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Impurity mediated nucleation in hexadecane-in-water emulsions
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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 pref/@&usly 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 d&4063-651X99)07806-X

PACS numbes): 82.60.Nh, 64.60.Qb, 05.76a, 82.70.Kj

I. INTRODUCTION creases up to 17.7 at.%. The effect of a typical impurity
level (mole fraction~0.01) will of course be much smaller.
The use of micron-sized emulsified droplets for nucle-However, the nucleation rate is strongly temperature depen-
ation studies of the liquid-to-crystal transition is a well es-dent. For example, in-alkanes (GH,, . », henceforth abbre-
tablished technique. Vonneglt] pioneered this concept in viated (), the nucleation rate can change by a factor of
the first half of this century and others have used it to studys000 per °C[3]. We show in this work that impurity levels
a variety of material$2—5]. The advantage of using a large of even a few percent cause a significant change in nucle-
ensemble of independent nucleation sites to measure the station behavior. This influence must be accounted for to ex-
chastic process of nucleation is obvious. An additional adtract an accurate value of the nucleation rate.
vantage is that the effects of crystal growth are virtually The size of the emulsion droplets also plays a key role in
eliminated. On the time scale of the nucleation measurenucleation studies. In homogeneous nucleation, the nucle-
ments, the growth time for each droplet is instantaneousation rate is proportional to the volume of the droplets. Typi-
Furthermore, because experiments are conducted in a rangally, the determination of the size distribution for the emul-
where the probability of two nucleation events per drop issions is a large source of error in nucleation rate
small, it is a simple matter to equate the total number oimeasurement$3]. Advances in emulsion synthesis tech-
crystallized droplets with the number of nucleation events. niques now make it possible to create nearly uniformly sized
The effect of impurities on nucleation in emulsion studiesemulsion particles. The average deviation in diameter from
is not obvious. Clearly, one possible role is to act as heterothe mean size is only 10—15 $%—9]. By using such emul-
geneous nucleation sites. Both Turnbil] and Perepezko sions with narrow size distributions, the determination of the
[6] have discussed this. A signature of heterogeneous nucleate constant for any given emulsion radius is considerably
ation is a small difference between the melting temperaturémproved. Also, this makes it possible to better test the pre-
and the onset of nucleation. For example, in mercury, Turndicted volume scaling of the nucleation rate.
bull showed that changes in surfactants could increase the In this paper, we report the results of a refined experimen-
undercooling from 5°C to 60°C, with the smaller valuestal and theoretical investigation of the nucleation rate in
attributed to the effects of heterogeneous nucleants either amulsified hexadecan@C16). The quality of experimental
the surface or within the volume of the droplets. It is well data has been significantly improved by using nearly mono-
known that emulsification tends to increase the undercoolingisperse emulsions in a well controlled thermal environment
over that of bulk liquids, but a simple calculation shows thatand by using x-ray scattering to accurately monitor the vol-
for this to result from isolation of the heterogeneous catalystsime of nucleated droplets during crystallization. Data were
they must be present at extremely low leval Sec. V. obtained for both fixed and linearly increasing undercooling
This seems to suggest that most impurities are not effectivas a function of time, henceforth referred to as isothermal
nucleating agentgs]. nucleation and linear cooling, respectively. Thermodynamic
A second effect of impurities is to lower the melting melting curves have also been obtained for the samples in
point. Perepezk6] has shown in his studies of metals that order to assess the influence of impurities introduced during
as the liquidus temperature drops due to alloying, there is the emulsification procedure. The theoretical analysis has
corresponding decrease in the nucleation temperature. Hencencurrently been refined to account for #atire time de-
an approximately constant value of the undercooling is obpendence of the solid fraction as a function of time, rather
served. These effects can be large, for example, in the leadkhan just matching some characteristic time. This careful
antimony system the liquidus and nucleation temperatureanalysis revealed deviations from a simple scenario involv-
both decline by about 75°C as the antimony content ining a uniform ensemble of independent nucleation events. By
systematically relaxing the assumptions in this description,
we have concluded that the most probable cause of the ob-
*Present address: Department of Physics and Astronomy, Univeserved deviations is a novel mechanism which involves the
sity of Pennsylvania, Philadelphia, PA 19104. transport of impurities expelled from nucleated droplets to
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the remaining liquid droplets. This transport subsequenthhibit values several orders of magnitude larger in value than
increases the impurity concentration of these remaininghe classical valu@4].

droplets and reduces their nucleation rate by lowering their Two subsequent studies on alkane nucleation explored the
thermodynamic melting poirf,,. This mechanism can com- effect of changing carbon numbgt1,12. In both studies

pletely account for the observed behavior and can be furthefontinuous cooling data were used to calculate the crystal-
explored with additional experiments Iquid surface tension and the preexponential factor. Both

. . ) . studies found that as the carbon number is reduced below
The remainder of this paper is organized as follows. In

S I ) : wdi Ik leati aboutnc=15, there is an increase in the barrier. The preex-
ec. ll, we review previous studies on alkane nuclealionpgnential values were not precisely determined by these

