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Effective Structure Factor of Osmotically Deformed Nanoemulsions
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Extreme osmotic compression of nanoemulsion droplets, achieved by ultracentrifugation, can create solidlike
biliquid foams without causing significant droplet coalescence. Using small-angle neutron scattering (SANS),
we probe the structure of a uniform silicone oil-in-water nanoemulsion stabilized by sodium dodecyl sulfate
over a wide range of volume fractiorngs, up to and beyond the limit associated with maximal random jamming

of spheresgyry; = 0.64. Although some features in the structure can be understood atd¢ougng simple
predictions for hard spheres, the anionic repulsion and deformability of the droplet interfaces creates departures
from these predictions at highgr For ¢ near and beyongwr,, the effective structure facta&, as a function

of wavenumberg, exhibits a primary peak that is subunity. We speculate that this striking feature is due to
the deformation of the droplets into nonspherical shapes as the system begins to approach the limit of a
random array of nanoscopic thin films, Plateau borders, and vertexes characteristic of a polyhedral foam.

Emulsions and foams have common structbresmulsions systems without knowing the details of the interfacial structures
are suspensions of deformable liquid droplets in another at the microscopic and nanoscopic limits.
immiscible liquid; foams are suspensions of deformable gas  Developing a complete understanding of the bulk structure
bubbles in a liquid. In both systems, if the droplets or bubbles of emulsions and foams as a functionjolias remained elusive
are concentrated enough to cause deformation by the applicatioor many reasons. Three-dimensional visualization of confined
Of an osmotic pressure, then thelr mechanlcal pl’OpeI’tIeS Canfoams near glass Wa"s us|ng macrophotograﬁ)ﬁ&or Confoca'
change from viscous to elasfié. This arises because the mjcroscopy® has revealed the structure of the films, Plateau
concentrated droplets and bubbles pack, press against theihorgers, and vertexes. However, due to the boundary conditions
neighbors, and deform as the osmotic pressure is increased. Thgnposed by the walls, it is not clear that these structures
application of a small shear strain does work against the yepresent the average bulk structure of random foam. Moreover,
interfacial tensiong, and causes the packed droplets to deform, pe gravitational drainag&® and diffusive coarseniri of
thereby creating additional interfacial area and storing energy. foams cause the bubbles to continuously deform and rearrange
As the dr?ple'flqr bubble volume fractio, is increased from  anq the overall structure to evolve. Although drainage and
the dilute “wet” limit, the spheres are quenched into a disordered ¢q4rsening of foams are interesting phenomena in their own
configuration reminiscent of a glads.Above the maximally  yight they generally preclude a study of bulk static structures.
random jammed (MRJ) volume fraction of sphetéspyry = . .
. By contrast to foams, emulsions offer several important
0.64 (previously referred to as random close pack¥gthe - . -
“ e potential advantages for revealing the static structure. The
droplets develop small facets where they “touch” their neighbors, . o . T
S o . droplets can be comprised of a liquid that is not only immiscible
yet preserve a thin film due to a short-range repulsive interaction but nearly completely insoluble in the continuous phase. We

between the interfaces that inhibits coalescence) idurther distinguish between immiscibility and insolubility because there
increased into the highly concentrated “dry” limit, the droplets . 9 . Hotlity and y .
is a subtle, yet important, difference in what these terms imply.

or bubbles begin to resemble polyhedra with rounded vertexes,rl]mmiscible liquids form two distinguishably separate liquid

