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ABSTRACT

Microemulsions, mixtures of oil, water, and surfactant, are thermodynamically stable. Unlike conventional emulsions, microemulsions form
spontaneously, have a monodisperse droplet size that can be controlled by adjusting the surfactant concentration, and do not degrade with
time. To make microemulsions, a judicious choice of surfactant molecules must be made, which significantly limits their potential use.
Nanoparticle surfactants, on the other hand, are a promising alternative because the surface chemistry needed to make them bind to a
liquid–liquid interface is both well flexible and understood. Here, we derive a thermodynamic model predicting the conditions in which
nanoparticle surfactants drive spontaneous emulsification that agrees quantitatively with experiments using Noria nanoparticles. This new
class of microemulsions inherits the mechanical, chemical, and optical properties of the nanoparticles used to form them, leading to novel
applications.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0029016., s

I. INTRODUCTION
Interfacial tension (IFT), the free energy penalty of exposing one immiscible liquid to another, is the greatest impediment
to the stability of emulsions since it drives them to phase separate. To counteract this, emulsions can be stabilized by introducing amphiphilic particles or molecules that reduce the interfacial
tension by segregating to the liquid–liquid interface. To this end,
interfacially active colloidal particles enhance the mechanical stability of an emulsion, but high-energy processing is usually necessary
to form such Pickering emulsions.1 In contrast, molecular surfactants can generate a thermodynamically stable emulsion, at no energetic cost;2–7 however, their influence is very sensitive to chemical
composition, severely limiting the scope and customizability of this
approach. Here, we show that interfacially active nanoparticle surfactants can drive spontaneous emulsification, provided that they
are sufficiently small and interfacially active. Using thermodynamic
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arguments, we formulate a design strategy that is realized using
1 nm organic cages with high surface-charge density that are capable of spontaneously creating aqueous droplets in a silicone oil bath.
Furthermore, a few simple pendant drop measurements allow us
to parameterize our model, leading to quantitative correspondence
with more sophisticated experiments. Due to the generality of our
arguments, these considerations form the basis for a new class of
particle-based microemulsions with controllable surface area, functionality, and thermodynamic stability. Such microemulsions can
be used to efficiently formulate pharmaceuticals8 and biodegradable
pesticides,9 carry out nanoparticle synthesis,10 and perform catalytic
transformations.11
Particle-based microemulsions are a promising means of selfassembling an emulsion of monodisperse microscopic droplets,
whose surfaces inherit the plasmonic,12 magnetic,13 or mechanical14
properties of a growing family of interfacially active nanoparticles.15
Despite the plethora of interfacially active particles, including some
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capable of stabilizing bicontinuous liquid interfaces,16,17 particleinduced spontaneous emulsification has only been demonstrated
for specific oils,18–21 and theoretical efforts have mainly focused on
the thermodynamics of molecular microemulsifiers22–30 that lack the
functionality of nanoparticles. The aim of this work is to determine
the conditions under which nano-scale particles induce spontaneous
emulsification.

II. RESULTS
A. Theoretical considerations
To describe nanoparticle adsorption to an oil–water interface
and its effect on the interfacial tension (IFT), we formulated a thermodynamic model of an aqueous droplet containing interfacially
active nanoparticles that is suspended in an oil bath. Our microscopic model treats the oil–water interface as a two-dimensional
plane onto which nanoparticles with the radius r adsorb with the
binding energy U and packing fraction η. The interior of the
droplet is a three-dimensional volume V containing a volume fraction ϕ of non-adsorbed nanoparticles. The binding energy of the
nanoparticles, U, is a function of the type of oil used, the pH
of the aqueous phase, and the charge distribution at the liquid–
liquid interface along with its interaction with the nanoparticle
surface.
The system reaches equilibrium, when the thermodynamic
drive for particle adsorption is canceled by the thermodynamic drive
for desorption [green arrows in Fig. 1(a)]. From this condition, we
derive
μ2d (η) − U − kB T ln

2r
= μ3d (ϕ),
Λ

(1)

scitation.org/journal/jcp

where μ3d is the chemical potential of the nanoparticles in the bulk
aqueous phase, kB is the Boltzmann constant, T is the temperature, and Λ is the thermal de Broglie wavelength. For the interfacial population, Eq. (1) separates contributions from the binding
energy, U, fluctuations perpendicular to the interface, kB T ln 2rΛ−1 ,
and the chemical potential of nanoparticles strictly confined to a
two-dimensional plane, μ2d (η), which is a function of the packing
fraction at the interface, η (a detailed derivation is provided in the
supplementary material).
The interfacial tension (IFT) of the oil–water interface is the
difference between the surface tension in the absence of adsorbed
nanoparticles, γ, and the in-plane pressure exerted by the adsorbed
particles [red arrows in Fig. 1(a)],
IFT = γ − kB T