Section Il provides details of the experimental techniquesdies. Reanalysis in terms of the negentropic méiie)

and procedures used. Section IV reviews classical nucleatiogd to a value of 9 mJ/ffor the interfacial tension of C16,
theory and its predictions based on the assumption of uniand to the suggestion that the anomalous barrier height dis-
form nucleation, i.e., independent nucleation events in a hoappears asic—1 and asnc—<, and that its origin is in
mogeneous ensemble of droplets. Finding that this theory ipartial alignment of the alkane chains.

unable to account for the observed behavior of the system, The fourth group[13-14 to study nucleation in emul-
we consider possible extensions of this theory in Sec. Vsions focused on the behavior of C16. They utilized ultra-
Here we explore two scenarios for the generation of droplesound transmission to measure the proportion of liquid to
heterogeneity, which is necessary to explain the data. The$®lid in an emulsion sample. Both stepwise cooling and iso-
include the possibility of some fixed-in-time heterogeneitythermal hold experiments were used. Their results exhibit the

generated by the emulsification process, such as a distrib@Pical ~14-15°C undercooling found by other workers,
tion of droplet sizes or impurity concentrations, and the dy_showmg t_hat their samples behave as expected durl_ng step-
namic generation of heterogeneity in the droplet populatiorf'iS€ €ooling. However, the real focus of these studies was
due to the nucleation process itself. Based on the reanalys Ee interaction of liquid and crystalline droplets during iso-
of the data, we present our conclusions in Sec. VI and Sug;ermal hold experiment$13]. At an undercooling of

est a number of experiments to further test the validity of 10°C, where the nucleation rate for the C16 liquid drop-
9 pe Y Ollets alone is quite small, equal volume mixtures of liquid and
the proposed mechanism, as well as avenues for future th

oretical consideration olid Cc16 drop!e'ts. were studied. Thg solid C16 drops were

' created by an initial deep undercooling and then physically
mixed together with the as-yet unfrozen sample. The authors
found that the solid C16 particles accelerate nucleation. The
IIl. PREVIOUS STUDIES OF ALKANE NUCLEATION particle size distribution before and after the experiment was

Four groups have studied alkane nucleation through théimilar; therefore they ruled out Ostwald ripening as the
use of emulsion samples. The earliest work is from Turnbulource of the acceleration. No attempt was made to fit these
and Cormig3], who studied C16, C17, C18, C24, and C32.9ata to a rate law. _ |
Theirs is evidence that alkane nucleation is unusual. First, !N @ Set of related experiments the type and concentration
they noted that there seemed to be an unusual spread in tA& the surfactant were varid4]. The presence of crystal-
melting temperatures. This was characterized as “sharp’in€ C16 droplets accelerated the nucleation by varying
and “broad” melting fractions. The amount of each varied @mounts depending on the surfactant type. It was also found
from sample to sample, even for the same chain length. Bé_hat the rate of nucleation for the mlxed_solld/hqmd emulsion
cause they performed isothermal nucleation studies thegpcreased as the amount of surfactant increased. The authors

were sensitive to this spread in melting temperature. To anauggest that interparticle collisions are responsible for the

lyze the nucleation behavior in this situation they focused orf:cCelerated nucleation. ,

the early-time data with transformed fraction<0.5. This As we discuss in Sec. IV, we observe an effect opposite to
narrowed focus was meant to isolate the behavior of thdhat seen by these authors. As our sample crystallizes, the
sharp-melting, majority phase. remaining crystallization is more difficult. However, Dickin-

The second anomaly in alkane nucleation is the ease witAon €t al- [16] also report an experiment where this effect is

which the alkanes nucleate. Stated in terms of reduced urpee": In this work they hold their emulsion at an undercool-

dercooling, AT,=(T,—Tn)/Tm, where Ty is the point "9 of a_bout 15°C and follow the percent transformed v_vith
where the nucleation rate becomes significant @pds the time. Like us, they observe an initially ra_pld _nucleat|on
thermodynamic melting temperatur®T, for the alkanes is which th?”_ slows. They d(.) hot attempt t_o fit this to a ra_te
about 0.05 whereas that for other materials is from 0.2 to 0.5V but it is clear_ that a smgle.ex_ponentlal cannot describe
[10]. Turnbull and Cormia’s analysis of the nucleation be_thew. data. Alsp similar to our findings, they report that t_he
havior in terms of the classical nucleation model showed thaf'€lting behavior extends over a large temperature regime.
the nucleation barrier is small, corresponding to a smalll hey report rr_1e|t|ng ranges of about 2°C for all their
liquid-crystal interfacial tension (9.64 mJdfnfor C18; de- samples, and in one |£1stan{:136] they report th_e onset of
tailed kinetics measurements were not performed for)c16 Melting more than 10°C below the bulk melting tempera-
but that the preexponential factor is in rough agreement witfUré- AS We show in Sec. VA, this is a signature of the
that calculated from classical nucleation the¢experimen- impurity effects which can affect nucleation.

tal value =10°*"3%2 m 3s! for C18. The small barrier
accounts for the small undercooling temperature. The agree-
ment of the preexponential with that from classical nucle- Nucleation of the liquid-to-crystal transition was mea-
ation theory is itself unusual. Other materials typically ex-sured in droplets of C16 of an oil-in-water emulsion. The