and in an inverse sense, the structure can be imagined as a . . . o .
interconnected network of thin films and Plateau bordlers phages Sh?"”g a well-defined mterfac.e, yet, at equmbnum,'n
(triangular ridges that run along the edges of the polyhedra). is still possible for each of these two liquid phases to contain
Thus, the problem of understanding macroscopic physical relatively small quantities of dissolved molecules of the other
propérties, such as the shear modtifisr electrical conductiv- liquid. The solubility governs the qu‘_anti.tative cochntrations
ity,1* of foams and emulsions is intimately related to the of the mole_cules of the m|no_r_|ty species in the majonty_phase.
interfacial structure of these systems. In fact, it is impossible For .emulsmns, the insolubility c.)f droplet molecules in the
to predict the macroscopic mechanical properties of these COntinuous phase prevents rapid coarsening of the droplet
size distribution by diffusive transport of these molecules, even
through the thin films. Reducing the solubility can generally
mason@ P€ achieved by raising the molecular weight of molecules
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chem.ucla.edu. _ _ _ comprising the dispersed phase. By contrast, for foams, the gas
zggpgmgm 8; gﬂeé?c'ztg’ngngs?rgﬁggm'St'y- molecules inside the bubbles are generally small enough and
I Ca"pfornia Nanosyﬁtems Institute. v soluble enough that they can still cause structural changes over
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can reduce the rate of coarsening in gaseous foams somewha
yet this rate is still vastly larger than the extremely small rate 104
that can be achieved by using highly insoluble liquids in
emulsions. Next, gravitational draining in emulsions can es- & 3
sentially be eliminated by either density matching the dispersed E 10
and continuous phases or making the average droplet size s¢ &,
small that thermal fluctuations preclude draining, creaming, or .~ 102
settling over a period of many days. For typical-eNater \S:'
density differences of about 0.05 g/ rthis thermally stabilized £ 1
emulsion can be achieved with droplets having raxligf about 10
a micrometer or less. In addition, microscale emulsions of
monodisperse droplets can be made through hydrodynamic 100 il .
focusing of a liquid jet of the dispersed phase in microfluidic 10-3 10-2
deviced®?*and through micelle-induced depletion fractionation 1
of polydisperse emulsiort3.23 q (A )
Scattering _from microscale model emulsions ha_lve no_t_ylelded Figure 1. Measured SANS intensity of a silicone oil-in-water emulsion
a complete picture of the bulk structure as a functiog.dhitial at a dilute droplet volume fractiop= 0.005 provides the wavenumber-
light scattering studies have probed the structure of fractionateddependent form factoE(q). The solid line is a regularized fit using a
emulsiong425 A central difficulty in measuring the wavenum-  monomodal size distribution of spheres. Inset: the relative volume-
ber-dependent structure fact§(g), encountered initially is that ~ weighted probability as a function of droplet radiasdetermined from
the wavelength of light is close to the size of the droplets, the regularized fit; a simple Gaussian fit (line) yields an average radius
leading to extreme multiple light scattering commonly observed 2-= 77 nm and standard deviatiga = 10 nm.
as the white appearance of milk and mayonnaise. To overcome ) ) L .
this, the refractive index of the oil droplets was matched with €mulsion with a surfactant solution identical to that of the
that of the continuous water phase using glycerol. Two continuous phase: 10 mM SDS in@. This approach keeps
measurements d¥q) for disordered monodisperse emulsions the ionic strength and neutron scattering Iength densﬁy constant
at high concentrations in the glassy regime have been pub-fof aII.measurements,. so that changes in mtensny are due
lished: one atyp = 0.72% and one at¢ = 0.5425 Both prlmarll_y to changes inp and r_10t changes in the droplet
measurements reveal correlation peaksaat:  characteristic ~ Intéraction potential or scattering contrast. After the SDS
of nearest-neighbor correlations. Interestingly, the magnitude Selution is added, the emulsions are stirred and allowed to
of the peak oSis lower atp = 0.7 than a = 0.54, although ~ €quilibrate for at leas8 h to ensure a homogeneous
this had not been noted in the latter publication. Due to the €verywhere in the sample. The liquidlike samples at ditpite
difficulty of these experiments and complications with properly are loaded into banjo cells of 1 mm path length, and the solidlike
interpreting the scattering from a shell of different refractive Samples at highep are loaded into demountable cells having a
index near the droplet surfaces, no systematic measurement$Pacer that can be controlled from 0.1 to 1 mm. We measure
of Xq,¢) of disordered uniform emulsions have been reported the transmission prior to collecting the wavenumber-dependent

from the dilute limit, through the glass transition, jamming intensity, I(q). Due to the significant scattering contrast and
transition, and toward the dry limit. nanoscale droplet size, multiple scattering can occur in the most