ηZ(η)
,
πr2

(2)

where Z(η) is the two-dimensional compressibility of the adsorbed
particles. In this framework, spontaneous emulsification occurs
when the packing fraction of particles at the oil–water interface is so
large that the free energy penalty for the increasing interfacial area,
IFT, vanishes.
For this model to make quantitative predictions, it is necessary
to specify an equation of state for the nanoparticles. The equation of
state relates the pressure of an ensemble of particles to their density
and temperature, and its functional form depends crucially on the
interparticle interactions. Once an appropriate equation of state has
been selected, the chemical potential follows from the Gibbs–Duhem
relation. Although the nanoparticle interactions are unknown, sensible choices for the equation of state can still be made. It has been
shown that the phase behavior of particles interacting via sufficiently short-ranged repulsion can be mapped to the hard sphere

FIG. 1. Thermodynamics of spontaneous
emulsification. (a) Schematic illustration
of Noria nanoparticle surfactants and of
Eqs. (1) and (2). (b) Critical packing fraction necessary to form a microemulsion,
η∗ , as a function of particle radius, r, for
a variety of interfacial tensions, γ. The
orange curve for γ = 13.3 mN m−1 corresponds to our experiments. (c) Critical
volume fraction of the nanoparticles, ϕ∗ ,
assuming that the binding energy scales
as U = γπr 2 [colors as in (b)]. (d) Critical volume fraction, ϕ∗ , as a function
of the binding energy, U, for the interfacial tension and nanoparticle radius
corresponding to our experiments.

J. Chem. Phys. 153, 224705 (2020); doi: 10.1063/5.0029016
Published under license by AIP Publishing

153, 224705-2

The Journal
of Chemical Physics

equation of state using the second virial coefficient.31,32 Alternatively, if it is suspected that attractive interactions are significant,
then Weeks–Chandler–Anderson theory prescribes that the addition of a mean field attraction term to the hard sphere equation
of state accurately characterizes the system.33 In this study, we find
quantitative correspondence with experimental data by treating our
nanoparticles as hard spheres and hard disks with an effective particle radius r and binding strength U that are fit onto the data. In
the supplementary material, we consider interparticle attractions at a
mean-field level and find them to be incompatible with experimental
observations.
Of the many approximations available, we use the chemical
potential, μ2d (η), and compressibility, Z(η), for hard disks developed
by Santos et. al.34 for the particles at the interface. These expressions
of the chemical potential and the compressibility are monotonically
increasing functions of the packing fraction that diverge at densest circle packing, reproduce the second virial coefficient exactly,
and accurately approximate numerical results.34 Since the volume
fraction of the unbound nanoparticles is well below 0.55, we use
the Carnahan–Starling hard sphere approximation for the chemical
potential, μ3d (ϕ).
The packing fraction at which spontaneous emulsification
occurs, η∗ , for typical interfacial tensions, γ, is obtained numerically
from Eq. (2) and increases monotonically with the particle radius,
r [Fig. 1(b)]. The model predicts that for nanoparticles larger than
10 nm, nearly densest packing at the interface is necessary to create
a microemulsion.
Next, we insert η∗ into Eq. (1) and assume that U is entirely
due to the screening of the oil phase from the water phase, U = γπr2 .
This expression of the binding energy assumes that the nanoparticles have no preference for either the oil or the water phase and
constitutes the best-case scenario for microemulsification using the
conventional understanding of nanoparticle adsorption.35 We find
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that nanoparticles in the 0.5 nm–20 nm range require threshold
volume fractions, ϕ∗ , which are so large that they are likely to precipitate from solution [Fig. 1(c)]. Nanoparticles with diameters on
the order of 100 nm, on the other hand, have very low critical volume fractions due to binding energies that exceed thousands of
kB T = β−1 . A naive analysis, therefore, encourages the use of
microemulsifiers that are as large as possible. This strategy is unwise
for three reasons: To overwhelm the interfacial tension, large particles need to attain very high packing fractions at the interface
[Fig. 1(b)], which can be prohibited by the kinetic and energetic barriers associated with inserting particles into densely packed monolayers.36 Furthermore, binding energies on the order of thousands of
kB T are so large that nanoparticles adsorb irreversibly to the interface, which generates deep kinetic traps en route to macroscopic
mixing.36 Finally, the process of spontaneous emulsification involves
distortion of a flat interface sufficient to create buds that detach from
a mother droplet and escape into the bulk [Fig. 2(d)]. For large particles, these buds correspond to extremely rare fluctuations in interfacial shape. The resulting dynamical bottleneck can be overcome
by mechanical agitation, as in the formation of particle-stabilized
Pickering emulsions, but this comes at high energetic cost.1 We conclude that spontaneous emulsification is kinetically accessible only
for sufficiently small particles, but the required solution concentrations, ϕ∗ , of small particles are difficult to realize in practice. For this
reason, few successful nanometer-scale microemulsifiers have been
identified to date.37
One way to reduce ϕ∗ would be to increase the binding energy
of the nanoparticles, U, beyond what is expected from reducing
the area of contact between the oil and water phases [Fig. 1(d)].
Alternatively, adsorbed particles could have substantial attractive interactions. Both mechanisms are likely to be important for
molecular surfactants but are challenging to engineer for synthetic
nanoparticles.

