ethanol
M546.069 g•mol21

r521.431•1028 t319.770•1027 t228.706•1024 t10.8063 g•cm23 ~0–200 °C!
s523.8820.08807t dyn•cm21 ~250.74–39.70 °C!
ln Scr522.588•1027 T312.6205•1024 T220.09328T112.089~210–300 K!
log10 ps523.844222864.2/T25.0474• log T23.7448•10211 T12.7361•1027 T2 mm Hg ~159–516 K!

ethylene glycol
M562.069 g•mol21

r51.134720.1026•1022 t20.7094•1026 t2 g•cm23 (7-116 °C)
s550.2120.0890t dyn•cm21 (20-140 °C)
ln Scr53.312•1027 T323.094•1024 T210.08932T26.036~284–362 K!
log10 ps582.406226347.2/T225.433• log T22.3732•1029 T18.7476•1026 T2 mm Hg ~260–645 K!

Freon 11 „CCl3F…
M5137.38 g•mol21

r52.0505921.34278•1023 T23.81417•1026 T211.10719•1028 T321.62766•10211 T4 g•cm23

s521.0720.1256t dyn•cm21 ~240–100 °C!
ln Scr54.541•1025 T323.040•1022 T216.759T2497.0~215–232.5 K!

glycerol
M592.095 g•mol21

r51267.41420.317869t22.810384•1023 t222.751878•1027 t3 kg•m23 ~20–240 °C!
s559.8933•102321.62217•1025 t24.61913•1027 t215.15906•10210 t3 N•m21 ~20–150 °C!
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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TABLE 1. Density~r!, surface tension~s!, critical supersaturation (Scr), and saturation vapor pressure (ps) for the investigated fluids~references are given in
the text!—Continued

ln Scr529.868•1026 T319.324•1023 T222.961T1319.5~283–331 K!
ln Scr521.167•1026 T311.308•1023 T220.4983T167.26~320.1–390.3 K!
log10 ps5262.792923658.5/T134.249• log T20.05194T12.283•1025 T2 mm Hg ~291–723 K!

n-heptane
M5100.203 g•mol21

r5
100.203* 1023

0.16469•1022
•0.26074~11~12T/540.26!2/7!

kg•m23~183 – 538 K!

s522.1020.0980t dyn•cm21 ~0–90 °C!
ln Scr521.8255•1026 T311.6270•1023 T220.4993T154.071~250–285 K!
ps5101.325•exp(12371.552/T)•exp(2.864722.113204•1023 T12.250991•1026 T2) kPa

heptanoic acid
M5130.19 g•mol21

r50.939229.0180•1024 t g•cm23 ~20–280 °C!
s529.8820.0848t dyn•cm21 ~15–70 °C!
ln Scr51.120•1028 T311.012•1025 T220.02723T19.275~310–420 K!
log10 ps58.35222312.4/(T270.838) mm Hg

n-hexane
M586.18 g•mol21

r5
86.18* 1023

0.14062•1022
•0.26355~11~T/507.43!2/7!

kg•m23~183 – 500 K!

s520.4420.1022t dyn•cm21 ~0–60 °C!
ln Scr54.8928•1026 T323.4888•1023 T210.8020T257.051~225–265 K!
log10 ps56.8777621171.53/(T248.79) mm Hg

n-pentanol
M588.149 g•mol21

r524.9315•1029 t312.8340•1027 t227.3179•1024 t10.8276 g•cm23 ~260–180 °C!
s526.7820.08147t dyn•cm21 ~229.63–35.05 °C!
ln Scr524.7360•1027 T314.9890•1024 T220.1841T124.436~240–320 K!
ps5exp(90.0829788/T29.9• ln T) mm Hg

isopropanol
M560.09 g•mol21

r524.6750•1029 t325.1317•1027 t227.5147•1024 t10.8169 g•cm23 ~260–160 °C!
s50.0444520.7890•1024 T N•m21 ~283–353 K!
ln Scr58.6551•1027 T326.9165•1024 T210.1735T212.404~270–310 K!
log10 ps538.236323551.3/T210.031• log T23.474•10210 T11.7367•1026 T2 mm Hg ~185–508 K!

n-propanol
M560.069 g•mol21

r521.3547•1028 t311.3203•1026 t228.6542•1024 t10.8200 g•cm23 ~0–220 °C!
s525.2820.08181t dyn•cm21 ~229.99–44.31 °C!
ln Scr529.1831•1028 T311.1958•1024 T220.05608T19.467~260–300 K!
log10 ps531.515523457/T27.5235• log T24.287•10211 T11.3029•1027 T2 mm Hg ~147–537 K!

myristic acid
M5228.38 g•mol21

r521.668•1029 t315.167•1027 t227.462•1024 t10.9006 g•cm23 ~60–300 °C!
s533.06127.9836•1022 t dyn•cm21 ~76.2–119.2 °C!
ln Scr527.308•1027 T319.998•1024 T220.4681T175.97~365–450 K!
log10 ps58.227122536.2/(T2114.5) mm Hg

methanol
M532.042 g•mol21

r50.8101521.0041•1023 t21.802•1026 t2216.57•1029 t3 g•cm23 ~294.5–15 °C!
r50.8099929.253•1024 t24.1•1027 t2 g•cm23 ~0–30 °C!
s524.2320.09254t dyn•cm21 ~247.40–37.10 °C!
ln Scr523.602•1027 T313.170•1024 T220.09869T111.33~200–310 K!
log10 ps545.617123244.7/T213.988• log T10.0066365T21.0507•10213 T2 mm Hg ~175–513 K!

n-nonane
M5128.257 g•mol21
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003



13951395VAPOR NUCLEATING CRITICAL EMBRYO PARAMETERS
TABLE 1. Density~r!, surface tension~s!, critical supersaturation (Scr), and saturation vapor pressure (ps) for the investigated fluids~references are given in
the text!—Continued

r523.577606•1029 t313.000944•1027 t227.874556•1024 t10.732697 g•cm23 ~253.75–260 °C!
s524.7220.09347t dyn•cm21 ~10–120 °C!
ln Scr526.706•1027 T316.909•1024 T220.2518T133.22~220–330 K!
ps5101.325•exp(12423.932/T)•exp(2.946922.051933•1023 T11.903683•1026 T2 kPa

n-octane
M5114.230 g•mol21

r5
114.230* 1023

0.19122•1022
•0.25678~11~12T/568.82!2/7!

kg•m23~223 – 567 K!

s523.5220.09509t dyn•cm21 ~0–100 °C!
ln Scr52.5872•1027 T325.6691•1025 T220.05248T115.508~240–290 K!
ps5101.325•exp(12398.793/T)•exp(2.901522.046204•1023 T12.010759•1026 T2) kPa

propylene glycol
M576.096 g•mol21

r51.06921.1705•1023 t21.0045•1026 t2 g•cm23 ~233–226 °C!
s541.1820.099t dyn•cm21 ~30–60 °C!
ln Scr529.636•1028 T311.294•1024 T220.05787T19.735~301.1–370.7 K!
log10 ps590.29326696.8/T228.109• log T21.3326•10210 T19.3651•1026 T2 mm Hg ~213–626 K!