To fill this gap in the available scattering data, we have concentrated samples. If the transmission indicated that greater
performed small-angle neutron scattering (SANS) on uniform than 10% of the neutrons had been scattergd more than once,
nanoscale emulsions over a wide range &fom ¢ = 0.005 to then we reduced the spacer t'hlckness until we measured a
¢ = 0.72. We have developed a microfluidic method to make transmission t_hat met this criterion. Even ata cell _thlckness of
bulk quantities of nanoscale emulsions, or “nanoemulsions”, 0-1 mm, the distance between the cell's windows is more than
having droplet radii less than 100 @hFor a poly(dimethyl- 1000 times the droplet radius, thus ensuring a bulk measurement
siloxane) (PDMS) silicone oil-in-water emulsion stabilized by ©Of the structure of random monodisperse droplets. All of our
sodium dodecyl sulfate (SDS), the range of average droplet radii measurements are performed at a temperaturg of 24 °C
can be varied from several hundred nanometers down to abou@nd @ neutron wavelength 4f= 8 A. The neutron scattering
10 nm using extreme shear and high surfactant concentration./ength densities for the components we use, in units éf 10
The nanoemulsions are true metastable emulsions in the sens€M 2, are 6.41 (O), —0.255 (PDMS), and 0.455 (SDS). We
that they are produced from a top-down approach of rupturing €mploy high and lowq detector configurations that overlap to
larger oil droplets into smaller ones, not through a bottom-up obtain a very large, effectivel range. Incoherent neutron
approach, such as causing mutually soluble components to self-scattering is negligible for the range @and¢ that we consider.
assemble into a lyotropic liquid crystalline phase of droplets. = We have characterized the structure of a dilute nanoemulsion
Due to the low solubility of the PDMS in the aqueous phase, to obtain information about the average size and polydispersity.
Ostwald ripening’ is negligible over months. After bulk  In Figure 1, we show the form factd¥(q), of the nanoemulsion
production, the size distribution of the emulsions can be at¢ = 0.005. This form factor is related to the Fourier transform
sharpened through a succession of ultracentrifugal fractionationof the shape of a sphere and would exhibit peaks and sharp
step® The result is that uniform nanoemulsions can be obtained minima as the intensity drops toward highgif the sample
in quantities of tens of milliliters, sufficient for a complete had been perfectly monodispefSeEven after fractionation,
structural study using SANS. Moreover, during the fractionation, some polydispersity remains in the size distribution, as evi-
D,0 can be substituted forJ® thereby enhancing the scattering denced by the shallow minima and rounded secondary shoulder
contrast and reducing SANS data collection times. that appears at highar. By fitting the form factor using a

To measure the structure of monodisperse nanodroplets, weregularization method that varies the weights of contributions
make a concentrated stock nanoemulsiog at 0.72 and 10 to the intensity from droplets having different sizes, we obtain
mM SDS in DO. To obtain lowerg, we dilute this stock the solid line in Figure 1. Overall, the fit agrees well with the
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Figure 2. Measured SANS intensity, as a function of wavenumber, =~ 2
g, of the nanoemulsion agis increased: (ap = 0.005, 0.009, 0.021, 107 ¢
0.043, and 0.085 (from bottom to top); ()= 0.17, 0.24, 0.32, 0.39,
0.45, 0.52, 0.60, 0.67, and 0.72 (from top to bottom). In part b only,
all 1(g) values for¢ < 0.7 have been shifted vertically by a factor of 106
5 in succession to facilitate viewing. o 5
‘e 10
data, and the weights determined by the fit are shown in the < 10 "
inset. The droplet size distribution is monomodal, having a = 3
volume-weighted average radius(@f = 77 nm and a standard = 10
deviation of a = 10 nm. This standard deviation actually 10%
represents an upper bound, since the incident neutrons have a .
wavelength spreadAA/A = 0.1, that is smaller than the 103 1072
polydispersityda/lali= 0.13. Although the droplets are quite A1
uniform in size, this residual polydispersity is still above the q (A7)
crystallization limit of hard spheres at abaid/[@~ 0.06°30 Figure 3. Comparison of SANS intensity as a function of wavenumber,
and ensures that the droplet positional structure remains!(q), of concentrated nanoemulsions (squares) with the form feeay,
disordered at alip. = I(q, ¢ — 0), which has been scaled upward so that both overlap at

