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Emulsion glasses: A dynamic light-scattering study
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A liquid-glass transition was observed experimentally in a new system, an oil-in-water emulsion. Dynamic
light scattering was employed to obtain the intermediate scattering funtftigt) for a range of volume
fractions ¢ and scattering vectorg The results are compared with predictions of the mode coupling theory.
While the usual idealized version of the theory provides accurate fits to the data on the liquid side of the
transition, fits for volume fractions near the transition and in the glass phase were found to require the extended
version, presumably due to an additional decay mechanism related to the deformability of the oil droplets.
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INTRODUCTION ga~1, whereq is the scattering vector aralis the particle
radius. Detailed dynamic light-scattering studies of colloidal
The liquid-glass transition occurs in a wide range of ma-glass formers have been reported and compared with the pre-
terials including the silicates, molecular liquids, molten saltsdictions of MCT, particularly by van Megen and his co-
and polymers. At temperatures well below the glass transiworkers[6—8] and by Bartsch and co-workef8,10]. Since
tion temperaturd 4, glasses are amorphous solids with non-MCT calculations can be carried out with the important cou-
zero shear modulus on any measurable time scale, whilgling constants evaluated explicitly for the hard-sphere sys-
their structures exhibit no evidence of long-range order. It igdem, the dynamics of colloidal glasses as probed by dynamic
generally (though not universally believed that the glass light scattering provide a possibility for direct comparison of
transition is a purely kinetic transition, and that no thermo-experiment and theory with no adjustable parameters. There
dynamic phase transition is involved. are, however, hydrodynamic interactions present in colloidal
The hallmarks of the glass transition include extremelydispersions that are not included in MCT. To further explore
rapid increases in the shear viscosity and structural relaxatiotme relevance of MCT to the liquid-glass transition, it is
time with decreasing temperature, and the quenching in oflearly desirable to investigate other systems for which the
disorder as the material undergoes an ergodic to nonergodioteraction potentials can be treated explicitly.
transition. While many experimental studies of these proper- In this paper we describe a new system that, somewhat
ties with a variety of experimental techniques have been rednexpectedly, exhibits the hallmarks of the glass transition.
ported, there is still no universally accepted theoretical exit is an emulsion consisting of two liquids—oil and water—
planation for the glass transition; experimental data continugvith a small concentration of stabilizing surfactant. The oil is
to be analyzed with a variety of different theoretical modelsdispersed as surfactant-covered droplets in the continuous
[1,2]. Thus further model systems that undergo a glass tranwaten phase, forming an emulsion. The emulsion droplets
sition, and whose properties can be probed in detail, woul@re further purified to make them monodisperse in size
be of great value to further elucidate this important transi{11,12, making possible more detailed study of their behav-
tion. ior and more exact comparison to theoretical predictions of
Mode coupling theory(MCT) [3,4] has been very suc- packing and dynamics. We show that this emulsion clearly
cessful in explaining the evolving dynamics of the relaxationundergoes a glass transition as the volume fraction of drop-
process in liquids approachiriy,, but comparisons of ex- lets, ¢, is increased. We study the glass transition with dy-
periment and theory have generally been hampered by theamic light scattering, and show that its behavior is well
complex structure of most real glass-forming materials. Andescribed within the formalism of mode coupling thefay.
important exception is provided by colloidal glasses forHowever, in marked contrast to the behavior of hard-sphere
which the solid colloidal particles interact primarily via colloids, the extended version of MCT must be used for the
simple hard-sphere interaction potentials. In this case, paemulsion, presumably reflecting the consequences of the de-
ticle volume fraction,¢, plays the role of temperature as the formability of the liquid droplets.
thermodynamic variable which controls the onset of the glass Besides providing a new system that can be used to test
transition. As ¢ increases toward the glass transition, thethe validity of MCT, these data also provide important in-
viscosity of a suspension of colloidal particles diverges, andgight into the elastic properties of emulsions. As the droplet
the frequency-dependent viscoelastic moduli can be well desolume fraction increases, these emulsions undergo a pro-
scribed within the framework of MCT5]. Moreover, be- nounced transition from viscous fluids to highly elastic solids
cause colloidal particles typically have sizes of several thouf12]. At the highest volume fractions, the shear modulus of
sand angstroms, light-scattering spectroscopy can directlhe emulsions is controlled by the energy of deformation of
probe the dynamics of these systems on the length scatbe droplet shapes, or the surface ten$ib®i. The transition