IIl. EXPERIMENTAL PROCEDURE
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FIG. 1. Left: A schematic of the x-ray cell loaded with an emul- . .
;ion samplg. Right: The powder pattern of .the.Cl6 emuls.ion §ample 0 1000 ' 2000 ' 3000
in the triclinic (solid) phase. The numbers indicate the Miller indi- Time (seconds)

ces for each peak. The arrow denotes the detector position, which

monitors the(013 peak to determine the amount of solid in the  FIG. 2. The temperature of the sample and measured x-ray in-

sample during the kinetics measurements. tensity as a function of time over the course of a typical isothermal
experiment. The sample was first held abdygto ensure that all

observed crystal phase is the thermodynamically stable tridroplets were liquid1). The sample was then quenched2p and

clinic phase. A schematic of the experimental setup is showReld at(3) a fixed temperatur&, and the rise in scattering intensity

in Fig. 1. A reference table of relevant material properties fovas measured. A subsequent quench to a lower tempefajuras

C16 is given in Table I. used to determine the scattering from a fully crystallized sample.

One um diameter emulsions of C16 in water with the 'he sample was then heated back ab®ye(5).

surfactant sodium dodecyl sulfat®8DS were prepared using on an Air Products Displex cold finger with a closed-cycle
the fractilonation method of Bibgtt[éj. The distribution _of He refrigeration system. Heating wire wrapped around the
droplet sizes was less than10% in diameter as determined pase of the cold finger provided temperature control. As the
by light scattering and optical microscopy. cold finger was operated in vacuum, an air-tight copper

Below its Krafft point at 283 K 18], SDS precipitates out ghjeld with kapton windows was placed directly around the
Of Solution as a Crysta”ine Solid in equilibl’ium W|th a Sma” Copper Samp|e mount inside the vacuum Shroud Of the Dis_
concentration of dissolved monomers. In order to avoid thisp|ex to surround the sample with gas and therefore reduce
effect, a cosurfactant was added to suppress the Krafft poiRgmperature gradients. The temperature was controlled with
[19]. The chosen surfactant, a sulfated polyoxyethylenated | akeShore 340 Temperature Controller. The control tem-
alkyl alCOhOI(referred to here as E}Ohas the chemical for- perature SensdISi d|ode was embedded in the cold ﬁnger
mula CH(CH,) 13- 15(OCH,CH,) gOSO;Na. An aqueous so-  directly above the copper sample mount. Using this setup, it
lution of EO was added to the initial emulsion Sample toW&S possib|e to cool the Samp]e from room temperature
achieve approximately equal concentrations of SDS and E@own to 277 K in less than 250 s without any overshoot of
in the range of 0.5—1 wt%. This new solution was allowedthe temperaturéFig. 2). This careful attention to tempera-
to equilibrate for more than 24 hours before use, duringyre gradients overcame problems encountered in the initial
which time the emulsion droplets had flocculated together tQtudies[20].
form a white cream floating on the aqueous phase. The The nucleation rate was determined by measuring the
cream of the emulsion sample with both SDS and EO cosurchange in intensity of the x-ray diffraction as a function of
factants was loaded directly into the x-ray cell. time. X-ray scattering was performed using a Rigaku 18 kW

The emulsion sample was loaded into a Viton O-ringrotating anode generator and an x-ray wavelength of
sandwiched between two Be windows, held between twq 54 A . Scattered x rays were detected with a Bicron de-
copper platessee Fig. 1 The sample temperature was readtector on a Huber four-circle spectrometer. Scattering from
with thermistors(+ 0.2 K accuracy placed in the copper the solidified 1um diam droplets resulted in a powder dif-
less than 3.5 mm from the sample. The sample was cooleflaction pattern of the triclinic phase. Ti@13 Bragg peak

of the triclinic phase was selected to be monito(Ed). 1)

TABLE |. Material properties of hexadecaiie7]. due to the intensity of the peak and the low scattering from
: the liquid phase at that angle. For the isothermal experi-
Melting temperatureTmo 291.32K ments, the detector slits were set very wide to increase the

6.28<10° Jm3k-t  signal intensity and to encompass slight differences in the
peak position due to thermal expansion when measuring at
Mass densityp 773.4 kg m® different temperatures. During the constant cooling rate and
the melting experiments, the slits were narrowed and the
detector was continually shifted to track the peak during

Viscosity atTmg: 7 3.484x107% Pa s thermal expansion.
Three types of experiments were conducted: crystalliza-

Entropy of fusion:AS

Molar weight:M,, 0.226 43 kg mol?
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tion at a constant undercooliriggothermal nucleationcrys-  simply assume that upon formation of a solid phase of criti-
tallization while the temperature was lowered linearly incal radius, the entire droplet freezes instantaneously.

time (linear cooling, and melting at a slow heating rate. For  The probability of spontaneously creating a solid with the
the isothermal experiments, the sample was rapidlcritical radius is simply found from Eq(l), leading to a
guenched from room temperature down to the desired undenucleation rate

cooling and held at that temperature while the increase in

x-ray scattering was followed as a function of tiffsee Fig. AV exy{ _AG(R= Rc))
2). In order to determine the total scattering signal when the 0 kgT '
entire droplet population was frozen, each experiment was

followed by a deep quench to a lower temperat@23.8 K} This rate is proportional to the voluméof available under-
that froze all droplets. All reported isothermal data are norcooled fluid, the Boltzmann factor associated with the free
malized to the final intensity value of the subsequent deegnergy barrier for creating a critical nucleus as determined
quench. In addition, all quenches were repeated multiplérom Eg. (1), and an attempt frequency per unit volunde,

