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Impurity mediated nucleation in hexadecane-in-water emulsions

Amy B. Herhold, Deniz Ertas¸, Alex J. Levine,* and H. E. King, Jr.
Exxon Research and Engineering Corporation, Route 22, East Annandale, New Jersey 08801
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We report detailed nucleation studies on the liquid-to-solid transition of hexadecane using nearly monodis-
perse hexadecane-in-water emulsions. A careful consideration of the kinetics of isothermal and nonisothermal
freezing shows deviations from predictions of classical nucleation theory, if one assumes that the emulsion
droplet population is homogeneous. Similar deviations have been observed previously@3#. As an explanation,
we propose an argument based on the dynamic generation of droplet heterogeneity mediated by mobile
impurities. This proposal is in good agreement with existing data.@S1063-651X~99!07806-X#

PACS number~s!: 82.60.Nh, 64.60.Qb, 05.70.2a, 82.70.Kj
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I. INTRODUCTION

The use of micron-sized emulsified droplets for nuc
ation studies of the liquid-to-crystal transition is a well e
tablished technique. Vonnegut@1# pioneered this concept in
the first half of this century and others have used it to stu
a variety of materials@2–5#. The advantage of using a larg
ensemble of independent nucleation sites to measure the
chastic process of nucleation is obvious. An additional
vantage is that the effects of crystal growth are virtua
eliminated. On the time scale of the nucleation measu
ments, the growth time for each droplet is instantaneo
Furthermore, because experiments are conducted in a r
where the probability of two nucleation events per drop
small, it is a simple matter to equate the total number
crystallized droplets with the number of nucleation event

The effect of impurities on nucleation in emulsion stud
is not obvious. Clearly, one possible role is to act as hete
geneous nucleation sites. Both Turnbull@2# and Perepezko
@6# have discussed this. A signature of heterogeneous nu
ation is a small difference between the melting tempera
and the onset of nucleation. For example, in mercury, Tu
bull showed that changes in surfactants could increase
undercooling from 5 °C to 60 °C, with the smaller valu
attributed to the effects of heterogeneous nucleants eithe
the surface or within the volume of the droplets. It is w
known that emulsification tends to increase the undercoo
over that of bulk liquids, but a simple calculation shows th
for this to result from isolation of the heterogeneous cataly
they must be present at extremely low levels~cf. Sec. V!.
This seems to suggest that most impurities are not effec
nucleating agents@5#.

A second effect of impurities is to lower the meltin
point. Perepezko@6# has shown in his studies of metals th
as the liquidus temperature drops due to alloying, there
corresponding decrease in the nucleation temperature. H
an approximately constant value of the undercooling is
served. These effects can be large, for example, in the l
antimony system the liquidus and nucleation temperatu
both decline by about 75 °C as the antimony content

*Present address: Department of Physics and Astronomy, Un
sity of Pennsylvania, Philadelphia, PA 19104.
PRE 591063-651X/99/59~6!/6946~10!/$15.00
-
-

y

to-
-

e-
s.
ge

s
f

o-

le-
re
-

he

on
l
g
t
ts

e

a
ce
-
d-
s
-

creases up to 17.7 at. %. The effect of a typical impur
level ~mole fraction'0.01) will of course be much smaller
However, the nucleation rate is strongly temperature dep
dent. For example, inn-alkanes (CnH2n12, henceforth abbre-
viated Cn), the nucleation rate can change by a factor
5000 per °C@3#. We show in this work that impurity levels
of even a few percent cause a significant change in nu
ation behavior. This influence must be accounted for to
tract an accurate value of the nucleation rate.

The size of the emulsion droplets also plays a key role
nucleation studies. In homogeneous nucleation, the nu
ation rate is proportional to the volume of the droplets. Ty
cally, the determination of the size distribution for the em
sions is a large source of error in nucleation ra
measurements@3#. Advances in emulsion synthesis tec
niques now make it possible to create nearly uniformly siz
emulsion particles. The average deviation in diameter fr
the mean size is only 10–15 %@7–9#. By using such emul-
sions with narrow size distributions, the determination of t
rate constant for any given emulsion radius is considera
improved. Also, this makes it possible to better test the p
dicted volume scaling of the nucleation rate.

In this paper, we report the results of a refined experim
tal and theoretical investigation of the nucleation rate
emulsified hexadecane~C16!. The quality of experimenta
data has been significantly improved by using nearly mo
disperse emulsions in a well controlled thermal environm
and by using x-ray scattering to accurately monitor the v
ume of nucleated droplets during crystallization. Data w
obtained for both fixed and linearly increasing undercool
as a function of time, henceforth referred to as isotherm
nucleation and linear cooling, respectively. Thermodynam
melting curves have also been obtained for the sample
order to assess the influence of impurities introduced du
the emulsification procedure. The theoretical analysis
concurrently been refined to account for theentire time de-
pendence of the solid fraction as a function of time, rath
than just matching some characteristic time. This care
analysis revealed deviations from a simple scenario invo
ing a uniform ensemble of independent nucleation events
systematically relaxing the assumptions in this descripti
we have concluded that the most probable cause of the
served deviations is a novel mechanism which involves
transport of impurities expelled from nucleated droplets
r-
6946 ©1999 The American Physical Society
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the remaining liquid droplets. This transport subsequen
increases the impurity concentration of these remain
droplets and reduces their nucleation rate by lowering th
thermodynamic melting pointTm . This mechanism can com
pletely account for the observed behavior and can be fur
explored with additional experiments.