To systematically probe the changes in the structure of h'@g‘é‘;"”esd(sga"_pg'%s and line): ()= 0.24, (b)¢ = 0.60, (c)
disordered deformable nanodroplets from the dilute to the ¢ = 0.67, and (dy = 0.72.
concentrated limit, we have measunéd,¢) for 0.005< ¢ <
0.72, as shown in Figure 2. Ag is increased from the very
dilute limit, the intensity increases proportional¢cand only
small changes in the shapel¢f]) can be seen at the loweapt
(see Figure 2a). Additional increasesfitead to the appearance
of a noticeable peak iH{q) above aboup ~ 0.2 as the intensity
at low q is further suppressed (see Figure 2b). Moreover, the ) .
secondary shoulder at highgibecomes more pronounced. At scattering from a few large droplgts that might have begn created
yet largers > 0.5, the overall intensity at low, including the due to droplet coalescence during the sample handling.
intensity of the primary peak and secondary shoulder, drops. The reduction in the intensity at logyin nanoemulsions is

To emphasize changes in the shapd(qf compared with reminiscent of that observed for impenetrable hard spheres. In
F(q), we scaleF(q) upward until it matches(q) at highq = Figure 4, we compare the intensity(¢), at the lowesty we
0.03 A%, and co-plot the results for severalalues in Figure ~ probe with the PercusYevick (PY) hard sphere (HS) structure
3. The scaling factor is essentially divided by the volume  factor for disordered monodisperse sphéfeS;s, multiplied
fraction of 0.005 at which the form factor measurement has beenby the droplet volume fractioniys(¢, 9 — 0) ~ ¢Sus(¢).
made. Making this comparison is sensible because correlationOverall, there is good agreement for< 0.495, the volume
effects in the scattering that may be present at logvshould fraction associated with the disordesrder transition below
not be seen at highey, so the shape of coherent scattering in which the PY-HS theory is expected to be a good approxima-
bothI(q) andF(q) should be the same at high For¢ = 0.24, tion. Above this volume fraction, the scattering intensity from
the low q intensity is suppressed since droplets cannot inter- hanoemulsions lies above the hard sphere prediction. This
penetrate with their neighbors and a very slight peak is presentdeviation is not surprising at the highestsince the droplets
at intermediate). The right-hand side of the peak matches the are undoubtedly deformed.

form factor, and the secondary shoulder rises above that of the
form factor at intermediatg. At the highest, the peak is much
more pronounced and both the peak and the shoulder lie com-
pletely below the rescaled form factor (see Figure 3d). In all of
the measured(q), there is a small upturn ihat the lowest;

this very minor feature is indicative of a small amount of residual
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Figure 4. Volume fraction dependence of the low wavenumber
intensity, I_(¢), of nanoemulsions from the dilute to the concentrated
regime. The solid line is a prediction for disordered monodisperse
Percus-Yevick hard spheres expected to be valid below the known
crystallization volume fraction opx—ns = 0.545 (dashed line).

Figure 6. Effective structure factoiy, as a function of dimensionless
wavenumberga, at highly concentrated volume fractiong: = 0.60
(solid circles), 0.67 (open circles), and 0.72 (solid squares). To obtain
Sx(q), 1(q) is divided by the rescaled form factb(q), shown in Figure

3. Subunity peaks i are clearly visible at the highegt At high g

S B A Banas bos s Len s R ans Ean sy values, the data trend toward the expected liRit,= 1 (heavy solid

(a) . ] line).

