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Oil-in-water emulsions composed of colloidal-scale
droplets are often stabilized using ionic surfactants that
provide a repulsive interaction between neighboring
droplet interfaces, thereby inhibiting coalescence. If the
droplet volume fraction is raised rapidly by applying
an osmotic pressure, the droplets remain disordered,
undergo an ergodic-nonergodic transition, and jam. If the
applied osmotic pressure approaches the Laplace pressure
of the droplets, then the jammed droplets also deform
significantly. Because solid friction and entanglements
cannot play a role, as they might with solid particulate
or microgel dispersions, the shear mechanical response
of monodisperse emulsions can provide critical insight
into the interplay of entropic, electrostatic, and interfacial
forces. Here, we introduce a model that can be used to
predict the plateau storage modulus and yield stress of
a uniform charge-stabilized emulsion accurately if the
droplet radius, interfacial tension, effective charge density
of adsorbed surfactant, Debye screening length, and
droplet volume fraction are known.
Detailed measurements of the shear rheology of disordered, charge-stabilized, monodisperse, oil-in-water emulsions 1 have substantially improved the understanding of elasticity, yielding, and flow of soft matter systems. Although
concentrated emulsions have been made and enjoyed over
many centuries in forms such as mayonnaise and lotion, emulsions fabricated using typical mixers and blenders are typically polydisperse. The variability in polydispersity prevented
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reliable quantitative predictions of the elastic shear modulus
of concentrated emulsions 2 . Depletion-induced droplet size
segregation, introduced by Bibette 3 , enabled the fractionation
of significant quantities of uniform monodisperse emulsions.
Subsequently, Mason et al. showed that the elastic shear modulus G p of non-attractive, microsized emulsion droplets could
be well represented over a wide range of droplet volume fractions by the semi-empirical formula: G p ≃ 1.6 · φe f f (φe f f −
φJ ). When scaled by the Laplace pressure, G p , a linear property, and the shear stress associated with yielding, σy , a nonlinear rheological property, each collapse onto separate master
curves if the bare droplet volume fraction φ is converted into
an effective volume fraction φe f f = φ(1 + h/2R)3 , where a φdependent effective thickness h ∼ 5 − 20 nm of the interfacial
layer, is used to account for screened electrostatic interactions
between droplet interfaces 4,5 . Moreover, in this work the important connection between the measured φJ associated with
the rapid onset of elasticity towards the Laplace pressure scale
and the volume fraction associated with random close packing (RCP) of disordered spheres, φJ ≃ 0.64 was established.
Overall corroboration of the measured G p (φe f f ) came in the
form of computer simulations by Lacasse and Grest, which,
to within the uncertainties in the experiments and simulations,
showed essentially the same dependence as the measurements
over a limited range of φe f f near and above φJ 5 . Importantly,
Lacasse’s simulations also showed the first example of nonaffine motion (i.e.soft spots) of disordered jammed droplets
even when the system has been subjected only to very small
shear strains 5 . This leads to a gradual increase in the modulus for φe f f above φJ , rather than a step-jump that was predicted for perfect crystals of droplets 6 . Later work by O’Hern
at al. and others confirmed this important finding using the
terminology of jamming, and expanded upon it 7–11 . Recently
we have shown that this jamming-scenario can be applied to
quantiatively model the linear and nonlinear elastic properties
of micron sized emulsion droplets 12 .
For emulsions of nanoscale droplets, known as nanoemulsions, however, the radius R begins to approach the Debye
screening length, λD . In this limit, the electrostatic repulsion, which leads to very large differences between φe f f and
φ, is not properly taken into account by the ad-hoc h(φ) in-
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tended for near-microscale and larger droplets. Such chargestabilized nanoemulsions, after having been repeatedly fractionated using ultracentrifugation to provide uniform droplet
sizes, can become elastic solids at very low droplet volume
fractions,, even as low as about φ ≃ 0.2 1,13 . To explain
the observation of solidification at φ far below the jamming
of hard spheres, Wilking and Mason introduced a simple
model of ionically stabilized, disordered, elastic nanoemulsions that successfully connected the average repulsive interaction potential as a function of distance between the droplets
to G p (φ) 13 . While this model enabled an accurate measurement of the Debye-screened potential at nanoscopic lengths
from macroscopic rheology, their published work did not provide explicit expressions for G p as a function of R, φ, λD , oilwater interfacial tension γ, and electrostatic surface potential
ψ0 on the droplets.
Given the limitations of the currently available models of
emulsion rheology, it would be desirable to combine the interaction potential associated with droplet jamming and deformation developed by Lacasse et al. with a full treatment of the
screened charge repulsion between charged droplets. Such a
model could be used to predict the rheology of a wide range of
charge-stabilized emulsions having droplet sizes ranging from
the macroscale to the nanoscale. Here, we demonstrate that
such a quantitative comparison is feasible when taking into
account the coupling of the electrostatic potential to the energy associated with the deformation of the oil droplets.
We derive our model for the elasticity of a dense, disordered, monodisperse emulsion from scaling relations suggested in the framework of the jamming scenario for soft
spheres having sharp interfaces 8,14 . At the jamming volume
fraction φJ of soft frictionless spheres a marginally connected
solid emerges. Above the transition, the elastic shear modulus depends on the specific pair potential of droplet interaction E(r), where r is the center-to-center separation between
droplets, as well as on the connectivity of the stress-bearing
network, √
characterized by the excess number of bonds ∆Z =
Z − Zc ∼ ε with ε = φ/φJ − 1. The modulus G p ∼ k × ∆Z is
found to be proportional
 to the average bond strength or spring
constant k = ∂2 E(r) ∂r2 8 and can then be written as 7–9,12 :
G p (φ) ≃ a1

p k(φ) √
× ε
φJ
πR

(1)