The remainder of this paper is organized as follows.
Sec. II, we review previous studies on alkane nucleati
Section III provides details of the experimental techniqu
and procedures used. Section IV reviews classical nuclea
theory and its predictions based on the assumption of
form nucleation, i.e., independent nucleation events in a
mogeneous ensemble of droplets. Finding that this theor
unable to account for the observed behavior of the syst
we consider possible extensions of this theory in Sec.
Here we explore two scenarios for the generation of dro
heterogeneity, which is necessary to explain the data. Th
include the possibility of some fixed-in-time heterogene
generated by the emulsification process, such as a dist
tion of droplet sizes or impurity concentrations, and the d
namic generation of heterogeneity in the droplet populat
due to the nucleation process itself. Based on the reana
of the data, we present our conclusions in Sec. VI and s
gest a number of experiments to further test the validity
the proposed mechanism, as well as avenues for future
oretical consideration.

II. PREVIOUS STUDIES OF ALKANE NUCLEATION

Four groups have studied alkane nucleation through
use of emulsion samples. The earliest work is from Turnb
and Cormia@3#, who studied C16, C17, C18, C24, and C3
Theirs is evidence that alkane nucleation is unusual. F
they noted that there seemed to be an unusual spread i
melting temperatures. This was characterized as ‘‘sha
and ‘‘broad’’ melting fractions. The amount of each varie
from sample to sample, even for the same chain length.
cause they performed isothermal nucleation studies t
were sensitive to this spread in melting temperature. To a
lyze the nucleation behavior in this situation they focused
the early-time data with transformed fractionn,0.5. This
narrowed focus was meant to isolate the behavior of
sharp-melting, majority phase.

The second anomaly in alkane nucleation is the ease
which the alkanes nucleate. Stated in terms of reduced
dercooling, DTr5(Tm2TN)/Tm , where TN is the point
where the nucleation rate becomes significant andTm is the
thermodynamic melting temperature,DTr for the alkanes is
about 0.05 whereas that for other materials is from 0.2 to
@10#. Turnbull and Cormia’s analysis of the nucleation b
havior in terms of the classical nucleation model showed
the nucleation barrier is small, corresponding to a sm
liquid-crystal interfacial tension (9.64 mJ/m2 for C18; de-
tailed kinetics measurements were not performed for C1!,
but that the preexponential factor is in rough agreement w
that calculated from classical nucleation theory~experimen-
tal value 51037.3562 m23 s21 for C18!. The small barrier
accounts for the small undercooling temperature. The ag
ment of the preexponential with that from classical nuc
ation theory is itself unusual. Other materials typically e
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hibit values several orders of magnitude larger in value th
the classical value@4#.

Two subsequent studies on alkane nucleation explored
effect of changing carbon number@11,12#. In both studies
continuous cooling data were used to calculate the crys
liquid surface tension and the preexponential factor. B
studies found that as the carbon number is reduced be
aboutnC515, there is an increase in the barrier. The pre
ponential values were not precisely determined by th
studies. Reanalysis in terms of the negentropic model@10#
led to a value of 9 mJ/m2 for the interfacial tension of C16
and to the suggestion that the anomalous barrier height
appears asnC→1 and asnC→`, and that its origin is in
partial alignment of the alkane chains.

The fourth group@13–16# to study nucleation in emul-
sions focused on the behavior of C16. They utilized ult
sound transmission to measure the proportion of liquid
solid in an emulsion sample. Both stepwise cooling and i
thermal hold experiments were used. Their results exhibit
typical ;14–15 °C undercooling found by other worker
showing that their samples behave as expected during s
wise cooling. However, the real focus of these studies w
the interaction of liquid and crystalline droplets during is
thermal hold experiments@13#. At an undercooling of
;10 °C, where the nucleation rate for the C16 liquid dro
lets alone is quite small, equal volume mixtures of liquid a
solid C16 droplets were studied. The solid C16 drops w
created by an initial deep undercooling and then physic
mixed together with the as-yet unfrozen sample. The auth
found that the solid C16 particles accelerate nucleation.
particle size distribution before and after the experiment w
similar; therefore they ruled out Ostwald ripening as t
source of the acceleration. No attempt was made to fit th
data to a rate law.

In a set of related experiments the type and concentra
of the surfactant were varied@14#. The presence of crystal
line C16 droplets accelerated the nucleation by vary
amounts depending on the surfactant type. It was also fo
that the rate of nucleation for the mixed solid/liquid emulsi
increased as the amount of surfactant increased. The au
suggest that interparticle collisions are responsible for
accelerated nucleation.