1,1,2,2-tetrachloroethane
M5167.85 g•mol21

r51.6257821.560•1023 t28.327•1028 t2 g•cm23

s538.7520.1268t dyn•cm21 ~15–105 °C!
ln Scr527.744•1027 T318.176•1024 T220.3035T140.70~240–330 K!
log10 ps57.004621444.3/(T268.05) mm Hg

toluene
M592.134 g•mol21

r524.59306•1029 T314.25263•1026 T222.25918•1023 T11.27950 g•cm23 ~293.15–490 K!
s530.9020.1189t dyn•cm21 ~10–100 °C!
ln Scr521.101•1026 T311.016•1023 T220.3288T138.67~230–315 K!
log10 ps56.9533421343.943/(t1219.377) mm Hg

trimethylene glycol
M576.096 g•mol21

r51.077520.8658•1023 t20.5248•1026 t2 g•cm23 ~33–227 °C!
s547.4320.0903t dyn•cm21 ~20–140 °C!
ln Scr527.880•1027 T318.569•1024 T220.3185T141.76~307.2–371.9 K!
log10 ps527.472324020/T26.2839• log T26.7098•10210 T12.2952•1026 T2 mm Hg ~246–658 K!

water
M518.015 g•mol21

r51.36832•1028 t326.024554•1026 t215.217572•1025 t10.999348 g•cm23 ~220–150 °C!

s5235.8•1023S 647.132T

647.13 D 1.256S 120.625S 647.132T

647.13 D D N•m21~0 – 374 °C!

ln Scr521.169•1027 T311.574•1024 T220.07361T112.28~250–350 K!

ps5F 2C

2B1~B224AC!1/2G4

MPa~273.15 – 647.096 K!,

where
A5q210.11670521452767•104

•q20.72421316703206•106

B520.17073846940092•102
•q210.12020824702470•105

•q20.32325550322333•107

C50.14915108613530•102
•q220.48232657361591•104

•q10.40511340542057•106

q5T1
20.23855557567849

T20.65017534844798•103

o-xylene
M5106.160 g•mol21

r522.86768•1029 T312.56876•1026 T221.61819•1023 T11.120607 g•cm23 ~293.15–490 K!
s532.5120.1101t dyn•cm21 ~10–100 °C!
ln Scr522.071•1026 T311.980•1023 T220.6488T174.44~270–340 K!
log10 ps56.9989121474.679/(T259.464) mm Hg
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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13961396 MAGNUSSON ET AL.
Water and Steam~1997!. The Antoine equation was use
with constants obtained from Felder and Rousseau~1986! for
carbon tetrachloride, chloroform, and toluene. The equati
for n-heptane,n-nonane, andn-octane were used as given b
Rudeket al. ~1996! and the equation forn-hexane was used
as given by Katz~1970!. For the longer-chain carboxylic
acids, the equations given by Agarwal and Heist~1980! were
used and for 1,1,2,2-tetrachloroethane, the equation as g
by Katz et al. ~1976! was used. The equations for aceton
trile, benzonitrile, nitrobenzene, and nitromethane were u
as given by Wrightet al. ~1993!. The saturation vapor pres
sure equations are listed in Table 1.

2.6. Experimental Critical Supersaturation

Critical supersaturation is defined as the saturation r
where the rate of nucleation,J, is 1 drop•cm23

•s21. Experi-
mental critical supersaturation has been measured and
lished in scientific literature for various fluids, with estimat
overall errors of a few percent, generally up to 5%, while
error may be larger in some cases. Significant errors ma
introduced because of the lack of accurate thermodyna
and hydrodynamic data needed to calculate supersatur
profiles within the cloud chambers used in the experime
This is especially true for more ‘‘uncommon’’ fluids, such
the longer-chain carboxylic acids@e.g., Agarwal and Heis
~1980!#, and for 1,1,2,2-tetrachloroethane@Katz et al.
~1976!#, for which for example, vapor pressure data had to
roughly estimated by the authors.

Most of the experimental critical supersaturation data u
in this research were obtained by manual extraction fr
plots of critical supersaturation versus temperature, p
lished by various authors: foro-xylene, toluene, and
n-butylbenzene by Katzet al. ~1975!; for chloroform, carbon
tetrachloride, Freon 11, and 1,1,2,2-tetrachloroethane
Katz et al. ~1976!; for n-heptane,n-hexane andn-octane
from Katz ~1970!; for acetic acid by Heistet al. ~1976!; for
myristic, heptanoic, and decanoic acid by Agarwal and H
~1980!; for n-butanol, water, methanol, ethanol,n-propanol,
and n-nonane by Dillmann and Meier~1991!, for acetoni-
trile, benzonitrile, nitromethane, and nitrobenzene by Wri
et al. ~1993! and for isopropanol by Heist~1995!. The data
extracted from Dillmann and Meier~1991! were taken from
their theoretical lines, which were shown to agree well w
experimental points from various researchers. Data for
ylene glycol, propylene glycol, trimethylene glycol, an
glycerol were obtained from Kane and El-Shall~1996!, who
gave their data in tables, so extraction from graphs was
necessary. Glycerol data from Anisimovet al. ~1998! and
n-pentanol data from Anisimovet al. ~2000! were obtained
from plots of nucleation rate versus vapor activity~super-
saturation ratio for binary systems! at various temperature
and 0.10 MPa total pressure. The vapor activity at a nu
ation rate of 1 drop•cm23

•s21 was used as the critical su
persaturation. All supersaturation data were then fit to po
nomials of the third degree, using the method of le
squares, in the form
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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where Scr is the critical supersaturation;a, b, c, and d are
regression coefficients; andT is the temperature in Kelvin
~K!. Table 1 contains the equations and valid temperat
ranges for the investigated fluids while the data are show
graphs in Fig. 3. Of the data presented, those for carbox
acids are probably among the least accurate, for the rea
described above.

2.7. Prediction of Critical Supersaturation from
Theory

The CNT gives the rate of nucleation of a supersatura
vapor,J (drops•cm23

•s21), as an Arrhenius-type relation

J5C•e~2DF* /RT!,

where the kinetic coefficientC was derived by Becker and
Döring ~1935!. The expression becomes

J5
q

r
A2NA

3sM

p S Sps

RTD 2

e~2DF* /RT!,

whereq is a sticking coefficient, which is set equal to 1@e.g.,
Wright et al. ~1993!#, r is density,NA is Avogadro’s number,
s is surface tension,M is molecular weight,S is supersatu-
ration, andps is the saturation vapor pressure for the vap
In the exponent,DF* is the maximum of the rise,DF, in
free energy as a spherical embryo of diameterd is formed
isothermally and isobarically

DF5pd2s2
rpd3

6M
RT ln S.

The first term on the right is the contribution of the surfa
free energy and the second term is the contribution toDF
from the bulk free energy change@e.g., see McDonald
~1962!#. The maximum is found by derivingDF with respect
to d, setting equal to zero, and solving ford. This, of course,
gives the Kelvin equation, which is then inserted into t
expression forDF so that the maximum becomes

DF* 5
16pNAM2s3

3~r RT ln S!2 .