1063-651X/99/561)/7157)/$15.00 PRE 59 715 ©1999 The American Physical Society



716 HU GANG, A. H. KRALL, H. Z. CUMMINS, AND D. A. WEITZ PRE 59

to this behavior is governed by the deformation of the drop- 3 ————
lets, which first occurs a#.~0.64, or random close pack- .
ing, the highest volume fraction at which undeformed

spheres can be randomly packed. By contrast, the results 2
presented here show that, in fact, these emulsions first be- =
come a solid at a significantly lower volume fractiof, = "
~0.58, determined by the colloidal glass transition, where -
the spatial packing of the droplets becomes so large that they T . £ "
are no longer able to freely move over all the space.

O 1 L L ' L
EXPERIMENT 0 5 10 15 20 25 30 35

Our emulsions were comprised of silicone oil droplets in g(pm™)
water, .Stablllzed by sod_lum dodecylsulfate. The_ method of FIG. 1. (a) Static structure factor of a monodisperse emulsion
crystalllzatlon fractlgnatlor[l_l] was used to obtain mpno- with a droplet radius ofa~0.25 um and a volume fraction of
disperse droplets with a radius af~0.25 um. By replacing ~0.54.
about half the continuous phase water with glycerol, we
matched the indices of refraction of the droplets and continugreater[13]. This reflects the fact that the disordered struc-
ous phase, thereby eliminating multiple scattering. The structure of the emulsion droplets is quenched in as the volume
ture and dynamics of the emulsions could then be probe¢taction is increased.
with light scattering, using the 514.5 nm line of an*Aaser. To probe the dynamics of the emulsion as it goes through
A desktop centrifuge was used to concentrate the emulsion the glass transition, we use dynamic light scatte(iDgsS),
¢~0.7; the excess solvent was removed, and then used tnd collect data at values g below, at, and above the first
dilute the sample to the desired volume fraction which wageak in the structure factor, for samples whose volume frac-
set by careful control of the mass of the sample componentsion ranges from well below to well above the colloidal glass
and was determined by drying and weighing the constituentgransition. We thereby obtain a comprehensive dynamical
of a portion of the concentrated sample. The emulsiormeasure of the system as its dynamics change with increas-
clearly exhibited a sharp transition in its behavior with in- ing volume fractiong, and as it goes through the glass tran-
creasinge, going from a freely flowing fluid, to a very vis- sition. We measure the intermediate scattering fundtish)
cous fluid to a solid ag varied from about 0.5 to 0.7. Al-  f(q,t)=5(q,t)/S(q). Because the dynamics of the emulsion
though the surface of the droplets is charged by thebecome exceedingly slow with increasing volume fractions,
surfactant, the concentration of surfactant in the continuougime averaging of the data no longer corresponds to the true
phase is sufficient to reduce the screening length to a suffensemble average required for comparing to theoretical pre-
ciently small value that the droplet packing behaves vendictions, reflecting the nonergodicity of the system on the
nearly as hard spheres. Nevertheless there is a very smaiine scale of the measurement. Thus, during the course of a
difference between the phase volume fraction, which determeasurement, some fraction of the scattered light will fluc-
mines the phase behavior of the droplet packing, and theuate completely, while a second fraction will remain un-
absolute volume fraction, determined by the weight of thechanged. The exact correlation function measured will de-
constituents. For the droplets used in these experiments, thigand on the relative fraction of these two contributions for
difference was less than 1942]; here, we quote the phase the light collected by the detector. The relative contributions
volume fraction. of the static and dynamic contributions must be properly