As we discuss in Sec. IV, we observe an effect opposite
that seen by these authors. As our sample crystallizes,
remaining crystallization is more difficult. However, Dickin
sonet al. @16# also report an experiment where this effect
seen. In this work they hold their emulsion at an underco
ing of about 15 °C and follow the percent transformed w
time. Like us, they observe an initially rapid nucleatio
which then slows. They do not attempt to fit this to a ra
law, but it is clear that a single exponential cannot descr
their data. Also similar to our findings, they report that t
melting behavior extends over a large temperature regi
They report melting ranges of about 2 °C for all the
samples, and in one instance@16# they report the onset o
melting more than 10 °C below the bulk melting tempe
ture. As we show in Sec. V A, this is a signature of t
impurity effects which can affect nucleation.

III. EXPERIMENTAL PROCEDURE

Nucleation of the liquid-to-crystal transition was me
sured in droplets of C16 of an oil-in-water emulsion. T
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observed crystal phase is the thermodynamically stable
clinic phase. A schematic of the experimental setup is sho
in Fig. 1. A reference table of relevant material properties
C16 is given in Table I.

One mm diameter emulsions of C16 in water with th
surfactant sodium dodecyl sulfate~SDS! were prepared using
the fractionation method of Bibette@7#. The distribution of
droplet sizes was less than610% in diameter as determine
by light scattering and optical microscopy.

Below its Krafft point at 283 K@18#, SDS precipitates ou
of solution as a crystalline solid in equilibrium with a sma
concentration of dissolved monomers. In order to avoid t
effect, a cosurfactant was added to suppress the Krafft p
@19#. The chosen surfactant, a sulfated polyoxyethylena
alkyl alcohol~referred to here as EO!, has the chemical for-
mula CH3(CH2)11215(OCH2CH2)9OSO3Na. An aqueous so
lution of EO was added to the initial emulsion sample
achieve approximately equal concentrations of SDS and
in the range of 0.5–1 wt %. This new solution was allow
to equilibrate for more than 24 hours before use, dur
which time the emulsion droplets had flocculated togethe
form a white cream floating on the aqueous phase.
cream of the emulsion sample with both SDS and EO co
factants was loaded directly into the x-ray cell.

The emulsion sample was loaded into a Viton O-ri
sandwiched between two Be windows, held between
copper plates~see Fig. 1!. The sample temperature was re
with thermistors~6 0.2 K accuracy! placed in the coppe
less than 3.5 mm from the sample. The sample was co

FIG. 1. Left: A schematic of the x-ray cell loaded with an emu
sion sample. Right: The powder pattern of the C16 emulsion sam
in the triclinic ~solid! phase. The numbers indicate the Miller ind
ces for each peak. The arrow denotes the detector position, w
monitors the~013! peak to determine the amount of solid in th
sample during the kinetics measurements.

TABLE I. Material properties of hexadecane@17#.

Melting temperature:Tm0 291.32 K

Entropy of fusion:DS 6.283105 J m23 K21

Mass density:r 773.4 kg m23

Molar weight:Mw 0.226 43 kg mol21

Viscosity atTm0 : h 3.48431023 Pa s
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on an Air Products Displex cold finger with a closed-cyc
He refrigeration system. Heating wire wrapped around
base of the cold finger provided temperature control. As
cold finger was operated in vacuum, an air-tight copp
shield with kapton windows was placed directly around t
copper sample mount inside the vacuum shroud of the D
plex to surround the sample with gas and therefore red
temperature gradients. The temperature was controlled
a LakeShore 340 Temperature Controller. The control te
perature sensor~Si diode! was embedded in the cold finge
directly above the copper sample mount. Using this setup
was possible to cool the sample from room temperat
down to 277 K in less than 250 s without any overshoot
the temperature~Fig. 2!. This careful attention to tempera
ture gradients overcame problems encountered in the in
studies@20#.

The nucleation rate was determined by measuring
change in intensity of the x-ray diffraction as a function
time. X-ray scattering was performed using a Rigaku 18 k
rotating anode generator and an x-ray wavelength
1.542 Å . Scattered x rays were detected with a Bicron d
tector on a Huber four-circle spectrometer. Scattering fr
the solidified 1mm diam droplets resulted in a powder di
fraction pattern of the triclinic phase. The~013! Bragg peak
of the triclinic phase was selected to be monitored~Fig. 1!
due to the intensity of the peak and the low scattering fr
the liquid phase at that angle. For the isothermal exp
ments, the detector slits were set very wide to increase
signal intensity and to encompass slight differences in
peak position due to thermal expansion when measurin
different temperatures. During the constant cooling rate
the melting experiments, the slits were narrowed and
detector was continually shifted to track the peak dur
thermal expansion.

Three types of experiments were conducted: crystalli

le

ch
FIG. 2. The temperature of the sample and measured x-ray

tensity as a function of time over the course of a typical isotherm
experiment. The sample was first held aboveTm to ensure that all
droplets were liquid~1!. The sample was then quenched to~2! and
held at~3! a fixed temperatureT, and the rise in scattering intensit
was measured. A subsequent quench to a lower temperature~4! was
used to determine the scattering from a fully crystallized sam
The sample was then heated back aboveTm ~5!.
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tion at a constant undercooling~isothermal nucleation!, crys-
tallization while the temperature was lowered linearly
time ~linear cooling!, and melting at a slow heating rate. F
the isothermal experiments, the sample was rap
quenched from room temperature down to the desired un
cooling and held at that temperature while the increase
x-ray scattering was followed as a function of time~see Fig.
2!. In order to determine the total scattering signal when
entire droplet population was frozen, each experiment w
followed by a deep quench to a lower temperature~273.8 K!
that froze all droplets. All reported isothermal data are n
malized to the final intensity value of the subsequent d
quench. In addition, all quenches were repeated mult
times with identical results.