If J is set equal to 1 drop•cm23
•s21, and the literature val-

ues for the surface tension, density, and saturation va
pressure are used~Table 1!, the critical supersaturation
Scr(CNT) can be predicted as a function of temperature
solving the nucleation rate equation forS. Thus,Scr(CNT) can
be predicted from macroscopic fluid properties.

A computer program, CNT predictor, was used for pr
cessing the macroscopic data and to output the predi
Scr(CNT) data in files suitable for input into a spread sheet
processing and graphing. The equation forJ51 drop•cm23

•s21 was solved numerically within CNT predictor using th
method of Newton–Raphson@e.g., Ekbom~1991!#. The ac-
curacy of the results was verified by comparison to CN
predictions published by various authors. Figure 4 shows
natural logarithm of the predicted critical supersaturat
versus temperature for the investigated fluids, exclud
Freon 11.
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3. Results and Discussion

3.1. Critical Supersaturation, Comparison to CNT

The experimental critical supersaturation data for all of
investigated fluids are shown graphically in Fig. 3. This fi
ure probably represents one of the most comprehensive c
pilations of experimental critical supersaturation versus te
perature to date. The critical supersaturation data predi
using the CNT over the same temperature ranges as the
perimental data are shown in Fig. 4. The CNT has b
found to describe the nucleation of many fluids fairly we
while significant errors are found for other fluids@e.g., see
Kane and El-Shall,~1996!#. Taking the experimentally deter
mined critical supersaturation as the true value, the rela
error of using the CNT for prediction of the same can
evaluated. Table 2 lists the investigated fluids and the ar
metic average of the percent relative error, over the pre
temperature range, of using the CNT for prediction of t
critical supersaturation. Figure 5 shows the data in graph
form. Using the median instead of the arithmetic average
not significantly change the result in any case. In view of
estimated errors for experimental critical supersaturation d
sometimes being as high as 8% or more, the fluids can
divided into three groups, namely those fluids for which t
predicted critical supersaturation is too low~lower than
about210% relative error!, those fluids for which the CNT
predicts the critical supersaturation fairly well~within the
range of210% to110% relative error! and those fluids for
which the prediction gives too high values~more than about
110% relative error!. The first group includes fluids such a
benzonitrile, acetic acid, acetonitrile, glycerol@from Kane
and El-Shall,~1996!# and nitromethane. The second gro
includes fluids such as methanol, chloroform,n-heptane,
toluene, ethanol,n-hexane, water, carbon tetrachlorid
n-propanol, isopropanol,n-octane, heptanoic acid, 1,1,2,2
tetrachloroethane,n-butanol, ando-xylene. The third group
includes the fluidsn-pentanol, glycerol@from Anisimovet al.
~1998!#, trimethylene glycol, myristic acid, propylene glyco
andn-nonane. The average percent relative error for ethyl
glycol, n-butylbenzene, and decanoic acid is quite small,
the variation is large over the temperature range, espec
for ethylene glycol. For the latter, the error is positive
lower temperatures and becomes negative at higher temp
tures. Forn-butylbenzene, the error is slightly positive
lower temperatures and becomes negative at the higher
peratures, while the error is negative at lower temperatu
and slightly positive at higher temperatures for decan
acid. It is also interesting to note that there is a considera
difference in the data for glycerol obtained by Kane a
El-Shall, compared to the data of Anisimovet al. ~1998!. Of
these, the data from Anisimov’s group seem to have a sl
more consistent with the majority of the experimental critic
supersaturations and Kelvin diameters for other fluids
ported by other authors and are believed have more phy
meaning. Acetic acid, with the maximum relative error bei
about192%, also deserves special mention. The large
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crepancy was ascribed by Agarwal and Heist~1980! to sig-
nificant association of acetic acid molecules in the va
phase.

3.2. Kelvin Diameters at Critical Supersaturation

With knowledge of the critical supersaturation, the Kelv
diameter at critical supersaturation as a function of tempe
ture can be calculated as

dK,Scr5
4sM

r RT ln Scr
.

The data in Table 1 were converted to SI units and
Kelvin equation was used to calculate the respective Ke
diameters over the valid temperature ranges. Calculat
were done using both the experimental and predicted crit
supersaturation. Based on the estimated errors in experim
tal critical supersaturation given by the various authors, a
assuming that the critical supersaturation is the most un
tain parameter in the Kelvin equation, the percent relat
error in the Kelvin diameter calculated from experimen
critical supersaturation should be less than 5% in most ca
and not over about 10% in any case. The results can be
in Figs. 6 and 7, respectively. These figures show the ca
lated Kelvin diameters versus temperature for the differ
investigated fluids. As Fig. 3, Fig. 6 has two lines for gly
erol: line 24 is based on critical supersaturation data obtai
from Anisimov et al. ~1998!, while line 26 is based on dat
obtained from Kane and El-Shall~1996!.

As can be seen in Figs. 6 and 7, and taking the Kel
diameter calculated from experimental supersaturation as
true value, the Kelvin diameters calculated based on exp
mental critical supersaturation and the CNT-predicted criti
supersaturation agree fairly well for many of the fluids~mir-
roring the errors in critical supersaturation!. However, the
relative errors are somewhat smaller due to the natural lo
rithm of supersaturation in the Kelvin equation. Neverth
less, the relative errors are still large in several cases and
internal order between the calculated Kelvin diameters
quite different for the two cases. Table 3 shows the Kel
diameters at a temperature of 300 K calculated from exp
mental data and from CNT, ordered from the smallest to
largest numerical value. Note that the number caption as
ciated with each fluid in this table is different from the num
bers used in the figures. The temperature of 300 K was c
sen to minimize the need for extrapolation. Data points w
available for most fluids at this temperature and limited e
trapolation was required only in a few cases, while long
extrapolations were required in a couple of cases. Freon
was excluded because the extrapolation would be unrea
ably long for this fluid.

As seen in Table 3, the order between the Kelvin diame
is different for the two cases. However, both methods pl
glycerol, water, and benzonitrile among the fluids having
lowest Kelvin diameters, and the normal alkanes as hav
the highest Kelvin diameters. It is also interesting to note t
the Kelvin diameter for the monohydroxylated alcohols
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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FIG. 3. Experimental critical super-
saturation data for:~1! n-nonane,~2!
Freon 11,~3! n-hexane,~4! n-octane,
~5! n-heptane, ~6! isopropanol, ~7!
n-pentanol,~8! propylene glycol,~9!
n-butanol, ~10! carbon tetrachloride,
~11! n-propanol, ~12! o-xylene, ~13!
ethanol, ~14! n-butylbenzene, ~15!
toluene,~16! chloroform, ~17! metha-
nol, ~18! heptanoic acid,~19! 1,1,2,2-
tetrachloroethane,~20! trimethylene
glycol, ~21! ethylene glycol, ~22!
myristic acid,~23! decanoic acid,~24!,
~26! glycerol, ~25! water, ~27! acetic
acid, ~28! benzonitrile,~29! nitroben-
zene,~30! nitromethane and~31! ac-
etonitrile. Glycerol has two lines~24!
and ~26!, based on data from two dif-
ferent sources.
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creases with increasing carbon chain length when exp
mental supersaturation is used, while the opposite tren
seen when the CNT is used.