The structure of the emulsions can be characterized bweighted to obtain a true ensemble-averaged ISF.
means of their structure fact@(q) which can be measured  Different techniques can be used to properly average the
quantitatively with static light scattering, because the dropdata. Perhaps the simplest is to slowly rotate the sample
lets are monodisperse, and because they can be indexile the correlation function is being measudddi]. This
matched to the solvent. The form factor of the individualensures that an average over all relative contributions of
droplets is first determined from the scattering intensity of astatic and dynamic scattering is collected. However, the mo-
low volume fraction; this is used to normalize the measuredion of the sample also results in a decay of the correlation
scattering intensity from higher volume fractions, allowing function as the speckles move across the detector, limiting
S(g) to be determined. A typical example &(q) for the  the time scale over which a true decay of the sample is ob-
samples used in these studies is shown in Fig. 1. It is observed. A second method to obtain properly ensemble-
tained from a sample with~0.25um and ¢~0.54, a vol-  averaged data entails the collection of a correlation function
ume fraction that is near the colloidal glass transition. Theat a single point, and then rotating the sample more rapidly
structure factor exhibits the typical behavior of a concento measure the average scattered intensity; this is then used
trated hard-sphere system. There is a pronounced peak @t correct the measured correlation function to obtain the
do~13um~1, corresponding taa~ 7, and a weaker peak ensemble-averaged I$E5]. While this method does not di-
at qo~2qy. The height of the strong first peak §qga rectly average the data, it also does not result in any addi-
~)~2.8, close to the value expected for a colloidal glasstional decay due to sample motion.
Interestingly, the structure factor remains well determined We tried both methods in these experiments; however,
even at volume fractions well above the glass transition, aleontrary to claims that the two techniques are equivalent
though the height of the first peak becomes significantyf14], we found that we were able to collect considerably
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better data using the latter method. The data for the samples
studied here decay very slowly, requiring long collection
times to observe the full extent of the decay. As a result, it
was essential to measure the longest decay times possible.
Using the rotation method, the limitation to measuring long
decay times is set by the combination of the total duration of
the experiment and by the requirement that a large humber of
independent speckles must be measured to obtain the aver-
age scattered intensity with sufficient accuracy to normalize
the data. It is this combination of requirements that ulti-
mately determines the slowest speed at which the sample
must be rotated. Thus, for example,*ifdependent speck-
les must be averaged to determine the average intensity to an
accuracy of about 1%. Since it is quite important to accu-
rately determine the average intensity, at least gieckles
must be measured. For a given experiment duration, this sets
the speed at which the sample must be rotated, and therefore
the longest decay time that can be probed before sample
motion obscures further decay. This decay time must always
be significantly less than 10 of the total duration of the
experiment, severely limiting the decay times that can be
probed in any experiment. By contrast, in the second tech-
nigue, the measurement of the average intensity is separate
from the measurement of the correlation function; hence the
average intensity can be measured with a very high degree of
accuracy by rotating the sample quite rapidly, to collect the " o 62%
data over a very large number of independent speckles. Then o 60%
the correlation function can be measured to much longer [ & 58%
times, without the introduction of any spurious decay due to 0ol 7 5%
sample motion. Although there will be increasing uncertainty oo 56%
in the data at these longer times, the data are nevertheless of ool 4% L\ N
sufficient quality to provide valuable information even at the 10%10°10210" 10° 10" 10 10°
longest delay times. Thus we found experimentally that the £ (sec)
latter method was far better, and we used it to collect all the
data presented here. FIG. 2. Dynamic light-scattering datéq,t) (symbolg from