In the linear cooling experiments, the rate of temperat
change was between20.01 and20.002 K/min. Faster rate
were avoided because the latent heat released by the cry
lizing droplets could not be dissipated quickly enough a
resulted in a smearing of the transformation over a lar
temperature range. Similarly, isothermal experiments w
the largest undercoolings did show latent heat effects
were excluded from the analysis. A study of the experim
suggests convection as the dominant mechanism for
transfer within the sample.

Melting was done in steps of 0.25 to 1 K. The sample w
heated slowly between steps and was allowed to equilib
for approximately 1 hour at each step. This equilibration w
observed by the leveling out of the intensity subsequen
each temperature step.

IV. UNIFORM NUCLEATION

In this section, we interpret the results of the experime
using classical nucleation theory, with the assumptions
~i! all droplets in the emulsions are identical, and that~ii !
nucleation events are statistically independent in each d
let. We refer to this set of assumptions as uniform nuc
ation.

In classical nucleation theory@4,21#, the formation of the
thermodynamically stable crystalline phase in an und
cooled, metastable liquid phase is controlled by the local f
energy barrier towards solidification. The free energy c
DG(R) associated with the creation of a solid sphere of
dius R is given by

DG52
4p

3
R3Dg14pR2g, ~1!

whereDg is the free energy difference per volume betwe
the metastable liquid and the stable solid phase, andg is the
surface tension between the two phases. For small solid
R the second term dominates the first and the formation
the more stable solid phase requires an increase in free
ergy. The nucleation rate is controlled by the free ene
barrier associated with the formation of a solid sphere a
critical radius ofRc52g/Dg, since further solidification re-
duces the free energy of the system. For small undercoo
the thermodynamic driving forceDg5DSDT, whereDS is
the entropy of fusion of the phase transition andDT5Tm
2T is the degree of undercooling of the sample at tempe
ture T @22#. We neglect the dynamics of the growth an
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simply assume that upon formation of a solid phase of cr
cal radius, the entire droplet freezes instantaneously.

The probability of spontaneously creating a solid with t
critical radius is simply found from Eq.~1!, leading to a
nucleation rate

n05AV expS 2
DG~R5Rc!

kBT D . ~2!

This rate is proportional to the volumeV of available under-
cooled fluid, the Boltzmann factor associated with the fr
energy barrier for creating a critical nucleus as determin
from Eq. ~1!, and an attempt frequency per unit volume,A,
for creating such a critical nucleus, which is given by@23#

A5Cv1/3A g

kBT
a

D

d2
. ~3!

Here,C, v, a, d, andD5(kBT)/(3phd) are, respectively,
a numeric constantC51.65, the monomeric volume, mo
lecular number density, molecular diameter, and the Stok
Einstein diffusion constant of C16 in its liquid phase. F
notational simplicity we define

V[
16pg3

3kBTmDS2
, ~4!

so that the nucleation rate given by Eq.~2! becomes

n05AV expS 2
V

~DT!2D . ~5!

A. Isothermal nucleation

At a fixed level of undercooling, the rate at which emu
sion droplets freeze is time independent. Letn(t) represent
the fraction of solid droplets at timet, following a rapid
quench to a given undercoolingDT at t50. Thenn(t) obeys
the differential equation

dn

dt
5~12n!n0 , ~6!

with initial conditionn~0!50. This differential equation may
be integrated to give

n~ t !512e2n0t, ~7!

so the fraction of liquid droplets decreases exponentially
time.

It should be noted that the raten0 depends strongly on
both the surface tensiong of the liquid-solid interface and
the degree of undercoolingDT @cf. Eqs. ~4! and ~5!#. This
strong dependence allows an extremely precise determ
tion of g provided that the data can be fit to asingleexpo-
nential. On the other hand, Fig. 3, showing a representa
data set from an isothermal freezing experiment, dem
strates that such a simplistic interpretation of the data is
applicable. The freezing of remaining liquid droplets at la
times proceeds far slower than suggested by an extrapola
from the initial decrease of the fraction of liquid droplets.
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B. Linear cooling

We now consider the case where the temperature, ra
than being held constant, decreases linearly in time.
thermodynamic driving force thus increases in time and
exponential decay of the liquid fraction seen in the solut
of Eq. ~6! is changed to a relatively sudden drop at an u
dercooling determined by the cooling rate~see Fig. 4!.

Suppose that the temperature of the sample is decreas
a rate given byl. If we ignore the weak temperature depe

FIG. 3. The fraction of liquid emulsion droplets as a function
time as measured by the x-ray intensity at a Bragg peak of
crystalline C16 phase for a number of undercoolings. If the nu
ation rate had been independent of time, this process would
yielded a simple exponential dependence on time. The solid l
represent this expected behavior based on the nucleation rate a
times (t.400 s). The data deviate significantly from this simp
model at early times. If there were a static partition into hetero
neously and homogeneously nucleating droplets, then the solid
would intercept the 12n axis at a single point corresponding to th
fraction of homogeneously nucleating droplets.