@

times with identical results. for creating such a critical nucleus, which is given[123]
In the linear cooling experiments, the rate of temperature

change was between0.01 and—0.002 K/min. Faster rates T y D

were avoided because the latent heat released by the crystal- A=Cw kB_T“@' )

lizing droplets could not be dissipated quickly enough and
resulted in a smearing of the transformation over a largeHere,C, w, «, d, andD = (kgT)/(377d) are, respectively,
temperature range. Similarly, isothermal experiments withg numeric constan€=1.65, the monomeric volume, mo-
the largest undercoolings did show latent heat effects angcular number density, molecular diameter, and the Stokes-
were excluded from the analysis. A study of the experimentinstein diffusion constant of C16 in its liquid phase. For
suggests convection as the dominant mechanism for he@btational simplicity we define
transfer within the sample.

Melting was done in steps of 0.25 to 1 K. The sample was 167 y3
heated slowly between steps and was allowed to equilibrate O=———, (4)
for approximately 1 hour at each step. This equilibration was 3kgTmAS
observed by the leveling out of the intensity subsequent t

Qo that the nucleation rate given b becomes
each temperature step. 9 y E8)

(AT)?) ©

Q
IV. UNIFORM NUCLEATION VOZAVGX% -

In this section, we interpret the results of the experiments
u_sing classical _nucleation th_eory, With the_ assumptio_ns that A. Isothermal nucleation
(i) all droplets in the emulsions are identical, and ttigt . ] .
nucleation events are statistically independent in each drop- At a fixed level of undercooling, the rate at which emul-
let. We refer to this set of assumptions as uniform nucleSion droplets freeze is time independent. b¢t) represent
ation. the fraction of solid droplets at timg following a rapid
In classical nucleation theoiyt,21], the formation of the ~guench to a given undercoolingTl att=0. Thenn(t) obeys
thermodynamically stable crystalline phase in an underthe differential equation
cooled, metastable liquid phase is controlled by the local free dn
energy barrier towards solidification. The free energy cost —=(1-n)vy, (6)
AG(R) associated with the creation of a solid sphere of ra- dt

dius R is given b
USR1S given by with initial conditionn(0)=0. This differential equation may

A be integrated to give
AG=——R3Ag+47R%y, )
3 n(t)y=1—e o, (7)

whereAg is the free energy difference per volume betweenso the fraction of liquid droplets decreases exponentially in
the metastable liquid and the stable solid phase,yaigdthe  time.

surface tension between the two phases. For small solid radii It should be noted that the rate, depends strongly on

R the second term dominates the first and the formation oboth the surface tensiom of the liquid-solid interface and
the more stable solid phase requires an increase in free ethe degree of undercoolin§T [cf. Egs.(4) and (5)]. This
ergy. The nucleation rate is controlled by the free energytrong dependence allows an extremely precise determina-
barrier associated with the formation of a solid sphere at &ion of y provided that the data can be fit tosangle expo-
critical radius ofR.=2vy/Ag, since further solidification re- nential. On the other hand, Fig. 3, showing a representative
duces the free energy of the system. For small undercoolinglata set from an isothermal freezing experiment, demon-
the thermodynamic driving forcAg=ASAT, whereASis  strates that such a simplistic interpretation of the data is in-
the entropy of fusion of the phase transition ah@=T,, applicable. The freezing of remaining liquid droplets at later
—T is the degree of undercooling of the sample at temperatimes proceeds far slower than suggested by an extrapolation
ture T [22]. We neglect the dynamics of the growth and from the initial decrease of the fraction of liquid droplets.
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dence in the preexponential factor in E§), we find that the
time-dependentucleation rate is now given by

Q
V(t)—AVexp( - [Tm_T(O)_M]Z). ®

0.8

0.6
<
- The differential equation describing the time evolution of
8 n(t) reads
d 0.4
T dn
3 ——=(1-n)AVe N 9)
3 2 dt
| 5 AT =155K ]
2AT=153K %, where the initial timet=0, is chosen to occur when the
©AT=151K ] :
AAT =14.9K DD sample is aff,.
T g Following a change of independent variable
02 . ! . I . I & =(/(\t)?, the solution of Eq(9) is given by
0 200 400 600 800
Time (seconds) . AV \/5 1 O 0
FIG. 3. The fraction of liquid emulsion droplets as a function of n(t)=1-exp - 2\ 2 (M)z ’ (10

time as measured by the x-ray intensity at a Bragg peak of the

crystalline C16 phase for a number of undercoolings. If the nuclewwhere we have introduced the incomplete gamma function
ation rate had been independent of time, this process would haye4]

yielded a simple exponential dependence on time. The solid lines

represent this expected behavior based on the nucleation rate at late 1
times ¢>400 s). The data deviate significantly from this simple F( - 512)
model at early times. If there were a static partition into heteroge-

neously and homogeneously nucleating droplets, then the solid lin
would intercept the & n axis at a single point corresponding to the
fraction of homogeneously nucleating droplets.