FIG. 2. Ascertaining the microemulsification concentration. (a) IFT of the
silicone–water interface as a function
of Noria concentration, c, obtained from
pendant drop tensiometry, along with a
fit of the theory to the data. Extrapolation of the fitted curve predicts
a microemulsification concentration of
c∗ = 4.07 mg mL−1 . Inset: IFT as a function of c on a linear scale. (b) Packing
fraction at the interface, η, as a function
of Noria concentration, c. The fit predicts
a critical packing fraction η∗ = 0.55. (c)
Confocal microscopy image of a stable
aqueous droplet containing hydrophilic
Nile blue dye without any Noria, in 5%
cSt silicone oil with 20% w/w PDMS–
NH2 . (d) Introducing 5 mg mL−1 of Noria
results in the spontaneous formation of
aqueous domains that escape into the
bulk. The scale bars represent 50 μm.
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B. Experiments
One strategy that has successfully imparted high binding energy
to a variety of nanoparticles makes use of complementary polymer–
ligand interactions to form in situ nanoparticle surfactants at the
interface.15 Using the thermodynamic analysis above, together with
measurements of the IFT, we show that this enhancement is consistent with an increased binding energy, U, sufficient to induce
microemulsification at modest volume fractions, ϕ∗ .
By suspending ligand-coated nanoparticles in one phase, and
dissolving a favorably interacting polymer in the other, binding
occurs when the two meet at the interface [Fig. 1(a)]. These nanoparticle surfactant assemblies have been shown to form monolayers
at the liquid–liquid interface using grazing incidence x-ray scattering,38 atomic force microscopy,39 and x-ray photon correlation spectroscopy.40 Here, we use carboxy-functionalized Noria, a
nanoporous organic cage,41,42 chosen for its high charge density.
At the oil–water interface, the carboxy groups on the Noria form
ammonium–carboxylate complexes with amine-terminated polydimethylsiloxane (PDMS–NH2 ) dissolved at 20% w/w in 5% cSt
silicone oil. In all experiments, pH = 5 was maintained using a 5 mM
MES buffer. The low pH of the aqueous phase served to reduce
the interfacial tension of the oil–water–PDMS–NH2 system in the
absence of nanoparticles by protonation of the amine groups of
PDMS–NH2 ,43 and it also served to increase the binding energy of
the nanoparticles.44 In the traditional language of microemulsions,
the PDMS–NH2 surfactant markedly reduces the oil–water interfacial tension, while the Noria (not interfacially active by itself) acts
as a co-surfactant that drives the oil–water system to spontaneously
increase the surface area.3
We measured the IFT of this system using pendant drop tensiometry for Noria concentrations ranging from 0 mg mL−1 to
0.2 mg mL−1 , and a fit of Eqs. (1) and (2) was performed using
the binding strength, U, and particle radius, r, as free parameters
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[Fig. 2(a)]. Our fit estimates that the radius of the Noria is
r = 0.51 nm, very close to x-ray diffraction results,42 and that the
binding strength is U = 11 kB T, which supports the hypothesis
that particles adsorb reversibly to the interface. The estimated binding energy is four times larger than the prediction of the Pieranski model35 [Fig. 1(d)] and might be due to the ability of all of
the carboxy groups on the surface of the Noria to interact with
PDMS–NH2 , even though the Noria is partly in the aqueous phase.
Extrapolation of the fit predicts that spontaneous emulsification
occurs at a concentration of c∗ = 4.07 mg mL−1 , corresponding
to a volume fraction ϕ∗ = 0.0023, and packing fraction η∗ = 0.55
[Fig. 2(b)].
This prediction is validated by direct observation of spontaneous emulsification using confocal microscopy performed on aqueous droplets containing 1% w/w Nile blue dye in the presence and
absence of Noria [Figs. 2(c) and 2(d), respectively], immersed in
PDMS–NH2 containing silicone oil. Since the dye is hydrophilic,
aqueous regions of the sample appear bright red. In the absence of
Noria, the surface of the water droplet is stable and smooth, but for
a Noria concentration above c∗ , specifically 5 mg mL−1 , we observe
the spontaneous generation of aqueous droplets that pinch off the
liquid–liquid interface and swell as they escape into bulk.
To probe the microemulsified state, we extend our model to
allow an aqueous volume, V, to be arranged in m ∝ 6VD−3 identical droplets with the diameter D and total surface area A = 6VD−1
[Fig. 3(a)].30 As a result, the total free energy becomes
8ηr
)
D
η
2r
+ A(D)[γ − 2 [U + kB T ln ]]
πr
Λ
+ kB Tm(D)[ln m(D) − 1].