FIG. 4. Solid fraction as a function of temperature at a cons
cooling rate,l54.931023 °C/min, plotted together with the theo
retical curve given by Eq.~10!. Note that time evolves from right to
left.
er
e
e
n
-

d at
-

dence in the preexponential factor in Eq.~5!, we find that the
time-dependentnucleation rate is now given by

n~ t !5AV expS 2
V

@Tm2T~0!2lt#2D . ~8!

The differential equation describing the time evolution
n(t) reads

dn

dt
5~12n!AVe2V/l2t2, ~9!

where the initial time,t50, is chosen to occur when th
sample is atTm .

Following a change of independent variable toz
[V/(lt)2, the solution of Eq.~9! is given by

n~ t !512expF2
AVAV

2l
GS 2

1

2
,

V

~lt !2D G , ~10!

where we have introduced the incomplete gamma func
@24#

GS 2
1

2
,zD[E

z

`

e2 z̃z̃23/2dz̃. ~11!

For z@1, this function goes to zero asz23/2exp(2z) so at
short timesn(t) behaves as

n~ t !;
AVl2

2V
t3e2V/l2t2, t!l/AV. ~12!

Thus, att50 the function has an essential singularity and
initial increase in the solid fractionn(t) is extremely slow.
For z!1, the integral in Eq.~11! is dominated by the diver-
gence of the integrand atz50 and is approximately given by
2z21/2, so at long times

n~ t !;12exp~2AVt!, t@l/AV ~13!

as expected since the free energy barrier disappears. H
ever, since the attempt frequencyAV is typically very large,
the nucleation process is largely finished long before the
energy barrier becomes negligible. Therefore, t
asymptotic behavior is not observable experimentally. T
complete solution is plotted in Fig. 4 together with the e
perimental data.

The plot shown in Fig. 4 of Eq.~10! was made using the
preexponential factor taken from a fit to the isothermal d
~see Sec. V B! and using the surface tensiong as a fitting
parameter. The preexponential factorA used in this fit was
calculated atTm (A at the temperature of transformation
less than 3% smaller thanA at Tm). We find that the best-fit
value of this surface tension isg59.960.2 mJ/m2. It
should be noted that, to a good approximation, shifting
value of the surface tensiong simply translates the theore
ical curve in time~i.e., temperature!. Therefore,g can in
principle be determined with great precision, since the ti
at which abrupt change inn(t) occurs is exponentially sen
sitive to its value. The principal source of the uncertainty
the accuracy with which the magnitude of the undercool
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was measured. This result for the surface tension is in ag
ment with the previous work of Turnbull and Cormia fo
C18 @3# and other groups for C16@11,12#.

Finally, we note that the agreement between the lin
cooling data and the prediction of Eq.~10! is not exact. In
particular, the slope of the data in the transition region~3.2–
2.6 °C in Fig. 4! is clearly smaller than that of the theoretic
prediction. This behavior is consistent with the observ
slowdown of the nucleation rate in isothermal experimen
In order to address these discrepancies, we proceed in
next section to systematically relax the assumptions mad
the uniform nucleation hypothesis.

V. NONUNIFORM NUCLEATION

Applying the results of uniform nucleation theory to bo
the isothermal and linear cooling experiments has led to s
stantial disagreements between theory and experiment in
former and more subtle deviations in the latter. The dep
ture from simple exponential behavior in the isotherm
quench experiments has been noted by previous worke
the field@3,16#. Faced with this observation, one is forced
consider one of two general possibilities:~i! The emulsion
droplets are not homogeneous, i.e., there is a ‘‘quenched
dispersion in some relevant property, such as a distribu
of sizes or impurity concentrations, leading tomultiexponen-
tial decay of n(t) in the isothermal experiments, or~ii !
nucleation events are not statistically independent, i.e.,
nucleation rate of a given emulsion droplet depends on
state of the other droplets, such as the current fraction
solid droplets in the emulsion, possibly due to an impur
mediated interaction between the droplets. This sort of in
action might lead to a history-dependent nucleation rate
result in nonexponential freezing curves. We reempha
that the nonexponential character of the curve~Fig. 3! does
not reflect the finite growth rate of the solid as this rate
extremely fast compared to the data acquisition rate@25,26#.
Similarly we may not attribute the deviation from a simp
exponential to latent heat effects~see Sec. III! since the mag-
nitude of the deviation does not diminish with smaller und
coolings and hence, lower nucleation rates. In addition, gi
that the isothermal curves can be reproduced repeatedly
the same loading of a given sample, the nonexponential c
acter does not arise from coarsening of the size distribu
of the emulsion sample. The main difference betwe
mechanisms~i! and ~ii ! is that in the former scenario, a
though there is a distribution of nucleation rates, it does
depend on the state of the droplets, whereas the latter
nario suggests that nucleation events influence the su
quent evolution of the system.