Similarly, for the yield stress one can write:
σy (φ) ≃ a2 φ1.2
J

k(φ)
× ε1.2
πR

(2)

using a density scaling suggested by computer simulations 15,16 . Estimates for the constants are a1 ≃ 0.25, a2 ≃
0.05, as reported recently 12,17 . The jamming contribution due
to the excess number of bonds can be isolated when consider2|
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ing the yield strain


0.7
γy = σy G p = (a2 a1 )φ0.7
≃ 0.15 × ε0.7
J ×ε
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(3)

For the comparison to experiments we consider silicone oilin-water emulsions stabilized by 10 mM SDS for droplet sizes
ranging from 2R ∼ 50 − 3000 nm. The surfactant concentration is kept high enough to prevent droplet coalesence but
also sufficiently low so that micellar depletion attractions are
negligible. Oil droplets have been prepared by shear rupturing of a crude emulsion and subsequent size fractionation using depletion-induced creaming 3 . The emulsions obtained are
uniform δR/R ∼ 10 − 12% and we use the particle size as determined by light scattering or microscopy. Nanoscale droplet
sizes smaller than 2R ∼ 200 nm have been obtained by using a high-pressure microfluidic flow device, and, after ultracentrifugal size-fractionation, the resulting emulsions typically show a slightly higher polydispersity of roughly δR/R ∼
20% 18 . Some residual polydispersity is advantageous since
droplet structures remain disordered. The experimental average for the mean hydrodynamic radius is obtained from dynamic light scattering (DLS). Technical details about sample
preparation and the standard procedures employed for measuring the shear modulus and yield stress have been published
previously 1,4,13 . However, we want to point out that rheological measurements of the nanoemulsions are more challenging
due the small volumes available. As a consequence we could
only extract data for samples with a sufficiently high elastic
modulus and moreover the accuracy of the measurements is
slightly reduced. The latter mainly affects the yield stress data
as the line intersection method on the log-log plot of stress
versus strain, which defines the yield point, becomes less precise 4 . Finally, in our plots we present all available data but
note that our model, based on Eq. 1 and 2 is valid only in the
athermal limit. This means our
 model description
 should be
compared to data G p ≫ kB T R3 and σy ≫ kB T (2R)3 . Entropic contributions will dominate at lower densities and for
lower values of G p and σy 12,16 .
Due to the presence of electrostatic repulsions jamming is
not conditioned by direct physical contact of the droplets. We
thus choose the critical interparticle distance for jamming rc to
be equal to the distance when the double layer repulsive interactions exceeds c × kB T 19 where c is a constant factor of order
unity. From this point on, athermal energetic effects will dominate. We note that this transition can be understood in analogy
to the fluid-crystal transition of monodisperse charged spheres
having a hard-core. In the latter case, the crystal boundary
has been established at u(rc ) ≃ kB T 19 , as long as κR ≥ 10
and Ce ≫ kB T , conditions that are fulfilled for the droplets
we studied here. For our emulsions crystallization however
is suppressed due to droplet polydispersity and therefore the
solid phases remain disordered. To this end, we consider the
electrostatic interaction energy u(h) of two charge stabilized
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namic radius obtained from dynamic light scattering (DLS),
we adjust the droplet size for a best fit, albeit staying within
the limits of the size uncertainty ±10%. Originally reported
DLS values of the radii are also given in parentheses. Moreover, in the inset of Figure 3 a) we show a data set for the
R = 46(47) nm droplet size where an additional 10, 40 and 90
mM of elecytrolyte NaCl has been added 1,27,28 resulting in a
reduced Debye length of λD ≃ 2.3, 1.4 and 1nm. At electrolyte
concentrations of 40 mM and higher Eq.(1) qualitatively captures the trend but fails to describe the experimental data quantitatively. In this limit, Eq.(4), is however expected to fail, in
line with previous studies of charged colloids 29 and emulsion
droplets 30 .
In conclusion, our results demonstrate excellent agreement
between experiments and the model. Our results highlight the
importance of explicitly taking into account nanoscopic interfacial properties when modeling micron, submicron, and
nanoscale colloids. Although the interfacial properties can
be system-dependent for different types of colloids, the assumption of effectively hard interactions between colloids is
an oversimplification, not only here for ionic emulsions, but
we infer also for the vast majority of experimental systems 31 .
Moreover, we could show that the jamming scenario, originally developed primarily for larger particles approaching the
granular limit, are also highly relevant for submicron sized
particles, where, in principle, entropic contributions are expected to become increasingly important. The latter are generally believed to be driven by the cageing of particles by
their peers 32 . Caging however is dependent on accessible free
volume which is again controlled by particle-particle interactions. Thus, we anticipate that the model that we have presented could be further improved by including such entropic
contributions to the shear modulus of disordered glassy emulsions for droplet volume fractions near and below the jamming
point 12,16,32 . An important, and very fascinating aspect, will
be that in the absence of a sharp interface both the entropically
driven glass transition scenario 32 , due to cageing, and jamming, due to direct interactions, are set by the thermal energy
kB T . We speculate that this interplay will lead to a continuous
transition across the glassy and jammed regime reminiscent
of the unified scenario discussed by Ikeda, Berthier and Sollich 16 for the case of soft and highly deformable spheres with
a sharp interface.
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A new model predicts the storage modulus and yield stress of ionic emulsions for
nano- to microscale droplet radii.