= f e 227327, (11)

z

% or z>1, this function goes to zero @ ¥%exp(-2) so at
short timesn(t) behaves as

: , AVA? 2,2
B. Linear cooling n(t)~ —Qt3e_9”‘ Y t=NQ (12
2 ' '
We now consider the case where the temperature, rather
than being held constant, decreases linearly in time. Thehys, att=0 the function has an essential singularity and the
thermodynamic driving force thus increases in time and thenjtial increase in the solid fraction(t) is extremely slow.
exponential decay of the liquid fraction seen in the solutionFor z< 1, the integral in Eq(11) is dominated by the diver-

of Eq. (6) is changed to a relatively sudden drop at an un-yence of the integrand at=0 and is approximately given by
dercooling determined by the cooling raee Fig. 4. 27712 50 at long times

Suppose that the temperature of the sample is decreased at
a rate given by. If we ignore the weak temperature depen- n(t)~1—exp —AVt), t>\/\Q (13

as expected since the free energy barrier disappears. How-
ever, since the attempt frequendy is typically very large,

the nucleation process is largely finished long before the free
energy barrier becomes negligible. Therefore, this
asymptotic behavior is not observable experimentally. The
complete solution is plotted in Fig. 4 together with the ex-
perimental data.

The plot shown in Fig. 4 of Eq.10) was made using the
preexponential factor taken from a fit to the isothermal data
(see Sec. VBand using the surface tensignas a fitting
parameter. The preexponential facfdused in this fit was
calculated afT,, (A at the temperature of transformation is
less than 3% smaller thahat T,,). We find that the best-fit
FEE value of this surface tension i%=9.9+0.2 mJ/m. It
PRI I S should be noted that, to a good approximation, shifting the
value of the surface tensiop simply translates the theoret-
ical curve in time(i.e., temperatute Therefore,y can in

FIG. 4. Solid fraction as a function of temperature at a constanPrinciple be determined with great precision, since the time
cooling rate A =4.9x 103 °C/min, plotted together with the theo- at which abrupt change in(t) occurs is exponentially sen-
retical curve given by Eq10). Note that time evolves from right to ~ Sitive to its value. The principal source of the uncertainty is
left. the accuracy with which the magnitude of the undercooling

Temperature (°C)
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was measured. This result for the surface tension is in agre&Ve take the droplet volume distribution to be lognormal with
ment with the previous work of Turnbull and Cormia for characteristic volum&/, and variancer? [27]:
C18[3] and other groups for C1@.1,12.

Finally, we note that the agreement between the linear e %2 [In(V/V)]2
cooling data and the prediction of E(LO) is not exact. In P(V)= > - —20 , (15
particular, the slope of the data in the transition regi®2— VoN2mo 20

2.6°C in Fig. 4 is clearly smaller than that of the theoretical
prediction. This behavior is consistent with the observedand find that the best fit to the experimental data is obtained
slowdown of the nucleation rate in isothermal experimentsfor o~1.0. The resulting best fit to the data is poor; also, the
In order to address these discrepancies, we proceed in tlnulsion is actually known to have a much narrower volume
next section to systematically relax the assumptions made idistribution, based on the method of emulsion preparation
the uniform nucleation hypothesis. and our own optical measureme3]. Furthermore, iso-
thermal experiments at different undercoolings cannot be ac-
counted for by a single set of fitting parameters. Thus, we do
V. NONUNIFORM NUCLEATION not believe that the observed nonexponential saturation of

Applying the results of uniform nucleation theory to both the |sot_hermal freezmg curves can be attributed to the poly-
dispersity of the emulsion sample.

the isothermal and linear cooling experiments has led to sub- Along a similar vein, one may postulate that there exists

stantial disagreements between theory and experiment in the ' e . .
S ; some fixed distribution of melting temperatures in the emul-
former and more subtle deviations in the latter. The depar=

ture from simple exponential behavior in the isothermal>'°" droplet population, possibly due to a distribution of im-

guenh xperment s been e by previous wokers (117 STESTUALOnS 1 e emulsien ot Here o
the field[3,16]. Faced with this observation, one is forced to . P P gn'y

) oo : insoluble in water, in order to prevent the equalization of
consider one of two general possibilitigs} The emulsion . . : e .
. o . _jmpurity concentration via diffusion through the continuous
droplets are not homogeneous, i.e., there is a “quenched-in

) N L I;])hase. Problems very similar to the case of size distribution
dispersion in some relevant property, such as a distribution .

. . . . . . arise here as well. In order to fit a given data set one is once
of sizes or impurity concentrations, leadingnwltiexponen- ) TS ; .
. . . . y again forced to assume a distribution of impurity concentra-
tial decay ofn(t) in the isothermal experiments, dii)

nucleation events are not statistically independent, i.e., thtIonS thatis too broadwith standard deviation comparable to

: . : e meai The average number of impurities in a droplet of
nucleation rate of a given emulsion droplet depends on the . = . .