Let us start by considering the first possibility, the ex
tence of some static distribution of nucleation rates. If th
is a population of droplets with different volumes, Eq.~7!
can easily be generalized to account for this effect by in
grating contributions to the freezing curve of droplets o
given volumeV over the volume distributionP(V). The re-
sulting isothermal freezing curve is then@cf. Eqs.~5!,~7!#

n̄~ t !512E dVP~V!exp~2tAVe2V/(DT)2
!. ~14!
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We take the droplet volume distribution to be lognormal w
characteristic volumeV0 and variances2 @27#:

P~V!5
e2s2/2

V0A2ps2
expH 2

@ ln~V/V0!#2

2s2 J , ~15!

and find that the best fit to the experimental data is obtai
for s'1.0. The resulting best fit to the data is poor; also,
emulsion is actually known to have a much narrower volu
distribution, based on the method of emulsion preparat
and our own optical measurements@28#. Furthermore, iso-
thermal experiments at different undercoolings cannot be
counted for by a single set of fitting parameters. Thus, we
not believe that the observed nonexponential saturation
the isothermal freezing curves can be attributed to the p
dispersity of the emulsion sample.

Along a similar vein, one may postulate that there exi
some fixed distribution of melting temperatures in the em
sion droplet population, possibly due to a distribution of im
purity concentrations in the emulsion droplets. Here o
must assume that the impurities in the droplets are hig
insoluble in water, in order to prevent the equalization
impurity concentration via diffusion through the continuo
phase. Problems very similar to the case of size distribu
arise here as well. In order to fit a given data set one is o
again forced to assume a distribution of impurity concent
tions that is too broad~with standard deviation comparable
the mean!. The average number of impurities in a droplet
volumeV is Ni5crVNA /Mw , wherec is the mole fraction
of impurities,NA is Avogadro’s number, andr, Mw are the
density and molar weight of C16, respectively. Substitut
material values from Table I and typical valuesc'0.01 and
V'5310219 m3 yields Ni'107. Thus, at this impurity
level, the central limit theorem suggests a much narrow
distribution.

Another possibility is that only a certain fractionf of the
impurities present in the sample promotes heterogene
nucleation. Then the mean number of nucleating impurit
is f Ni . A judicious choice of the nucleating fractionf
'1/Ni'1027 allows the mean number of nucleating imp
rities in a droplet to be of order one@29#. Under these as-
sumptions the sample is then a static mixture of at least
subpopulations of droplets—those with roughly one hete
geneous nucleation site and those without any such sites
generalizing Eq.~7! we then expect the nucleation curves
be a sum of exponentials

n~ t !512~ae2n fastt1be2nslowt!, ~16!

where thetemperature-independentconstantsa and b (a
1b51 for this bimodal model! represent the fractions of th
sample of the fast~heterogeneous! and the slow~homoge-
neous! nucleators, respectively. To test this static subpopu
tion hypothesis we extend the linear fits to the long-tim
behavior of the freezing curves on the semilog plot~see Fig.
3! back to early times. In this way we graphically determi
the fraction of the slow nucleating population by the inte
cept of these linear fits with the 12n axis. Under the presen
hypothesis this fraction,b, must be independent of the leve
of undercooling. An examination of Fig. 3, however, reve
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the effective slow fractionb to be temperature dependen
This dependence allows us to discard the static subpop
tion hypothesis.

Nevertheless, the role of impurities in this system is n
inconsequential. While it is true that we may dispense wit
time-independent distribution of impurities in order to a
count for the experiments, a time-dependent change of
impurity concentration driven by the freezing process c
account for the nonexponential behavior of the isotherm
freezing data. Before we discuss this possibility in detail,
consider the effect of impurities on the melting temperat
of the C16 droplets.

A. Impurity effects

In a liquid, the presence of impurities that are relative
insoluble in its solid reduces its equilibrium freezing po
@30# and broadens its melting curve. Figure 5 shows the
havior for both the emulsion and the bulk C16 that was u
in its preparation. Note that each emulsion droplet~or the
entire bulk C16 sample! will have a partially molten fraction,
described byx in the following discussion.

For molar impurity fractionsc!1, the impure liquid will
be in equilibrium with its pure solid at a suppressed tempe
ture @30#

Tm~c!5Tm02
kBTrNA

DSMw
c, ~17!

whereTm0 is the melting point of pure C16. A point on th
melting curve at temperatureT reflects coexistence betwee
the liquid fractionx with impurity concentrationc/x and the
pure solid, since the total number of impurities are fixed a
the impurities are assumed to be insoluble in the solid. Th
the temperature at which the liquid fraction isx is given by

T~x!5Tm~c/x!5Tm02ac/x. ~18!

FIG. 5. Melting curves obtained for bulk and emulsifiedd
51.0 mm) C16 samples used in the nucleation study, shown
solid fractionn versus temperature. Solid lines correspond to b
fits to Eq.~19! with parameters quoted in the legend.
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Here, a[kBTrNA /(DSMw)'13.2 K, obtained from the
material parameters of C16 in Table I. Inverting this equ
tion gives the liquid fractionx as a function ofT:

x~c;T!5H ac

Tm02T
, T,Tm02ac

1, T.Tm02ac.

~19!