Figure 8 illustrates the Kelvin diameter determined fro
experimental data plotted versus the CNT-determined Ke
diameter. As in Table 3, Freon 11 is excluded. This p
shows that the agreement between experimental and the
ical data is only moderate, with a squared correlation coe
cient for a straight line of about 0.50. If the carboxylic aci
are also excluded, the squared correlation coefficien
somewhat higher at about 0.60, which is still not more tha
moderate correlation. Based on this plot, and because
difference between the CNT-determined Kelvin diameter a
the Kelvin diameter determined from experimental data
several cases is significantly larger than the error estim
based on experimental uncertainties, the Kelvin diame
calculated based on experimentally determined critical su
saturation are believed to be generally more accurate. T
are the ones that will be referred to in the further discussio
unless otherwise noted.

As seen in the figures above and in Table 3, acetic a
glycerol, and water have the lowest Kelvin diamete
~;1.5–2 nm! among the fluids in this investigation and w
therefore be subjected to a somewhat more detailed dis
sion.

Based on the previously mentioned results of Fis
~1982! and Fisher and Israelachvili~1981!, it is reasonable to
believe that the Kelvin equation is applicable to the orga
fluids acetic acid and glycerol, but it may be that the res
for water is invalid. The result for acetic acid is questiona
for other reasons, though. As already noted, the vapor
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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this fluid are known to be significantly associated@Heist
et al. ~1976!#, i.e., most of the molecules are dimers, whi
would mean that the average apparent molecular weigh
almost doubled from that of nonassociated acetic acid. T
in turn, means that the ‘‘true’’ Kelvin diameter may be qui
different than the calculated value. Thus, acetic acid may
be a viable choice for use in CNCs~in addition to the prob-
lems that would arise from continual operation with a cor
sive fluid!.

The validity of the result for glycerol can be evaluate
from a different perspective because of readily availa
nucleation rate data from Anisimovet al. ~1998!. This can be
done by using an alternative method, by which the numbe
molecules in the critical embryo is calculated from nuc
ation rate data@e.g., see Anisimovet al. ~1978!, ~1998!#

S ] ln J

] ln aD
T,P

5n* 12,

wheren* is the number of molecules in the critical embry
and a is the vapor activity~or supersaturation for a unar
system!. This relationship provides a method, independ
from the Kelvin equation, to calculate the critical embry
size from the slope in plots of nucleation rate versus va
activity ~or supersaturation!. If n* is known, one can use
density–volume relationships to predict the spherical dia
eter of such an embryo. This diameter can then be comp
to the calculated Kelvin diameter. This approach is similar
that taken by Anisimovet al. ~2001!.

The number of molecules in the critical embryo was c
culated for the case of glycerol based on the nucleation
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FIG. 4. Critical supersaturation pre
dicted using classical nucleation
theory for ~1! n-nonane,~2! Freon 11,
~3! n-hexane, ~4! n-octane, ~5!
n-heptane, ~6! isopropanol, ~7!
n-pentanol,~8! propylene glycol,~9!
n-butanol, ~10! carbon tetrachloride,
~11! n-propanol, ~12! o-xylene, ~13!
ethanol, ~14! n-butylbenzene, ~15!
toluene,~16! chloroform, ~17! metha-
nol, ~18! heptanoic acid,~19! 1,1,2,2-
tetrachloroethane,~20! trimethylene
glycol, ~21! ethylene glycol, ~22!
myristic acid,~23! decanoic acid,~24!,
~26! glycerol, ~25! water, ~27! acetic
acid, ~28! benzonitrile,~29! nitroben-
zene,~30! nitromethane and~31! ac-
etonitrile.
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data in Anisimov~1998! at a total pressure of 0.1 MPa and
rate of nucleation of 3000 drops•cm23

•s21. The liquid den-
sity, molecular weight and Avogadro’s number were th
used to convert the number of molecules into droplet dia
eter. A plot of the calculated Kelvin diameter divided by t
diameter calculated from the number of molecules in
critical embryo is shown in Fig. 9. The ‘‘jumps’’ at about 29
and 317 K are due to phase transitions in the critical emb
~see the reference for more information!, and these points ar
disregarded in the following discussion. The number of m
ecules in the critical embryo range from about 9 to 34 in t
temperature range, excluding the ‘‘jumps.’’

It can be seen in this figure that the percent relative e
of using the Kelvin diameter~taking the diameter calculate
from n* as the true value! ranges from about~213%! to
123%, with an average of about12% for the present tem
perature range. With the approximate nature of determin
the slope from the nucleation rate in mind, this must be s
as a fairly reasonable agreement between the two metho
calculating the critical embryo size and lends additional s
port to the validity of using the Kelvin equation, at least f
glycerol, for these small droplet diameters. Note further t
the critical diameter obtained from the nucleation theorem
close to 1.4 nm at the lowest temperature for which glyce
data are shown in the figure.

The highest Kelvin diameters calculated, within reaso
able temperature ranges, were over 4 nm for heptanoic a
Normal butanol, which is frequently used as a condens
agent in commercial CNCs, has a Kelvin diameter of;2.8–
3.3 nm, which is close to the size threshold for the b
commercial CNCs in whichn-butanol is used~i.e. TSI
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UCPC 3025A!. Figure 10 shows the detection efficienc
curve for the TSI UCPC 3025A, according to Kestenet al.
~1991!. The curve shown represents the average of the cu
for silver and sodium chloride particles. As seen, the cut
below which no particles can be detected lies at ab
2.8 nm.

Again, several of the investigated fluids have Kelvin d
ameters that are lower than the one forn-butanol. This sug-
gests that the size threshold for particle detection could
lowered, thus making the CNC more efficient for smal
particles, by choosing a condensing fluid that has a low
Kelvin diameter.

As mentioned earlier, lowering the temperature of the c
denser in the CNC can decrease the threshold for par
detection because of the increase in supersaturation rati
addition, the Kelvin diameter is generally lower at low
nucleation temperature, which can also be seen in Fig
where most of the lines for the Kelvin diameters have po
tive slopes, with the exception of benzonitrile, ethylene g
col, and propylene glycol, which have negative slopes. Gl
erol @line 26, from Kane and El-Shall,~1996!# has both a
positive and a negative slope in different temperature ran
while glycerol data from Anisimovet al. ~1998! has a posi-
tive slope over the full measured range. Nitromethane~line
30! also has both a positive and a negative slope. For et
ene glycol and propylene glycol, the critical supersaturat
does not increase as much as it does for the other fluids
decreasing temperature, i.e., the slope is not as negative.
would indicate that the size threshold for these liquids co
increase when the nucleation temperature is lowered. H
ever, it should be remembered that the density data for
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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14001400 MAGNUSSON ET AL.
ylene glycol and propylene glycol were estimated by Ka
and El-Shall~1996!, and not actually measured over the fu
temperature range.