; olumeV is N;=cpVNp/M,,, wherec is the mole fraction
state of the other droplets, such as the current fraction o\éf impurities, N, is Avogadro’s number, ang, M,, are the
solid droplets in the emulsion, possibly due to an impurity P A °Y e Tw L

. . . : -7 density and molar weight of C16, respectively. Substituting
mediated interaction between the droplets. This sort of inter- aterial values from Table | and tvpical values 001 and
action might lead to a history-dependent nucleation rate an ~5%10°19 m? vields N.~107 ')Ifﬁus at this im urit
result in nonexponential freezing curves. We reemphasiz 2vel. the central %imit thelorem.su e’sts a much aarrgwer
that the nonexponential character of the cufvy. 3) does d'str'b tion 99
not reflect the finite growth rate of the solid as this rate is ' Alnoutk:er. ossibility is that onlv a certain fractidrof the
extremely fast compared to the data acquisition faf2§. impurities present i>r/1 the sam yIe romotes heterogeneous
Similarly we may not attribute the deviation from a simple P P e P 9

exponential to latent heat effedtsee Sec. Il since the mag- _nucleation. .Th.en the mean number of nuclgating impurities
nitude of the deviation does not diminish with smaller under—'f J/“i'wﬁ));"d'ﬁlous trc]:home of thebnuclfeatmlg ftr_acn_oh
coolings and hence, lower nucleation rates. In addition, given_ i~ d alotwts be n;eargj numr{QeS;]ounL(ch ez?hmg impu-
that the isothermal curves can be reproduced repeatedly f5jfies in a droplet to be of order o - Under these as-

the same loading of a given sample, the nonexponential charumptions the sample is then a static mixture of at least two

acter does not arise from coarsening of the size distributioﬁprOpUIatlons c_)f drqplets—those W.'th roughly one hetero—
of the emulsion sample. The main difference betweerd€neous _nucleatlon site and those without any such sites. By
mechanismgi) and (ii) is that in the former scenario, al- generalizing Eq(7) we then expect the nucleation curves to

though there is a distribution of nucleation rates, it does noPe a sum of exponentials

depend on the state of the droplets, whereas the latter sce- _ B

nario suggests that nucleation events influence the subse- n(t)=1-(ae "est+be "sor), (16)
guent evolution of the system.

Let us start by considering the first possibility, the exis-where thetemperature-independerdonstantsa and b (a
tence of some static distribution of nucleation rates. If theret b=1 for this bimodal modglrepresent the fractions of the
is a population of droplets with different volumes, E§)  sample of the fastheterogeneogsand the slow(homoge-
can easily be generalized to account for this effect by inteneous nucleators, respectively. To test this static subpopula-
grating contributions to the freezing curve of droplets of ation hypothesis we extend the linear fits to the long-time
given volumeV over the volume distributio(V). The re-  behavior of the freezing curves on the semilog [t&ee Fig.
sulting isothermal freezing curve is théef. Egs.(5),(7)] 3) back to early times. In this way we graphically determine
the fraction of the slow nucleating population by the inter-
cept of these linear fits with the-1n axis. Under the present
hypothesis this fractiorh, must be independent of the level

T — 1 _ —Q/(AT)2
n(H=1 f dVP(V)exp —tAVve ). (4 of undercooling. An examination of Fig. 3, however, reveals
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Here, a=kgTpNp/(ASM,)~13.2 K, obtained from the
material parameters of C16 in Table I. Inverting this equa-
tion gives the liquid fractiorx as a function ofT:

aC
x(c;T)={ Tmo— T’
_ 1,

T<T,o— aC
moO (19)

T>Tmo_ «C.

® Data (bulk C,,) \

— Fit (bulk): ac=0.074 °C

A single-parameter fit to the bulk melting curve gives excel-

¢Data(1.0umda) Y lent agreement over the entire temperature raege Fig. 5,
— Fit(1.0um): ac=0.44 °C \ with c~0.6%), which is typical of what one might expect
‘\ N given the 99% purity specification of the manufacturer for

0
15

16

17

the sample that was used.
Surfactants and water have been introduced to the sample
in order to make the emulsion droplets, and therefore it is

Temperature ('C) reasonable to expect additional impurities to end up in the

FIG. 5. Melting curves obtained for bulk and emulsified ( emulsion droplets. A similar fit to the melting curve of emul-
=1.0 um) C16 samples used in the nucleation study, shown a$ion droplets shown ir} Fig. 5 gives a melting. temperature of
solid fractionn versus temperature. Solid lines correspond to bestlm=290.9-0.2 K which corresponds to an increase in the
fits to Eq.(19) with parameters quoted in the legend. impurity concentration to about 3.3%. Given the high purity

and small solubility of water in C16, the surfactants are

the effective slow fractiorb to be temperature dependent. Iikely to be the main source of thesg additional impurities..
This dependence allows us to discard the static subpopula- GiVen that there is a range of melting temperatures, which
tion hypothesis. we attribute to varying impurity concentrations in the drop-
Nevertheless, the role of impurities in this system is not€tS, we propose the following scenario in order to explain
inconsequential. While it is true that we may dispense with g€ observed behavior: The system is presumably in thermo-
time-independent distribution of impurities in order to ac-dynamic equilibrium prior to the initiation of nucleation
count for the experiments, a time-dependent change of thgVents. It is reasonable to suppose that when a droplet
impurity concentration driven by the freezing process carfreezes, some of the impurities |n5|dt_a or at the Sl_Jrface of.the
account for the nonexponential behavior of the isothermafiroplet are expelled to the surrounding water, since the im-
freezing data. Before we discuss this possibility in detail, wePurities are less soluble in solid than in liquid C16. This

consider the effect of impurities on the melting temperatureXPulsion of impurities from the solid phase is the basis of
of the C16 droplets. “zone refining” [31], which is a common method used for

purification of semiconductor crystals. These impurities con-
_ sequently redistribute themselves among the water and re-
A. Impurity effects maining liquid C16 droplets in order to restore thermody-