To collect our data, we typically collected static scatteringmonodisperse emulsions collected a&~2.5 (top pane), 3.6
for about 1 h, while the sample was slowly rotated. This(middle pane), and 4.2(lower pane), for a series of volume frac-
provided a very accurate determination of the average stati¢ons. These values afa correspond to values af~10, 14.4, and
scattering. We then collected correlation functions from sev16.8.«m™ " in the structure factor shown in Fig. 1. The lowest value
eral different points, corrected each one individually to ob-Of & is below the first peak, the intermediate value is approxi-
tain a measure of the ensemble-averaged ISF, and ﬁna”}r)ately at the first peak, yvhlle the hlghes't value_ls al?ove the first
averaged these together. We ensured that the acceptargéak'“ structure fact'or. Fits tp the dgta using the idealized MCT are
angle of the detector was very small, so that the coherencg'W" by the solid lines, while the improved fits for volume frac-
factor, measured with the same optics as the experimentgons above the glass tr_ansmon obtained with the extended MCT are

. . Shown by the dashed lines.

was well above 0.9, as determined by the intercept of corre-
lation functions from purely ergodic samples. Of course the
apparent value of the intercept varied considerably for thelata betweeny=0.57 and 0.58; while the volume fraction
emulsion sample, depending on the relative magnitude of thehanges by only 0.01, the separation of the time scales of the
static and dynamic contributions. However, after the correctwo decay processes of the ISF increases by several decades,
tion, the ISF's varied only very slightly, indicating that the particularly at the highesfja. Nevertheless, at all values of
averaging that we performed was sufficient. both ¢ and ga, the data always decay at the longest time

Data collected from a series of samples, with differentscales measured. Finally, there is also a marked difference in
volume fractions ranging frorgp=0.54 to 0.62 are shown in the behavior agais varied; the amount of the initial decay
Fig. 2. For each volume fraction, we plot data obtained ais clearly the least foga at the peak of the structure factor,
three values ofja, below, at, and above the first peak of the increasing both below and above.
structure factor; thgavalues are indicated by arrows in Fig.  While the shapes of the ISF's shown in Fig. 2 are quite
1. Thef(q,t) data clearly exhibit two distinct decays on well complex, they possess all the hallmarks expected for a sys-
separated time scales. Moreover,damcreases, the separa- tem undergoing a colloidal glass transitip6—8,14. The
tion of these time scales also increases significantly, whilghysical picture that accounts for the shape is that of cages
the plateau in the data between the decays becomes mdi@med around each particle by its neighbors.¢gAmcreases,
extended. In addition, there is a pronounced change in theny given particle becomes trapped within its cage for in-

fab

fah)
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creasing periods of time, and any relaxation mechanism foat short-time scales. These interactions are not yet included
the particle to escape from its cage must become increasinglyp the MCT calculations, although attempts to do so are cur-
more cooperative, involving the collective motion of par- rently underway[20]. Therefore, as in all other previous
ticles over larger distances. This cooperativity results in theomparisons of experimental dynamical data with MCT pre-
pronounced slowing down of the relaxation of density fluc-dictions, we employ the asymptotic MCT results rather than
tuations evident in the data. Qualitatively, the initial decay ofthe full solutions to the MCT equations. However, in contrast
the ISF corresponds to local motion of the particle within itsto the case of hard-sphere colloids, the deformability of the
cage, the slowly decaying plateau region corresponds to reemulsion droplets also affects the dynamics. To account for
laxation of the cage, called the relaxation, while the final this, we will use the extended version of the MCT.

decay corresponds to the breakup of the cage and escape ofNear¢., ®4(t), which is assumed to be equalfi(q,t),

the particle, designated as thaelaxation. To quantitatively exhibits a two step decay, corresponding to theand B
describe the data, we use mode coupling theory, which haglaxation processes characterized by two time scajeand
been successfully applied to describe light-scattering data,, respectively, which are both greater than the micro-
from colloidal suspensions near the glass transité8,16. scopic time scalery. In the idealized version of MCT, the

Mode coupling theory describes the dynamics of a liquidtwo decay times are well separated, duit) decays fully to
approaching the liquid-glass transition through equations ofero at long times forp< ¢, . In contrast, forp> ¢, the o
motion for ®4(t), the normalized autocorrelation functions process is frozen out, leaving only tieprocess, and(q,t)
of the density fluctuationp(t): saturates to a finite valufg,»), at long times. The transition
at ¢ signifies an ergodic to nonergodic transition that typi-
fies a glass transition.