4. Method for Choosing the Best Fluid

4.1. Kelvin Equation

By calculating the Kelvin diameter for a wide range
fluids, it was found that glycerol and water are especia
viable fluids for lowering the size threshold in a CNC. T
calculation required knowledge of, among other data,
critical supersaturation. This parameter is not known exp
mentally for most fluids, and although it can be predict
using, e.g., the CNT, the calculations, while not too comp
cated, are quite tedious and many fluids do not follow
theory. Hence, it would be preferable to have a method
which the most efficient fluid could be quickly found, with
out the knowledge of such data. Thus, the following analy
were undertaken.

4.2. Analysis Based on the CNT—The Surface
Tension

The CNT, although based on macroscopic fluidic prop
ties and not on properties at the molecular level, has b

TABLE 2. Arithmetic average of the percent relative error in critical sup
saturation resulting from using the CNT, taking the experimentally de
mined critical supersaturation data as true

Fluid
Average relative error

in Scr ~%! Range

n-hexane 28.0 29.9 to 25.9
n-heptane 29.4 211.1 to 28.6
n-octane 22.6 23.3 to 22.2
n-nonane 43.5 18.4 to 91.7
chloroform 29.6 211.9 to 24.6
1,1,2,2-tetrachloroethane 20.95 22.3 to 0.80
carbon tetrachloride 27.0 28.2 to 25.5
methanol 210.6 211.3 to 28.8
ethanol 28.6 29.4 to 27.7
n-propanol 25.8 25.9 to 25.6
n-butanol 0.86 21.9 to 4.2
n-pentanol 15.0 8.2 to 24.5
trimetylene glycol 25.0 10.2 to 43.1
propylene glycol 42.5 23.7 to 64.9
ethylene glycol 3.4 214.9 to 33.7
glycerol 22.6 20.3 to 25.8
glycerol 2 226.0 243.0 to 24.8
o-xylene 9.1 6.9 to 13.4
toluene 29.4 29.7 to 28.7
n-butylbenzene 26.8 212.0 to 1.68
benzonitrile 246.2 234.7 to 255.3
nitrobenzene 236.9 243.3 to 225.5
myristic acid 32.2 29.7 to 33.2
heptanoic acid 22.5 23.3 to 0.15
decanoic acid 26.7 214.9 to 2.0
acetic acid 240.5 249.6 to 226.6
water 27.1 28.5 to 25.7
2-propanol 23.9 24.5 to 23.7
acetonitrile 230.8 233.3 to 223.5
nitromethane 224.8 232.1 to 216.8
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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quite helpful for the understanding of general nucleat
phenomena. It can be seen from the CNT nucleation
equation that the surface tension,s, of the fluid plays an
especially important role because it is in the exponent
then raised to the third power. There is no explicit soluti
for S in the CNT equation for nucleation rate, in its prese
form, when the rate,J, is set to 1. It is therefore not possib
to introduce an explicit theoretical expression for the Kelv
equation. However, if theS•ps factor is exchanged for the
partial pressure,p, of the fluid vapor, it is possible to explic
itly solve the equation for lnS. The equation can then b
written in the form

J5ae@2b/~ ln S!2#,

where

a5
1

d
A2NA

3sM

p S p

RTD 2

~not to be confused with vapor activity! and

b5
16pNAM2s3

3r2R3T3 .

SettingJ51 drop•cm23
•s21 gives

ln S5A b

ln a

or

ln S52A b

ln a
,

where the second solution is discarded because lnS must be
greater than zero sinceS, being supersaturation, is by defin
tion greater than unity. SinceJ51 drop•cm23

•s21, ln Scr

5 ln S. The solution is then inserted into the Kelvin equatio
which upon rearrangement becomes

dK,CNT,Scr5

A6 RT ln
2MNA

3sp4

r2pR4T4

2s1/2ANAp
.

It is clear from this expression that the surface tension
the strongest factor that influences the theoretical Kelvin
ameter as expressed by the CNT so that the theore
Kelvin diameter is directly proportional to the square root
the reciprocal surface tension. This means that fluids hav
higher surface tension should generally give smaller theo
ical Kelvin diameters and vice versa. Figure 11 shows
theoretical Kelvin diameter at a temperature of 300 K ver
the square root of the reciprocal surface tension. As
pected, the data adhere well to a straight line, with a squa
correlation coefficient of about 0.98. Note that the da
points for the carboxylic acids and Freon 11 are exclud
from the plot because of long extrapolations being neces
to obtain the points and because of uncertainties in the d

Figure 12 shows the Kelvin diameters determined fro
experimental critical supersaturation plotted versus

-
r-
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FIG. 5. Arithmetic average~filled dia-
monds! of the percent relative error of
using the CNT to predict critical su-
persaturation, taking the experimen
tally determined critical supersatura
tion as true. The plus-symbols
represent the lowest and highest va
ues over the temperature range. Th
fluids are: ~1! benzonitrile,~2! acetic
acid, ~3! nitrobenzene,~4! acetonitrile,
~5! glycerol ~Kane and El-Shall,
1996!, ~6! nitromethane,~7! methanol,
~8! chloroform, ~9! n-heptane, ~10!
toluene, ~11! ethanol, ~12! n-hexane,
~13! water, ~14! carbon tetrachloride,
~15! n-butylbenzene, ~16! decȧnoic
acid,~17! n-propanol,~18! 2-propanol,
~19! n-octane, ~20! heptanoic acid,
~21! 1,1,2,2-tetrachloroethane,~22!
n-butanol, ~23! ethylene glycol,~24!
o-xylene, ~25! n-pentanol,~26! glyc-
erol ~Anisimov, et al., 1998!, ~27! tri-
metylene glycol, ~27! myristic acid,
~28! propylene glycol,~29! n-nonane.
Note that the numbering of the fluids
differs from that in Figs. 3 and 4.
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square root of the reciprocal surface tension. The squa
correlation coefficient for a linear regression of these d
has a value of about 0.67, suggesting a moderate to fa
strong correlation between Kelvin diameter and the squ
root of the reciprocal surface tension. The trend for flu
with higher surface tensions having lower Kelvin diamet
ed
a
ly
re
s
s

and vice versa is relatively clear. As before, the data po
for the carboxylic acids and Freon 11 are excluded from
plot. A somewhat higher correlation is obtained when t
Kelvin diameter data for experimental supersaturation
plotted versus the square root of ln(M•s)/s ~Fig. 13!. The
squared correlation coefficient is about 0.72 for a linear
-