In a liquid, the presence of impurities that are relativelyn@mic equilibrium. This happens by diffusion through the
insoluble in its solid reduces its equilibrium freezing point continuous phase, which occurs rapidly on the time scale
[30] and broadens its melting curve. Figure 5 shows the beover which the fraction of frozen droplets varies. Some frac-
havior for both the emulsion and the bulk C16 that was usedion of these impurities, determined by their relative solubil-
in its preparation. Note that each emulsion droggtatthe ity in water vs C16, end up in the remaining liquid droplets,
entire bulk C16 sampJewill have a partially molten fraction, Whose enhanced impurity concentration decreases their ef-
described by in the following discussion. fective undercooling and reduces their nucleation rate. Thus,

For molar impurity fractiong<1, the impure liquid will ~ the first droplets to freeze havehigher melting temperature

be in equilibrium with its pure solid at a suppressed tempera{f-ha_n the last droplets to free_Ze Since they have a lower i'm-
ture [30] purity concentration, which gives rise to the nonexponential

behavior during isothermal nucleation.

The theoretical analysis can easily be extended to account
for such a mechanism, which can then be compared with the
experiments to test the hypothesis. We do this in the remain-

. . : ) der of this section.
whereT,,q is the melting point of pure C16. A point on the

melting curve at temperatufe reflects coexistence between
the liquid fractionx with impurity concentratiorc/x and the
pure solid, since the total number of impurities are fixed and
the impurities are assumed to be insoluble in the solid. Thu
the temperature at which the liquid fractionxss given by

kBTpNA

Tm(C)=Tmo— ASML &
‘W

7

B. Return to isothermal nucleation

The leading behavior manifested by an impurity mediated
SSUppression of the undercooling can be expressed as a linear
decrease in the relevant melting temperature as a function of
solid C16 fractiom. Thus, the time evolution af at a fixed
temperatureT is given by

T(X)=Tpm(c/X)=Tmo— ac/X. (18
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FIG. 6. Solid fraction as a function of time for isothermal con-  FIG. 7. Solid fraction as a function of temperature at two dif-
ditions. Using the droplet interaction hypothesis discussed in théerent linear cooling ratetopen symbolsand the prediction pro-
text we are able to reasonably (&olid lines the isothermal data duced by the numerical integration of E&1) (solid lines.
from a range of undercooling valuégpen symbols

perature of the C16 emulsion droplets 1g,=290.95 K,

QO which is within the error of our measurements.

e

dn
az(l—n)AVex -
C. Return to linear cooling

where T, is the initial melting temperature of the droplets ~ We may further test our hypothesis by revisiting the linear
and 8 is the rate at which the melting point of subsequentcooling problem. If the transformation rate is slow compared
droplets is reduced. In generas, depends on the volume to the time over which impurity molecules are able to diffuse
fraction of the droplets in the emulsion and the relative solufrom one emulsion droplet to the next, we may assume that
bilities of the impurities involved in the mechanism in water the impurities remain in equilibrium over the course of the
and C16. Being unable to determigandependently, we use experiment. We can estimate this equilibration timergg

it as an additional fitting parameter to account for the experi-~R?/D[(1— n)¢] ?° whereR is the radius of an emulsion
mental data. A least-squares fit of the numerical integratiorsiroplet, D is the diffusion coefficient for an impurity mol-

of Eq. (20) with respect tog, y, andA [A was allowed to ecule in waterfwhich we may take to be on the order of a
vary from the initial value as predicted using E8) and the  typical molecular diffusivity, and ¢ is the volume fraction
numerical constants in Tablg was performed on the data. of the emulsion droplets. We then find that the assumption of
The comparison of experiment and theory for four differentimpurity concentration equilibration remains valid up to
undercoolings is shown in Fig. 6. Compared to uniformtransformation ratesjn/dt, on the order ofq-(;f}zlo2 Hz.
nucleation or fixed-in-time heterogeneity assumptions, th&'he experimental maximum transformation réteken from
agreement with experiment is quite good. Furthermore, théhe maximum slope of the data in Fig) ¥ on the order of
obtained value fog is physically very reasonable. The best- 107* Hz <T(;f}. Clearly this estimate applies only to the
fit value for 8 was 0.55 K, i.e., the melting point of the last situation where the total conversion to the solid is incomplete
droplet to nucleate is reduced by about half a degree. Th@s is the case in our isothermal experiments—see Big. 6
resulting value of the preexponential factor was a factor okince the diffusion time to another unfrozen droplet becomes
10 12 times the classical expression. This gave a value ofnfinite as the fraction of remaining liquid droplets {h)
A=2x10** m3s ! at an undercooling of 15.1 K. The re- drops to zero. In the linear cooling experiments where the
sulting value for the kinetic barrier wasy=9.8 transformation is complete, the assumption of impurity
+0.2 mJ/n, in good agreement with that obtained from the equilibration holds until less than 0.1% of the liquid droplets

linear cooling experiment&ee Sec. IV R remains, so the observation of the breakdown of this assump-
Actual values for the rates of transformation for the iso-tion is experimentally inaccessible.
thermal data in Fig. 6 range fromx810"* m 3s ! at AT Upon modifying Eq.(8) to account for the suppression of