FTot (η, D) = F2d (η, A(D)) + F3d (ϕ −

(3)

FIG. 3. Spontaneous emulsification
regime. (a) Schematic illustration of
the thermodynamic states described
by Eq. 3. (b) Macroscopic observation
of spontaneous emulsification obtained
using video microscopy. Droplets containing 15 mg mL−1 of Noria produce a
haze of aqueous compartments over a
period of 12 h, as can be seen from the
videos of the supplementary material.
(c) Microemulsion droplet diameter,
D, as determined by dynamic light
scattering and our model’s prediction, as
a function of the Noria concentration, c.
(d) Estimated increase in the exposed
oil–water surface area, as inferred from
the droplet volume, V = 50 μl, and
from D.
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Here, F 2d and F 3d are the Helmholtz free energies corresponding to
the chemical potentials μ2d and μ3d . The thermodynamically stable
state to which an oversaturated droplet relaxes [Fig. 3(b)] is obtained
by minimizing the free energy in Eq. (3) with respect to the packing
fraction, η, and microemulsion droplet diameter, D, which leads to
the following equations that must be satisfied:
μ2d (η) − U − kB T ln

γ − kB T

8ηr
2r
= μ3d (ϕ −
),
Λ
D

ηZ(η) 3kB T πD3
=
ln
.
πr2
πD2
6V

(4)

(5)

Using the fit parameters obtained from the IFT measurements
[Fig. 2(a)], we obtain predictions for η [Figs. 2(b)] and D, as a function of the Noria concentration, which show good agreement with
dynamic light scattering measurements of 50 μl aqueous droplets
[Fig. 3(c)], from which we infer an increase of up to four orders of
magnitude of the oil–water interfacial area [Fig. 3(d)] as the Noria
concentration increases.
III. DISCUSSION AND CONCLUSION
Previous experimental45,46 and theoretical24,47 studies of molecular microemulsification show that it is a continuous, second-order
phase transition with the same critical exponents as the 3D Ising
model. Although our theory does not take microscopic fluctuations
of the interface into account, which means that it cannot deliver
the correct critical exponents, the mean-field characterization of the
microemulsification transition is qualitatively consistent with more
detailed measurements and models. This model’s description of the
microemulsification transition is obtained by inserting the material