FIG. 6. Calculated Kelvin diameter
from experimental critical supersatura
tion data for~1! n-nonane,~2! Freon
11, ~3! n-hexane, ~4! n-octane, ~5!
n-heptane, ~6! isopropanol, ~7!
n-pentanol,~8! propylene glycol,~9!
n-butanol, ~10! carbon tetrachloride,
~11! n-propanol, ~12! o-xylene, ~13!
ethanol, ~14! n-butylbenzene, ~15!
toluene,~16! chloroform, ~17! metha-
nol, ~18! heptanoic acid,~19! 1,1,2,2-
tetrachloroethane,~20! trimethylene
glycol, ~21! ethylene glycol, ~22!
myristic acid,~23! decanoic acid,~24,
26! glycerol, ~25! water, ~27! acetic
acid, ~28! benzonitrile,~29! nitroben-
zene,~30! nitromethane and~31! ac-
etonitrile. Glycerol has two lines~24!
and ~26! from two different sources.
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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FIG. 7. Kelvin diameters calculated us
ing classical nucleation theory for~1!
n-nonane,~3! n-hexane,~4! n-octane,
~5! n-heptane, ~6! isopropanol, ~7!
n-pentanol,~8! propylene glycol,~9!
n-butanol, ~10! carbon tetrachloride,
~11! n-propanol, ~12! o-xylene, ~13!
ethanol, ~14! n-butylbenzene, ~15!
toluene,~16! chloroform, ~17! metha-
nol, ~18! heptanoic acid,~19! 1,1,2,2-
tetrachloroethane,~20! trimethylene
glycol, ~21! ethylene glycol, ~22!
myristic acid,~23! decanoic acid,~24,
26! glycerol, ~25! water, ~27! acetic
acid, ~28! benzonitrile,~29! nitroben-
zene,~30! nitromethane and~31! ac-
etonitrile.
b
c
t

itie

ce

ur-
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gression, which is slightly higher than the correlation o
tained when plotting versus the square root of the recipro
surface tension. Including the density does not significan
improve the correlation, mainly because most of the dens
are close to unity and fairly similar for all of the fluids.
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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Again, these plots show that a fluid having a high surfa
tension~most important!, in combination with a low molecu-
lar weight~of lesser importance! will generally have a lower
Kelvin diameter. Using the surface tension alone or the s
face tension and the molecular weight criteria together c
y

-
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FIG. 8. Plot of dK, expt, Scr ~Kelvin di-
ameter calculated from experimentall
determined critical supersaturation!
versusdK,CNT,Scr ~Kelvin diameter cal-
culated from CNT!. Freon 11 was ex-
cluded from the plot. There is a mod
erate correlation between experime
and theory. The correlation become
somewhat higher if the carboxylic
acids are also excluded. The dotte
line represents the ideal one-to-on
relationship.
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TABLE 3. Kelvin diameter (dK) at 300 K using experimentally determined or CNT-predicted critical supersaturation. The left hand side of the table is
according todK based on experimental supersaturation while the right hand side is sorted according todK predicted from CNT. Note that the number captio
is different from those used in the figures

Sorted according todK,expt Sorted according todK,CNT

Number Fluid dK,expt dK,expt number Fluid dK,CNT

1 acetic acid 1.67 3 glycerol 1.71
2 water 1.72 2 water 1.83
3 glycerol 1.81 10 ethylene glycol 2.08
4 benzonitrile 1.91 11 trimethylene glycol 2.12
5 nitromethane 1.95a 7 nitrobenzene 2.27
6 decanoic acid 2.01 23 propylene glycol 2.32
7 nitrobenzene 2.03 6 decanoic acid 2.42
8 myristic acid 2.06 4 benzonitrile 2.43
9 acetonitrile 2.23 5 nitromethane 2.58
10 ethylene glycol 2.32 12 1,1,2,2-tetrachloroethane 2.60
11 trimethylene glycol 2.58 13 heptanoic acid 2.65
12 1,1,2,2-tetrachloroethane 2.60 8 myristic acid 2.74
13 heptanoic acid 2.66 17 n-butylbenzene 2.84
14 methanol 2.69 19 o-xylene 2.86
15 chloroform 2.75 1 acetic acid 2.96
16 toluene 2.81 9 acetonitrile 2.96
17 n-butylbenzene 2.81 16 toluene 2.99
18 ethanol 2.90 24 n-pentanol 3.04
19 o-xylene 3.01 15 chloroform 3.05
20 n-propanol 3.01 21 carbon tetrachloride 3.10
21 carbon tetrachloride 3.02 22 n-butanol 3.13
22 n-butanol 3.08 20 n-propanol 3.22
23 propylene glycol 3.21 29 n-nonane 3.27
24 n-pentanol 3.25 18 ethanol 3.37
25 2-propanol 3.26 14 methanol 3.38
26 heptane 3.27 27 octane 3.39
27 octane 3.36 25 2-propanol 3.42
28 hexane 3.56 26 heptane 3.55
29 n-nonane 3.65 28 hexane 3.70

aThe extrapolated value for nitromethane is somewhat questionable due to nonlinear variation of the Kelvin diameter for this fluid.
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e-
rectly predicts water and glycerol as having the smal
Kelvin diameter.

However, although it does predict the general trend for
rest of the data, the internal order between the Kelvin dia
eters for the fluids is not correctly predicted in several cas
For example, for then-alcohols, the Kelvin diameter, in con
flict with the theoretical predictions, actually generally i
creases with increasing surface tension. It should, howe
be noted that then-alcohols have relatively similar surfac
tensions, giving room for experimental errors to play a lar
role, but the trend still is clearly opposite to that predict
from theory.

In spite of the noted exceptions, it can generally be s
that the fluid with the highest surface tension will have t
lowest Kelvin diameter. The trend is somewhat more p
nounced if the molecular weight is also taken into accoun
fluid with high surface tension in combination with low mo
lecular weight generally has a lower Kelvin diameter. Giv
the generally very high surface tension of liquid metals, t
qualitative predictor would imply that metal vapors shou
be able to activate the growth of exceedingly small cluste
A thorough discussion of the issue falls beyond the scop
this work, but sufficient information for its clarification ca
be found in the study by Fisket al. ~1998!. Although avail-
t

e
-
s.

er,

r

id

-
a

s

s.
of

able information on the anomalously low critical supersa
ration of mercury would have led to pessimism, more rec
studies on cesium nucleation at 359 K reveal a critical clus
size~based on the Kelvin diameter! of 12 atoms! If a cesium
vapor CNC were viable or practical, it would be able
detect uncharged particles of subnanometer dimensions.

4.3. Correlation of Kelvin Diameter with the
Dielectric Constant

Glycerol and water have the lowest calculated Kelvin
ameters and, in addition to having particularly high surfa
tensions, have some other similarities, one of these be
high polarity. The relative dielectric constant~«! is the most
commonly used measure of solvent polarity@e.g., Brown
~1995!#. A solvent is arbitrarily considered polar if it has
dielectric constant of 20 or greater, and is nonpolar if t
dielectric constant is less than that. The dielectric consta
for glycerol and water are 42.5@Lide ~1995!# and 78.5@Lide
~1992!#, respectively at 298 K, while those for very nonpol
substances such asn-hexane andn-nonane are about 1.9–2.0
It was found that for the compound class of glycols and
closely related glycerol, the Kelvin diameter generally d
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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FIG. 9. Plot of Kelvin diameter di-
vided by the diameter calculated from
the number of molecules in the critica
embryo, versus temperature for glyc
erol. The ‘‘jumps’’ at about 295 and
317 K are due to phase transitions i
the critical embryo @see Anisimov
et al. ~1998!#. The dotted line repre-
sents a ratio of 1. The agreement b
tween the Kelvin diameter and the di
ameter calculated from the number o
molecules in the critical embryo is rea
sonable.
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creased as« increased~see Fig. 14!. This spurred a deepe
investigation into the relationship between dielectric const
and Kelvin diameter.