105 - R ; factor, S, by dividing the measured intensity by the rescaled
; - ] form factor, taken from Figure 3. The results for the three highest
] droplet volume fractions are shown in Figure 6. Strikingly, for
] ¢ = 0.60, the primary nearest-neighbor correlation peaks in
104 i og P09, o4 ] S#(q) lie at or I_oelow u_nity. This un_usual behavior indicates
E 3 that some very interesting changes in the structure occur when
; 0 nanoemulsions are concentrated to high
Qe The structure factor that we have calculated is “effective” in
£ (b) o 3 the sense that we apply the division operation blindly; this is
6 ] tantamount to assuming that the droplet shape does not change
o E at high ¢. Theoretically, the separation of the total scattered
intensity into the product of the structure factor and the form
4 F e © © factor,1(q,¢) = Yq,¢)F(q), is valid only when the shape of the
E E scattering objects does not change. For nanoemulsion droplets
2 3 that can deform at higlp, there is no guarantee th&{(q)
] properly captures the shape, %@ that we have calculated could
E also contain information about the shape changes of the droplets
(0 B e Lo as well as information about relative interdroplet positional
0 0.2 0.4 0.6 0.8 correlations. Although the droplets may develop facets and
¢, rounded edges as they are concentrated, their volumes must
) i ) remain constant, so the average form factor of a deformed
Figure 5. Volume fraction dependence of (a) the intensliéa(9), gnroplet is not far from that of a perfect sphere. The decrease in
associated with the primary (solid squares) and secondary (open squares . N
peaks inl(q); (b) the dimensionless wavenumbag..(¢)a, associated e value of the primary peak Gn(¢) toward largex is similar
with the primary (solid circles) and secondary (open circles) peaks in 0 our prior observations on a slightly more polydisperse
I(q). The dashed line is the prediction for monodisperse hard spheresnanoemulsion that had not been as highly concentrdted.
based on the Perca¥evick closure. Moreover, the peaks in our SANS data clearly arise from
nanodroplet structures; this is in contrast to the peaks due to
The positions and intensities associated with the primary peakmicellar structures seen in SANS studies of fo&esmprised
and secondary shoulder are shown as a function of volumeof 100-300 um bubbles stabilized by SDS at concentrations
fraction in Figure 5. We focus on the behavior of the primary significantly larger than 10 mM.
peak, since it captures information about nearest-neighbor One contributing factor to the subunity peaksSin(q) is due
correlations. Fog > 0.3, the peak intensitylpeax drops asp to the overall increase in the surface-to-volume ratio of interfaces
of the nanoemulsions is raised. By contrast, for dispersions of in the nanoemulsion as the droplets are concentrated. Neutrons
hard spheres, one would expect the peak intensity to continuescattered from random structures having interfaces that exhibit
to increase as the droplet volume fraction is raised toward the g step change in the neutron scattering length density across
MRJ limit.3* The dimensionless wavenumber associated with the interface give rise to the well-known Porod scattering3aw:
the peakgpead, is very similar to what one would expect from  |(q) ~ (A/V)q~* valid at highq > A/V, whereA/V represents
hard spheres (see dashed line in Figure 5b); the peak occurs athe surface area-to-volume ratio of the objects with interfaces.
an interdroplet separation that is about equal to the diameter of For nanoemulsions comprised of deformed droplets at figh
an undeformed droplet, Spead ~ . the intensity does indeed follogy 4, yet the ratioA/V will be
To illustrate the unusual features of the scattering from larger at highg than it would have been if the droplets had
concentrated nanoemulsions, we calculate an effective structureemained undeformed, thereby increasing the intensity somewhat

[ eu(® (em™)
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beyond what would be expected just from the increase in droplet accessibleq range of the SANS technique has overcome
density. Since the intensity at highis shifted upward from significant obstacles created by multiple scattering that com-
this effect, the matching of the form factor there and the plicates light scattering methods. Thus, this study represents a
subsequent division leaves the peak valueS.pbelow unity. thorough systematic exploration of the structural crossover
Thus, we believe that part of the explanation for this unusual between a wet biliquid foam of disordered undeformed spherical
feature inS can be attributed to droplet deformation and extra droplets at lowgp and a concentrated biliquid foam of signifi-
(A/V) present at highg when the emulsion is osmotically cantly deformed droplets at high