A single-parameter fit to the bulk melting curve gives exc
lent agreement over the entire temperature range~see Fig. 5!,
with c'0.6%, which is typical of what one might expe
given the 99% purity specification of the manufacturer
the sample that was used.

Surfactants and water have been introduced to the sam
in order to make the emulsion droplets, and therefore i
reasonable to expect additional impurities to end up in
emulsion droplets. A similar fit to the melting curve of emu
sion droplets shown in Fig. 5 gives a melting temperature
Tm5290.960.2 K which corresponds to an increase in t
impurity concentration to about 3.3%. Given the high pur
and small solubility of water in C16, the surfactants a
likely to be the main source of these additional impurities

Given that there is a range of melting temperatures, wh
we attribute to varying impurity concentrations in the dro
lets, we propose the following scenario in order to expla
the observed behavior: The system is presumably in ther
dynamic equilibrium prior to the initiation of nucleatio
events. It is reasonable to suppose that when a dro
freezes, some of the impurities inside or at the surface of
droplet are expelled to the surrounding water, since the
purities are less soluble in solid than in liquid C16. Th
expulsion of impurities from the solid phase is the basis
‘‘zone refining’’ @31#, which is a common method used fo
purification of semiconductor crystals. These impurities co
sequently redistribute themselves among the water and
maining liquid C16 droplets in order to restore thermod
namic equilibrium. This happens by diffusion through t
continuous phase, which occurs rapidly on the time sc
over which the fraction of frozen droplets varies. Some fra
tion of these impurities, determined by their relative solub
ity in water vs C16, end up in the remaining liquid drople
whose enhanced impurity concentration decreases thei
fective undercooling and reduces their nucleation rate. Th
the first droplets to freeze have ahighermelting temperature
than the last droplets to freeze since they have a lower
purity concentration, which gives rise to the nonexponen
behavior during isothermal nucleation.

The theoretical analysis can easily be extended to acc
for such a mechanism, which can then be compared with
experiments to test the hypothesis. We do this in the rem
der of this section.

B. Return to isothermal nucleation

The leading behavior manifested by an impurity media
suppression of the undercooling can be expressed as a l
decrease in the relevant melting temperature as a functio
solid C16 fractionn. Thus, the time evolution ofn at a fixed
temperatureT is given by

s
t
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dn

dt
5~12n!AV expH 2

V

~Tm2T2bn!2J , ~20!

whereTm is the initial melting temperature of the drople
and b is the rate at which the melting point of subseque
droplets is reduced. In general,b depends on the volum
fraction of the droplets in the emulsion and the relative so
bilities of the impurities involved in the mechanism in wat
and C16. Being unable to determineb independently, we use
it as an additional fitting parameter to account for the exp
mental data. A least-squares fit of the numerical integra
of Eq. ~20! with respect tob, g, andA @A was allowed to
vary from the initial value as predicted using Eq.~3! and the
numerical constants in Table I# was performed on the data
The comparison of experiment and theory for four differe
undercoolings is shown in Fig. 6. Compared to unifo
nucleation or fixed-in-time heterogeneity assumptions,
agreement with experiment is quite good. Furthermore,
obtained value forb is physically very reasonable. The bes
fit value for b was 0.55 K, i.e., the melting point of the la
droplet to nucleate is reduced by about half a degree.
resulting value of the preexponential factor was a factor
1021.42 times the classical expression. This gave a value
A5231034 m23 s21 at an undercooling of 15.1 K. The re
sulting value for the kinetic barrier wasg59.8
60.2 mJ/m2, in good agreement with that obtained from t
linear cooling experiments~see Sec. IV B!.

Actual values for the rates of transformation for the is
thermal data in Fig. 6 range from 831014 m23 s21 at DT
514.9 K to 731015 m23 s21 at DT515.3 K for early
times. These rates slow down due to the impurity effect b
factor of '10 after'60% conversion of the sample.

It may be noted that the freezing curve with the fast
time scale~largest undercooling! lies somewhat below the
theoretical prediction. We attribute this discrepancy to lat
heat effects discussed in Sec. III. Larger undercoolings~not
shown! all seem to suffer increasingly from this effect.
fitting the isothermal data we have adjusted the melting te

FIG. 6. Solid fraction as a function of time for isothermal co
ditions. Using the droplet interaction hypothesis discussed in
text we are able to reasonably fit~solid lines! the isothermal data
from a range of undercooling values~open symbols!.
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perature of the C16 emulsion droplets toTm5290.95 K,
which is within the error of our measurements.

C. Return to linear cooling

We may further test our hypothesis by revisiting the line
cooling problem. If the transformation rate is slow compar
to the time over which impurity molecules are able to diffu
from one emulsion droplet to the next, we may assume
the impurities remain in equilibrium over the course of t
experiment. We can estimate this equilibration time astdiff
;R2/D@(12n)f#22/3 whereR is the radius of an emulsion
droplet, D is the diffusion coefficient for an impurity mol
ecule in water~which we may take to be on the order of
typical molecular diffusivity!, andf is the volume fraction
of the emulsion droplets. We then find that the assumption
impurity concentration equilibration remains valid up
transformation rates,dn/dt, on the order oftdiff

21.102 Hz.
The experimental maximum transformation rate~taken from
the maximum slope of the data in Fig. 4! is on the order of
1024 Hz !tdiff

21 . Clearly this estimate applies only to th
situation where the total conversion to the solid is incompl
~as is the case in our isothermal experiments—see Fig!
since the diffusion time to another unfrozen droplet becom
infinite as the fraction of remaining liquid droplets (12n)
drops to zero. In the linear cooling experiments where
transformation is complete, the assumption of impur
equilibration holds until less than 0.1% of the liquid drople
remains, so the observation of the breakdown of this assu
tion is experimentally inaccessible.