Among the 30 investigated fluids, a few compound clas
are represented, such asn-alcohols,n-alkanes, arenes, ca
boxylic acids, chlorinated hydrocarbons, and glycols.
these compound classes, five are represented by more
two closely related fluids within the class, name
n-alcohols,n-alkanes, carboxylic acids, chlorinated hydr
carbons, and glycols. Of these, the data for acetic acid
questionable due to association, and« for myristic, decanoic
and heptanoic acids could not be found in the literature
addition, as mentioned previously, the data for the carbox
acids are among the least reliable@see Agarwal and Heis
~1980!# and fairly long extrapolations had to be done in ord
to get a value for the Kelvin diameter at 300 K. Thus, t
carboxylic acids class was excluded from continued inve
gation.

Dielectric constant data were obtained from Lide~1992!
and from Lide~1995!. These data are most often given
values measured at 293 or 298 K. Kelvin diameters at 30
were extracted from the data used to generate Fig. 6.
temperature of 300 K was chosen because values for
Kelvin diameter could be obtained with little or no extrap
lation for most of the fluids at this temperature~short linear
extrapolations were done to obtain the data for carbon te
chloride,n-heptane,n-octane, propylene glycol, and trimeth
ylene glycol!. Longer extrapolations were needed for chlor
form and hexane.

Figure 15 shows the Kelvin diameter at 300 K versus
10-logarithm of the relative dielectric constant. Glycerol
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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included with the glycols in this plot. The dielectric consta
is generally 1.9–2.0 for then-alkanes, and any trend in thos
data may be masked by experimental uncertainties. Howe
within each of the three other compound classes~n-alcohols,
chlorinated hydrocarbons, and glycols!, there is a trend to-
ward lower Kelvin diameter as the dielectric constant
creases. It is interesting to note that the trend for
n-alcohols is correctly correlated with the dielectric consta
which was not the case when correlated with the surf
tension.

It should also be mentioned that there are some substit
arenes among the 30 investigated fluids~n-butylbenzene,
o-xylene, toluene, nitrobenzene, and benzonitrile!. These flu-
ids were not included in Fig. 15, because they were con
ered not very closely related~except foro-xylene and tolu-
ene! other than by the benzene ring. However, the gene
trend among these fluids is that the low-dielectric const
fluids ~n-butylbenzene,o-xylene, and toluene! have higher
Kelvin diameters while the higher-dielectric constant flui
~nitrobenzene and benzonitrile! have lower Kelvin diameters

The correlation between the Kelvin diameter and the
electric constant can partly be explained by a relations
between dielectric constant and surface tension, found
Papazian~1971! @see also Holmes~1973! and Papazian
~1986!#. The relationship was linear fors versus («
21)/(2«11) or simply for s versus« @Holmes ~1973!#.
However, the relationship held only for nonpolar liquids wi
zero dipole moment. No correlation was found betweens
and« for polar liquids. However, when Papazian eliminat
the dipolar contribution to the dielectric constant by usi
the Maxwell relation@e.g., see Smith~1955!# «5n2, wheren
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FIG. 10. Detection efficiency curve for
the TSI UCPC 3025A@Kesten et al.
~1991!#.
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is refractive index, a fairly good correlation was obtain
betweens and n2 when strongly hydrogen-bonding liquid
were excluded.

However, using the present data, it can be seen that t
is in fact a linear positive correlation between dielectric co
stant and surface tension for the fluids within the classe
glycols andn-alkanes, while the correlation is nonlinear b
strongly positive for the presently considered chlorinated
drocarbons. Papazian did not find these correlations, bec
he did not divide the data into separate classes. In cont
the correlation for then-alcohols is linear but negative. Re
calling that the correlation between the Kelvin diameter a
the surface tension was, in contrast to the CNT, positive
n-alcohols, a combination of these two correlations toget
leads to the negative correlation between Kelvin diame
and dielectric constant for the case ofn-alcohols.

When looking at other classes of fluids, including some
those for which no experimental nucleation data are p
ently available, it was found that a correlation between s
face tension and dielectric constant exists for various cla
of fluids ~Fig. 16!. The values for surface tension we
mostly given by the data source@Lide ~1995!# at 298 or 293
K, and the dielectric constant was mostly given at 293 K
sometimes at other temperatures.

As seen in the figure, the correlation is sometimes posi
and sometimes negative. However, it seems to be fairly
ear in most cases if the class members are chosen narr
enough. So it was found that, like the normal monohydro
lated alcohols~1-substituted!, the 2-substituted monohy
droxylated alcohols~2-propanol, 2-butanol, 2-pentanol an
2-octanol! exhibit a negative linear correlation. Similar neg
tive linear correlations were also found for 1-chloroalkan
~chloromethane, chloroethane, 1-chloropropa
re
-
of

-
se

st,

d
r
r
r

f
s-
r-
es

t

e
-
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-
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1-chlorobutane, 1-chloropentane and 1-chlorooctane! and ni-
trilalkanes~ethane, propane, butane, pentane and octan
trile!. However, in the case of nitrilalkanes, ethanenitrile~ac-
etonitrile, the most polar! deviates upward from the line
while the others adhere very well to the line. The same
true for then-alcohols, where methanol~most polar! deviates
from the line towards higher surface tensions. Long-ch
carboxylic acids~5–9 carbons! also have an almost linea
negative correlation.

Classes having positive linear correlations include
short-chain carboxylic acids~1–4 carbons!, glycols with hy-
droxyl groups at both ends of the chain and the nitroalka
~nitromethane, nitroethane, and 1-nitropropane!. The
n-alkanes also have a positive correlation, although the
is almost parallel to thes-axis. Looking at Fig. 16, it seem
like the lines ‘‘fan’’ out so that the correlation becomes mo
positive~or less negative! the higher the general polarity~di-
electric constant! of the class is.

Since experimental critical supersaturation data are
available for most of the other fluid classes for which t
correlation between surface tension and dielectric consta
negative, it is not possible to say whether these fluids,
the 1-alcohols, also exhibit decreasing Kelvin diameters w
increasing dielectric constant. At this point, the limite
amount of data available clearly indicate a relationship
tween the Kelvin diameter and the dielectric constant of
fluid, at least within the class of the fluid. It should also
pointed out that water, having the lowest Kelvin diameter
the 30 investigated fluids, also has a particularly high relat
dielectric constant.