compressed. Although the structure of hard spheres can be used to explain

A simulation of random monodisperse fo#ntontains a  the features inl(g,¢) at low g, this approach fails when
quantitative estimate of the increase in surface area per bubbleconsidering the behavior of the peaks and shoulders at higher
from a wet foam of spherical bubbles to a dry foam of das¢ isincreased. In this limit, no theories or simulations are
polyhedral bubbles. The increase in surface area per bubble available that predict the ensemble-averaged structure of random
on average, is only about 10%. Although this increase is in the disordered emulsions or foams as the droplets or bubbles are
correct direction and helps to partially explain the subunity peaks concentrated from the effective packing limit into the dry limit.
in Si(q), it certainly does not account for the much more To explain all of the features we have measured, the theory or
substantial reduction in intensities that we have observed in Simulation would have to self-consistently minimize the sum
osmotically compressed emulsions at lgwAnother source that ~ Of the interfacial energy associated with deformation plus the
could contribute to the suppression of the peak intensity at high interaction energy associated with the screened repulsion
¢ could be due to a less-regular positional arrangement of between the charged interfaces. All of this must be done while
neighboring droplets into correlation shells as the droplet keeping the droplet volumes fixed and the droplet positional
deformation becomes more extreme. However, this effect is structure in a quenched disordered configuration. To produce
expected to be minor compared with the increased surface-to-such a simulation would be a very large step forward in the
volume ratio effect that alters the magnitudel ) at highq field of foams and emulsions, and it would enable us to compare
where it is matched witfr(q) to determine the structure factor. ~Our ensemble-averaged structure factors with those calculated

In addition to droplet deformation, polydispersity in the size from_ |nterfa_1C|aI structures S|m_ulated n r_eal space. However,
distribution and screened repulsive interactions between themak!ng a S|_mulat|on having this co_mplex_lty would be no easy
charged droplets play a role in the shape of the measuredtask’ mcludmg the effects of polydlspers[ty would only add to
intensities. The movement of the secondary shouldei(d this complexity. Unfortunately, our scattering measurements are

above the shoulder of the rescaled form factor in Figure 3a could not at large enough to directly compare with very nice recent

be partially due to enhanced interdroplet correlations that are S|mulat|_ons of far_‘dom monodlsp_erse foams in the dry I,
more apparent above the dilute limit i these positional We believe that it may be possible to address the structure at

correlations become more obvious at higherdespite the very large¢ theoretically by considering a randomly oriented

residual polydispersity which causes more smearing of the array of Plateau borders a_nd thin films of relativgly uniform
shoulder in the form factor. The screened charge repulsionslength and area, respectively, that hqve spacings .roughly
between the droplets are short in range, since the Debyeseparated byl If the volume of the continuous phase is held

screening length at a monovalent ionic strength of 10 mM is mostly in the Plateau borders, then we anticipate that the
roughlyip = 3 nm. Although this is small relative to the average scattenr)g intensity in this I|n_1|t will closely resemble what would
droplet radius of 77 nm, it implies that the droplets essentially be obtained for porous solid foams. _

“touch” at center-to-center separations larger th@i2Assum- In the future, we will attempt to osmotically compress

ing the droplets remain spherical, the effective volume fraction nanoemgls?ong to an even Iarger extent to see if we can r.each
can be estimated Asger ~ (1 + Ap/EDE; for the nanoemul- the dry limit without encountering significant problems with

sion used in this experimenes ~ 1.13p. Thus, it is reasonable drop_let coalescencg._ By furthe_r reo!ucing the droplgt polydis-
to argue that the highest volume fraction we probe in terms of PErsity through additional fractionation steps, we will attempt
packing considerations is closer ¢gf = 0.81. Although this to make concentrated po[lmdal cry§tals of deformqble nanosgale
is still far from the dry polyhedral foam limit, nevertheless, droplets. Co_ntrast var|a_t|on experiments using d'fferem ratios
screened interfacial repulsions place our higlkgstwell into of H.0/D;0 in the continuous phase may also shed light on

the deformed droplet regime. We speculate that the effective the possible role of the surfgctant on the effective structure
structure factor of nanoemulsions, if corrected for the enhancedfacmr' Thesg are among 'ghe Interesting frontiers thqt remain to
effects of the interfacial repulsions and the increased Porod be explored in the emerging science of nanoemulsions.

scattering at higlg due to droplet deformation, would resemble
the structure factor previously observed using light scattering Acknowledgment. T.G.M. thanks Prof. Chuck Knobler for
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