scitation.org/journal/jcp

parameters of our system and the equilibrium values of η and D
into Eq. (3) to obtain the Helmholtz free energy, F min (ϕ, V, γ, U, r)
[Fig. 4(a)]. Numerical differentiation reveals a kink in the first
derivative of the free energy at the microemulsification concentration c∗ [Fig. 4(b)]. This kink is due to a discontinuity in the second
derivative of the free energy that becomes sharper as the droplet volume goes to infinity [Fig. 4(c)], which indicates that the microemulsion transition is a continuous, second-order phase transition in
accordance with the aforementioned studies. Further support of this
conclusion is provided in the supplementary material, where we
derive a complementary lattice model with a more accurate critical
behavior. Our results are summarized in the microemulsion phase
diagram depicted in Fig. 4(d), which delineates the microemulsified
from the phase separated state as a function of the thermodynamic
drive for particle adsorption, βμ3d (ϕ) + βU, and the free energy
reduction due to an adsorbed particle’s screening of the oil–water
interface, βγπr2 .
Further studies on the nature of nanoparticle-induced
microemulsification include determining which macroscopic emulsion phases are stable,48 determining the extent to which varying
ionic strength shifts the critical concentration, and an exploration
of how the nanoparticle size affects microemulsification. One corollary of this framework is that the phase transitions that interfacially
active materials undergo will have a recognizable signature in the
IFT vs concentration curves due to the intimate relationship between
the equation of state and the IFT, as shown in the supplementary
material.
Using a combined theoretical and experimental approach, we
have demonstrated that sufficiently small and interfacially active
nanoparticles are capable of destabilizing an oil–water interface to
spontaneously create a stable emulsion over observable timescales
and without mechanical agitation. Furthermore, the fitting procedure used herein successfully retrieves microscopic information

FIG. 4. Phase diagram for spontaneous
emulsification. (a) Reduced Helmholtz
free energy, V −1 βF min , as a function
of the volume fraction of the nanoparticle surfactant, ϕ, for volumes ranging from 10−17 μl to 1018 μl of the
aqueous phase. The green circles correspond to the volume used in the experiment and are numerically indistinguishable from the thermodynamic limit. (b)
First derivative of the free energy with
respect to ϕ [colors as in (a)]. (c) The
discontinuity in the second derivative of
the Helmholtz free energy is the model’s
prediction that microemulsification is a
second-order phase transition [colors as
in (a)]. (d) Phase diagram delineating
the phase separated and microemulsified states as a function of βγπr 2 and
βμ3d (ϕ) + βU.
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from macroscopic tensiometry experiments and accurately predicts
critical concentrations and droplet sizes across several decades of
length scales and concentrations. In addition to constituting a broad
new class of microemulsifiers, particle-based microemulsions are
expected to be robust to temperature changes49 and provide the
possibility of exposing enormous interfacial area to nanoparticles
with plasmonic, catalytic, or biological functionality, leading to the
self-assembly of all-liquid sensing devices, chemical scavengers, and
liquid microscale and nanoscale reaction vessels.
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In all experiments, we used carboxy terminated Noria nanoparticles50 with an approximate molar mass of M = 1700 g mol−1 ,
dispersed in water with pH = 5, using a 5 mM MES buffer, and a
5% cSt silicone oil phase containing 20% w/w PDMS–NH2 . Interfacial tensions were measured using the pendant drop method and,
absent of Noria, the silicone–water interfacial tension after 1 h was
13.3 mN m−1 . Introducing Noria to the aqueous phase led to the
association of multiple polymer ligands with the carboxy groups of
the Noria. Interfacial tension measurements were conducted with
Noria concentrations of 0.02 mg mL−1 , 0.1 mg mL−1 , and 0.2 mg
mL−1 , which resulted in effective surface tension measurements of
11.4 mN m−1 , 7.96 mN m−1 , and 7.6 mN m−1 . For Noria concentrations above 5 mg mL−1 , spontaneous emulsification occurred.
The time evolution of a microemulsifying droplet surface was
studied using a confocal laser scanning microscope with wavelength
637 nm. To image the aqueous part of the system, 0.1% Nile blue dye
was added to a 25 μl water droplet, which was deposited in silicone
oil containing PDMS–NH2 .
Microemulsions droplet sizes were measured using dynamic
light scattering with a Malvern Zetasizer, He–Ne laser, set to 633 nm.
50 μl aqueous droplets containing Noria at concentrations of
5 mg mL−1 , 10 mg mL−1 , 15 mg mL−1 , and 30 mg mL−1 were
deposited into a silicone oil bath, and an average droplet size of
1902 nm, 1600 nm, 596 nm, and 206 nm was measured. Close to
the critical concentration, microemulsion diameters were observed
that were of similar size as in the previous work on AOT, water, and
n-decane systems.45
Fits to experimental data were performed using the fitting algorithms in the supplementary material. The code is written in Python
and makes use of the numpy and matplotlib libraries.

The data that support the findings of this study are available
within this article and its supplementary material.
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