Thus, assuming that the correlation between Kelvin dia
eter and dielectric constant extends to the fluids for wh
nucleation data are presently unavailable, this discovery p
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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FIG. 11. The CNT-estimated Kelvin
diameter at 300 K plotted versus th
square root of the reciprocal surfac
tension. The data points adhere fair
well to a straight line. The carboxylic
acids and Freon 11 are excluded in th
plot.
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vides a simple and fast method for finding superior conde
ing fluids, since data for dielectric constant are much m
widely available than are critical supersaturation data.
example, if one knew the Kelvin diameter for one fluid in
particular compound class, the efficacy for growing sm
particles of any other fluid within that class, relative to th
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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of the known fluid, could be estimated based on the dielec
constant. Thus, within a class of fluids, the fluid with th
highest dielectric constant would provide the lowest Kelv
diameter and thereby provide the possibility to grow a
detect smaller particles. These conclusions are all base
empirical observations of literature data. However, it wou
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FIG. 12. The Kelvin diameter calcu-
lated based on experimental critica
supersaturation at 300 K plotted ve
sus the square root of the reciproc
surface tension. The squared correl
tion coefficient of about 0.67 for a lin-
ear regression suggests a fairly stron
relation between Kelvin diameter an
the square root of the reciprocal su
face tension. The trend for fluids with
higher surface tensions having lowe
Kelvin diameters and vice versa i
relatively clear. The carboxylic acids
and Freon 11 are excluded in this plo
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FIG. 13. The Kelvin diameter calcu-
lated based on experimental critica
supersaturation at 300 K plotted ve
sus the square root of ln(M•s)/s. The
squared correlation coefficient is abou
0.72 for a linear regression, which i
slightly higher than the correlation ob
tained when plotting versus the squa
root of the reciprocal surface tension
The trend for fluids with higher sur-
face tensions and lower molecula
weights having lower Kelvin diam-
eters and vice versa is relatively clea
The carboxylic acids and Freon 11 ar
excluded in this plot.
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be desirable to have some kind of theoretical understan
of the relationship between the dielectric constant and
Kelvin diameter.

A few papers aimed at investigating nucleation of po
and hydrogen bonding molecules have been publish
g
e

r
d,

mostly from the group of M. Samy El-Shall@e.g., Wright
et al. ~1993!; Wright and El-Shall~1993!; Kane and El-Shall
~1996!#. In their 1993 work, Wright and El-Shall suggeste
two possible models for explaining the nucleation behav
of polar molecules. The first model is based upon work
FIG. 14. Kelvin diameters for the gly-
cols propylene glycol ~1,2-
propanediol!, trimethylene glycol~1,3-
propanediol!, diethylene glycol~1,2-
ethanediol!, and glycerol ~1,2,3-
propanetriol!. The dielectric constant
for each fluid is given in parenthesis.
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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FIG. 15. Kelvin diameter at 300 K ver-
sus the 10-logarithm of the dielectric
constant for~1! n-alkanes,~2! chlori-
nated hydrocarbons,~3! n-alcohols,
and ~4! glycols ~including glycerol!.
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Abraham@e.g., Abraham~1969!#, in which the surface ten
sion of an embryonic droplet is suggested to increase w
decreasing radius of the droplet due to dipole–dipole in
actions that cause the molecules in the droplet to be hig
oriented at the surface of the droplet. See Wright and
J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
th
r-
ly
l-

Shall ~1993! for a more in-depth discussion. This amounts
a curvature-dependent surface tension specifically for p
compounds. This would generally cause an increase in
critical supersaturation for polar fluids, and therefore a
smaller critical cluster sizes. However, the acceptable ag
-
r

es

o

s
-
nd
FIG. 16. The correlation between sur
face tension and dielectric constant fo
several classes of fluids. The class
are ~1! n-alkanes,~2! long-chain car-
boxylic acids,~3! 1-chloroalkanes,~4!
2-alcohols,~5! 1-alcohols,~6! nitrilal-
kanes,~7! short-chain carboxylic ac-
ids, ~8! 1-nitroalkanes and~9! glycols
~with the hydroxyl groups at each
end!. The correlation seems to tend t
be more positive~or less negative! the
higher the general polarity of the clas
is. In addition, the most polar sub
stances in the classes of 1-alcohols a
nitrilalkanes ~methanol and acetoni-
trile! deviate from the line toward
higher surface tensions.
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ment between the Kelvin diameter and the diameter ca
lated from the number of molecules in the critical embryo
glycerol does not support a significant change of surface
sion from the bulk values.

The other suggested model for nucleation behavior of
lar molecules is based on a change from assuming tha
embryos are spherical in shape. Instead, it was thought
polar molecules might orient themselves in the embryo
such a way that the embryo will take on a prolate spher
shape. This was discussed and found feasible, at leas
acetonitrile @Wright and El-Shall ~1993!#. The change in
shape from purely spherical would cause an increase in
face free energy~surface tension! and therefore a highe
critical supersaturation and possibly smaller critical emb
sizes. It is hard to verify this model without making signi
cant calculations and assumptions about the orientatio
molecules in the various investigated fluids. Suffice it to s
that this model might have some validity to it, and it may
interesting to investigate this further in a separate wo
However, it should also be pointed out that not all of t
polar molecules have especially high critical supersatura
~Fig. 3!.

In conclusion, these models do support a different nuc
ation behavior for polar molecules, although it is hard
verify them quantitatively from the data. More systema
nucleation research in this area would be needed.

5. Conclusions

In this paper, Kelvin diameters at critical supersaturat
were calculated from experimental data for 30 fluids. Ba
on these results, it can be concluded that some substa
may be more suitable than others for use in techniques b
on vapor condensation, such as condensation particle co
ing and condensation nucleation light scattering detect
when the goal is to detect as small particles as possible.
fluids of particular interest are glycerol and water, since th
Kelvin diameters were found to be particularly low com
pared to the other fluids investigated. However, some
searches have suggested that the Kelvin equation migh
be valid for water droplets of very small diameters. On t
other hand, fair agreement was found between the Ke
diameter for glycerol and the diameter calculated by an
dependent method~the Nucleation theorem! based on the
number of molecules in the glycerol critical embryo.

From the CNT, it was found that the surface tension
generally the most important factor in determining t
Kelvin diameter. The Kelvin diameter is generally low
when the surface tension is higher. This provides help
guidance in choosing the best fluids for purposes of grow
as small particles as possible. However, the agreement
tween experimentally determined Kelvin diameters and
Kelvin diameters predicted by the CNT was only moder
and it was found that the trend based on surface tensio
not true for all cases. In particular, the trend was found to
the opposite for then-alcohols.
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It was also found that the Kelvin diameter correlated w
the dielectric constant of a fluid in such a way that the Kelv
diameter was lower for fluids with higher dielectric consta
This was found to be true for fluids within their particula
chemical class, including then-alcohols. It is unknown
whether the relationship extends to fluids for which nuc
ation data are presently unavailable. The relationship w
partly explained by a relationship between surface tens
and dielectric constant for a fluid.

A method for choosing the best condensing fluid, from t
standpoint of growing as small particles as possible, w
devised based on the correlation between Kelvin diam
and dielectric constant. According to this method, the flu
having the highest dielectric constant, within its chemic
class, will have the lowest Kelvin diameter and will thu
facilitate the growth and detection of the smallest particle

The results presented in this paper provide guidance
the rational selection of alternate substances to investi
for the reduction of the threshold sizes of condensati
based detection devices, leading to higher sensitivities
techniques such as CNLSD, i.e.:

~1! The fluid with the highest surface tension will have t
lowest Kelvin diameter. The trend is somewhat mo
pronounced if the molecular weight is also taken in
account: a fluid with high surface tension in combinati
with low molecular weight generally has a low Kelvi
diameter.

~2! Within a class of fluids, the fluid with the highest diele
tric constant will generally provide the lowest Kelvi
diameter and thereby provide the possibility to grow a
detect smaller particles.
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