=149 K to 7x10"® m3s ! at AT=15.3 K for early the melting temperature, time evolution mfor linear cool-
times. These rates slow down due to the impurity effect by ang is given by
factor of =10 after~60% conversion of the sample.

It may be noted that the freezing curve with the fastest @=(1—n)AVe‘“’(“+B”)2 21)
time scale(largest undercoolinglies somewhat below the dt '
theoretical prediction. We attribute this discrepancy to latent
heat effects discussed in Sec. Ill. Larger undercoolimgg  The integration of Eq(21) can be performed numerically.
shown all seem to suffer increasingly from this effect. In The result of this integration along with the linear cooling
fitting the isothermal data we have adjusted the melting temeata are shown in Fig. 7 for two different cooling rates. Once
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again,B is used as a fitting parameter, with a best-fit value ofcountably broad distribution. Such distributions are highly
0.18 K. Values ofA andy are as given in Sec. IV B. unlikely in light of the central limit theorem.

Comparing Fig. 7 with Fig. 4 one immediately notes that In contradistinction to both of these ideas, we propose that
the discrepancy in maximum slope between the unmodifiethe observed heterogeneity in the emulsion droplets is dy-
theory and the data has now disappeared. The difference mamically generated by the nucleation process itself. Freez-
the values of between the linear cooling and isothermal ing droplets expel impuritiessome of which might be attrib-
guench experiments, is not unexpected, given the fact thatted to the addition of surfactgnwhich then go into solution
the value of3 is sample dependent and different emulsionin the remaining liquid C16 droplets in order to restore ther-
samples were used for the two types of experiments. A morgnodynamic equilibrium. By doing so, these mobile impuri-
detailed analysis of the impurity mediated interaction hy-ties reduce the melting temperature of the remaining liquid
pothesis, including a better quantitative analysisgofind  droplets, which experience a reduced thermodynamic driving
further implications of this hypothesis on other types of ex-force towards solidification and consequently a reduced

periments, is the subject of ongoing wdid2]. nucleation rate. This proposal is able to account for both the
isothermal and linear cooling data at a variety of undercool-
VI. SUMMARY AND CONCLUSIONS ings and cooling rates, respectively. To a good approxima-

tion, the magnitude of this effect can be parametrized by a

In this paper we report on the results of nucleation StUdie%ample-dependent paramef@r which expresses the rate at
in C16 emulsions during isothermal quenCh and linear COOlwhich the me|t|ng point of remaining ||qu|d drop|ets is sup-
ing conditions. By application of recently developed emul-pressed as a function of the solid droplet fraction. To obtain
sion preparation techniques to produce nearly monodispersgcurate quantitative measurements of either the activation
emulsion samples and use of x-ray scattering for direct obparrier toward nucleation or the preexponential factor, this
servation of the crystalline phase, we greatly reduced mangffect needs to be taken into account. Note that measure-
of the uncertainties in the interpretation of experimental dataments described in this paper were performed on emulsion
In doing so, we have found potentially important effects notsamples prepared with a mixture of anionic surfactants. Mea-
accounted for by the standard interpretation of Uniformsurements of a C16 emulsion Samp|e prepared with a Sing|e
nucleation. In accord with preViOUS measurements of thi%onionic surfactant do not appear to show such a |arge im-
sort by Turnbull and Cormi@3], the isothermal quench ex- purity effect[32].
periments do not show the standard exponential growth and Fyrther tests of this theory can be anticipated. It should be
saturation of the fraction of solid droplets over time. Insteacbossime to directly detect and measure the suppression of
we observe a substantial decrease in the rate of nucleatiqfielting temperature by an experiment where the emulsion is
events at later times, when a significant fraction of the syspartially melted and subsequently refrozen at a temperature
tem has already transformed to the solid phase. In additiofyhere no new nucleation is allowed. Such careful studies of
we find that in the linear cooling experiments the maximumthe remelting process coupled to a more detailed theory for
transformation rate predicted by the simple nucleation theoryhe impurity expulsion and transport should lead to a better
is larger than that of the data. understanding of whether and how the dynamics of the freez-

Such discrepancies have previously been attributed to thyg process affects the results of emulsion nucleation studies.

existence of some sort of temporally fixed heterogeneity imdditional work along these lines is currently in progress
the emulsion droplet population. One proposed source of hefg7],

erogeneity has been the volume polydispersity in the emul-

sion droplets. However, using recently developed emulsifi-
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