Upon modifying Eq.~8! to account for the suppression o
the melting temperature, time evolution ofn for linear cool-
ing is given by

dn

dt
5~12n!AVe2V/(lt1bn)2

. ~21!

The integration of Eq.~21! can be performed numerically
The result of this integration along with the linear coolin
data are shown in Fig. 7 for two different cooling rates. On

e
FIG. 7. Solid fraction as a function of temperature at two d

ferent linear cooling rates~open symbols! and the prediction pro-
duced by the numerical integration of Eq.~21! ~solid lines!.
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again,b is used as a fitting parameter, with a best-fit value
0.18 K. Values ofA andg are as given in Sec. IV B.

Comparing Fig. 7 with Fig. 4 one immediately notes th
the discrepancy in maximum slope between the unmodi
theory and the data has now disappeared. The differenc
the values ofb between the linear cooling and isotherm
quench experiments, is not unexpected, given the fact
the value ofb is sample dependent and different emulsi
samples were used for the two types of experiments. A m
detailed analysis of the impurity mediated interaction h
pothesis, including a better quantitative analysis ofb and
further implications of this hypothesis on other types of e
periments, is the subject of ongoing work@32#.

VI. SUMMARY AND CONCLUSIONS

In this paper we report on the results of nucleation stud
in C16 emulsions during isothermal quench and linear co
ing conditions. By application of recently developed em
sion preparation techniques to produce nearly monodisp
emulsion samples and use of x-ray scattering for direct
servation of the crystalline phase, we greatly reduced m
of the uncertainties in the interpretation of experimental da
In doing so, we have found potentially important effects n
accounted for by the standard interpretation of unifo
nucleation. In accord with previous measurements of
sort by Turnbull and Cormia@3#, the isothermal quench ex
periments do not show the standard exponential growth
saturation of the fraction of solid droplets over time. Inste
we observe a substantial decrease in the rate of nuclea
events at later times, when a significant fraction of the s
tem has already transformed to the solid phase. In addit
we find that in the linear cooling experiments the maximu
transformation rate predicted by the simple nucleation the
is larger than that of the data.

Such discrepancies have previously been attributed to
existence of some sort of temporally fixed heterogeneity
the emulsion droplet population. One proposed source of
erogeneity has been the volume polydispersity in the em
sion droplets. However, using recently developed emuls
cation techniques, we can better control the drop
polydispersity and still not recover single exponential beh
ior. Furthermore, by attempting to fit isothermal data at d
ferent temperatures to a given droplet size distribution,
find that no single distribution is capable of fitting the data
different levels of undercooling. Along similar lines one m
attempt to postulate a distribution of the number of hete
geneous nucleators in the droplets. The data do not supp
bimodal distribution of heterogeneous and homogene
nucleators. In addition the best attempts to fit the data wi
distribution of impurity concentrations results in an una
n
ll
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countably broad distribution. Such distributions are high
unlikely in light of the central limit theorem.

In contradistinction to both of these ideas, we propose t
the observed heterogeneity in the emulsion droplets is
namically generated by the nucleation process itself. Fre
ing droplets expel impurities~some of which might be attrib-
uted to the addition of surfactant! which then go into solution
in the remaining liquid C16 droplets in order to restore th
modynamic equilibrium. By doing so, these mobile impu
ties reduce the melting temperature of the remaining liq
droplets, which experience a reduced thermodynamic driv
force towards solidification and consequently a reduc
nucleation rate. This proposal is able to account for both
isothermal and linear cooling data at a variety of underco
ings and cooling rates, respectively. To a good approxim
tion, the magnitude of this effect can be parametrized b
sample-dependent parameterb, which expresses the rate a
which the melting point of remaining liquid droplets is su
pressed as a function of the solid droplet fraction. To obt
accurate quantitative measurements of either the activa
barrier toward nucleation or the preexponential factor, t
effect needs to be taken into account. Note that meas
ments described in this paper were performed on emuls
samples prepared with a mixture of anionic surfactants. M
surements of a C16 emulsion sample prepared with a si
nonionic surfactant do not appear to show such a large
purity effect @32#.

Further tests of this theory can be anticipated. It should
possible to directly detect and measure the suppressio
melting temperature by an experiment where the emulsio
partially melted and subsequently refrozen at a tempera
where no new nucleation is allowed. Such careful studies
the remelting process coupled to a more detailed theory
the impurity expulsion and transport should lead to a be
understanding of whether and how the dynamics of the fre
ing process affects the results of emulsion nucleation stud
Additional work along these lines is currently in progre
@32#.
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