As ¢— ¢, the divergence ofr; inherent in the MCT
equations permits asymptotic expansions to be carried out
These equations, one for eaghare formally exact, with the that provide the MCT asymptotic results usually exploited
important physics hidden in the memory functiok,(t)  for fitting data[7,8,16. For rp<t<r7,, f(q,t) can be fac-
= y4q8(t) + my(t) where y, is the “regular” damping con- torized into time- andj-dependent functions,
stant, andn,(t) represents the slowly varying part iffy(t).

MCT then utilizes the Mori-Zwanzig projection operator for- fq,t)=fe(a)+h(q)G(1), ()]
malism and Kawasaki's factorization approximation to ex- _ o _

pressmy(t) in terms of products of two or more other Wherefc(q) is the nonergodicity parameter which represents
modes. In the original “idealized” version of MCT, only the the amplitude of the arrested structurefgt, andh(q) is the

Dy(t)+ Q2D (1) + f;Mq(t—t')éq(t')dt' =0. (1)

largest such term is retained: critical amplitude that describes the contribution of tBe
correlator,
mq<t>=q§h V(0,01,02) P (D) P (1), ) G(t)=|o] g (t/7), @

_ ; here the master scaling functian. (t/75) is independent
where q;+0,=q, and the coupling constanté(q,q;,9») w . LAN T )
are given in terms of the static structure factorsOf POthgand concentration, and whewe=co($— bc)/ ¢ is
S(q), S(qy), S(q,) which are, in turn, determined by the thg_separatlon parameter which descrlbes_the approac_h to the
intermolecular potentials. For hard spheres, the coupling'itical volume fractiong, of the glass transition. Here, is
constants can be evaluated analytically and the coupled set 8f Material-dependent constant. Bdi{q) andh(q) can, in

Egs.(1) and(2) can then be solved numerically. Such solu-Principle, be calculated frorS(g)at ¢, and are only very
tions were obtained for both hard-sphéi&] and Lennard- weakly dep_endent orp. Volume fraction dependgnce enters
Jones liquids[18]. These complete solutions to the MCT the dynamics only througlw, and the two scaling times,
equations can, in principle, be compared directly to experi¥vhich diverge aip,

mental data, providing a critical test of the theory. However,

preliminary attempts to carry out such a comparison for both T.=tolo| 7, y=1/2a+1/28, ®)
colloidal dispersions and emulsions have been only moder- s
ately successful; while they capture the behavior at the time To=tolo| ™% 6=1/2a, (6)

scales comparable to the decay, they do not properly ac- N
count for the behavior at short times, and thus do not captur@here the critical exponents (0<a<0.5 andb (0<b<1)

the full behavior of the data. are related to the exponent paramexery

The origin of this discrepancy is that the systems modeled 5 5
by these MCT expressions do not correspond exactly to the _ I'“(1-a) _ I'“(1+b) 7
experimental colloidal or emulsion systems. Since the par- I'’(1-2a) T?1+2b)’

ticles or droplets are immersed in a fluid, the diffusive mo-

tion of the particles at short time scales must be incorporatediherel” is the gamma function. The final, long-time relax-
into the MCT. Recently, Mayr and co-workers have reana-ation of f(q,t), reflecting thea process, is described by a
lyzed the hard-sphere liquid using more powerful algorithmssecond scaling law with the: correlator, and can be well

in an attempt to do s§19]. However, in addition to the approximated by a stretched exponential,

diffusive dynamics, hydrodynamic interactions between the

particles also play a crucial role in determining the dynamics f(q,t)="f(q)expg — (t/7,)"q}, (8
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FIG. 3. Fitted values of the nonergodicity parametg) com-
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FIG. 4. Fitted values of the critical amplitudg€q) compared

pared with the prediction for hard spheres, shown by the solid lineyjith the prediction for hard spheres, shown by the solid line.

where g, is the stretching exponent. Within the ideal MCT,

a relaxation exists only on the liquid side, where for times

greater thanr, the relaxation of the density fluctuations is
shared by both th@ and thea processes, withrz marking
the crossover between the initial part of {Beelaxation(the
critical decay ~t~?) and the von Schweidler decay-(
—tP) which joins smoothly to the long-time: decay[Eq.
(5)]. By contrast, on the glass side, theprocess is arrested
and thep process saturates at a definite value at long time
The complete structural arrest &t predicted by the ide-

alized MCT does not occur in simple structural glasses
where thea-relaxation process moves to longer times with
decreasing temperature but does not disappear. Retention
the next significant term in the memory function, beyond the

leading term of Eq(1), leads to the extended MOR1,27.
The additional term, representing coupling to currents,

usually included through a temperature-dependent “hoppin
parameter” &T). With this parameter included, much better
fits to experimental data can be obtained in the transitio

region and in the glass phak23,24. For our emulsion sys-
tem, the droplet deformability is physically similar to the
activated hopping process underlyidgl), so we will also

employ the extended MCT to analyze data at concentration

aboved,.

DATA ANALYSIS

To quantitatively analyze our data, we begin by calculat-

ing the B correlatorG(ot) for hard spheres, for a trial expo-
nent parametex, as a function ofp. Then, for the data for
eachq, we approximate .(q) by the experimental value of

the plateau of the ISF between 0.57 and 0.58, where it be- -

comes flat. We then close a trial valuehgf)) to fit the initial
decay of the data using E). Below ¢=0.58, we combine
the a process using Eq5) with 7, as a fitting parameter;
since in the idealized MCT the process is frozen out above
¢4, we do not include it fol$p>0.57. This fitting process is

S

N

at longer times, contrary to the expectations of the idealized
MCT. To account for this decay, we use the extended MCT
[21,22. Within extended MCT, the final decay is also well
described by a stretched exponential abgyd although the
simple scaling of Eq(5) is not expected to applyand we
use this form here, choosing the value of to ensure a
continuous curve through the data. With this addition, all the
data are fit very well; the new fits at long times fér> ¢,
are shown by the dashed lines in Fig. 2. These fits are indis-
tinguishable from the simple MCT fits at shorter times, and
torrectly account for the decay observed at longer-time
%?ales.

The values obtained fof,(qa) and h(ga) are shown in
Figs. 3 and 4, respectively. The data fiy(ga) are com-

isoared to the values predicted for hard spheres, shown by the

solid line in Fig. 3. The fitted values exhibit the same trend

s the prediction, witlf .(qa) exhibiting a sharp peak near

the first peak in the structure factor. Similarhyga) exhibits

a pronounced dip near the first peak in the structure factor. In

Fig. 5 we plot thep dependences of the fitted time scales,

(circles and 74 (squarep and compare these with the pre-

gictions of MCT for hard spheres shown by the solid and
ashed lines, respectively. The agreement is again quite

good. There is a pronounced divergence for &.%&0.58,

1000}

100

0.01

0.52 0.54 0.56 0.58 0.60 0.62 0.64

iterated for each data set to obtain the best fit to all the data.

In doing this fit, we hold bott .(q) andh(q) fixed for all ¢
for each value ofy, since MCT predicts that they are only
very weakly dependent o#; this ensures that the fit satisfies
the constraints of MCT for the factorization &fq,t). The

¢

FIG. 5. The¢ dependence of the two time scales obtained from
the MCT fits, 7, (circles and 7 (squares compared to the predic-
tions for hard spheres shown by the solid and dashed lines, respec-

results of the fit are shown by the solid lines in Fig. 2. The fittively. Data for thea process are shown only fap< ¢q. The

to the data is very good fap< ¢4 ; however, at highe, in

divergence betwee=0.57 and 0.58 is strong evidence of the

the glass region, the data clearly continue to exhibit a decagxistence of the colloidal glass transition at this volume fraction.
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providing a clear measure ¢f;. We do not show the values CONCLUSIONS
of 7, obtained from the extended mode coupling fits above

) X : These results demonstrate the utility of these monodis-
¢4 . These reflect the time scales for long-time relaxation for, Y

h Isi i the al q . ked aEerse emulsions as a new system in which to study the glass
the emulsions in the glassy state, and are in marked contraghsjiion, Because of the flexibility of the droplets, it is a

to the behavior observed for other colloidal systems. Hargmple matter to load samples at all volume fractions, allow-
spheres exhibit no long-time decay abag[7], while soft  jng the study of their properties both below and ab
gel spheres do exhibit a decgj], but it cannot be described py contrast, the very long relaxation times of hard-sphere
within extended MCT[10]. Thus the emulsion data are the suspensions make it very difficult to work with glassy
first colloidal system that can be described by the extendedamples. Furthermore, by suitable choice of oils, emulsion
MCT. This additional decay presumably arises because diroplets can be made with different indices of refraction;
the deformability of the liquid dropletf25,26; which may thus it is a simple matter to mix small concentrations of
enable thermal effects to cause the ultimate decaf(gpf), particles with the same size, but with different scattering
consistent with the use of a phonon-assisted hopping term. limtensities, allowing tracer measurements to be made to ex-
addition, we believe that there are stresses built up within théend the range of these studies. Furthermore, these samples
emulsion as it is loaded into the light-scattering cell, as theare also amenable to mechanical measurements to determine
observed time scale increases very slowly over the course dfeir rheological properties; these properties also exhibit all
several weeks, indicating slow aging of the sample. Consisthe hallmarks of a colloidal glass transiti¢]. Thus this
tent with this, we observe a slow increase in the characterisSyStem is ideal for a detailed test of current theoretical de-
tic time of the final decay of the correlation function. TheseScriptions of the glass transition. Finally, these results high-
effects may be interesting to study as an example of th ght the Importance .Of the droplet deforma'bll'lty n cont.rol—
consequences of sample aging. Ing the_: f|n_al relaxatlon_ of the droplets. Slmllar long-time
The asymptotic MCT equationn contrast to the full relaxation is expected in other systems which show glassy

solutions to Eq(1)] do not account for the decay of the ISF relaxations, such as gels or foams. These long relaxations

at the shortest times where the particles are diffusing withi ASO haveta str?ng d|.nflutence| on the drhleol?ﬁlcta}l beha\{lqr Olf
their local cages. Furthermore, the data shown in Fig. 2 d ese systems, feading 1o a foss modulus that IS surprisingly

not provide an accurate measure of this initial decay. Howlndependent of frequencyl2]. Recent work has suggested

ever, some insight into this behavior can be obtained by ust_hat these long-time scale relaxations are directly related to

ing the same emulsion, without index matching, for diffusingthe frequency independence of the loss modi28. The

wave spectroscopy which probes the very short-time motior‘f1ata presented .here prqvide a direct measure of the dyn_amics
of the particles27]. Interestingly, for all the volume frac- and the relaxations which are speculated to be essential for

tions shown in Fig. 2, the mean square displacement is sukst]IS unusual rheological behavior.
diffusive, increasing with time more slowly than linearly,
even at time scales as short agdec, and length scales of
order 1 A[25,26. Thus the effects of the neighboring par-  We thank W. Gtee for helpful discussions and M. Mayr
ticles are felt through hydrodynamic interactions at the veryfor providing numerical data from recent MCT hard-sphere
shortest of time scales. This emphasizes the importance @bmputations. This work was partially supported by the NSF
including these interactions in any complete treatment of col{Grant No. DMR96-3127Pand NASA (Grant No. NAG3-
loids and emulsions by the MCT. 2058.
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