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Signatures of nanoemulsion jamming and unjamming in stimulated-echo NMR
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The unjamming of elastic concentrated nanoemulsions into viscous dilute nanoemulsions, through dilution
with the continuous phase, offers interesting opportunities for a pulsed-field gradient (PFG) NMR, particularly
if the nanoemulsion is designed to take advantage of the nuclear specificity offered by NMR. Here, we make and
study size-fractionated oil-in-water nanoemulsions using a perfluorinated copolymer silicone oil that is highly
insoluble in the aqueous continuous phase. By studying these nanoemulsions using 19F stimulated-echo PFG-
NMR, we avoid any contribution from the aqueous continuous phase, which contains a nonfluorinated ionic
surfactant. We find a dramatic change in the 19F PFG-NMR decays at high field-gradient strengths as the droplet
volume fraction, φ, is lowered through dilution. At high φ, observed decays as a function of field-gradient
strength exhibit decay-to-plateau behavior indicating the jamming of nanodroplets, which contain 19F probe
molecules, in an elastic material reminiscent of a nanoporous solid. In contrast, at lower φ, only a simple decay is
observed, indicating that the nanodroplets have unjammed and can diffuse over much larger distances. Through
a comparison with bulk mechanical rheometry, we show that this dramatic change coincides with the loss of
low-frequency shear elasticity of the nanoemulsion.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) is a powerful and
sensitive experimental technique that can reveal structure and
dynamics within both simple homogeneous and complex het-
erogeneous forms of condensed matter. Pulsed-field gradient
(PFG) NMR provides access to the dynamics of molecules
which contain specific nuclei of interest [1]. In one particular
application of PFG-NMR, investigations of the dynamics of
liquid molecules in nanoporous solids have revealed the very
substantial impact of molecular confinement within nanopores
[2]. Because the nanopores are sufficiently small, the high
degree of spatial confinement of the liquid molecules, as these
experience quiescent Brownian excitations, can be readily
detected at high field-gradient strengths. Instead of exhibiting
a simple exponential decay, as in a bulk liquid, the PFG-NMR
signal does not fully decay when a liquid is so highly con-
fined within nanopores. The substantial impact of nanoporous
confinement on molecular diffusion has been observed using
1H PFG-NMR and reported for polydimethylsiloxane sili-
cone oil in open-pore polymeric host matrices [3], water in
single-walled carbon nanotubes [4], hexadecane in core-shell
latex particles [5], hexane in nanoporous zeolite crystal-
lites [6], and eicosane in electrochemically etched silicon
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nanochannels [7]. In particular, the simple exponential decay
associated with molecular diffusion in the bulk liquid can tran-
sition to a decay-to-plateau behavior [8] for the same liquid
that is highly confined within a nanoporous solid [2].

Investigating the molecular dynamics of polymers sub-
jected to shear or flow has opened up an application of
PFG-NMR equipped with rheometer components, known as
Rheo-NMR [9,10]. Probe molecules can either be attrac-
tively bound to or repulsively confined by other neighboring
molecules; examples include a solid phase of bulk polymers
[9,11] and a glassy state of concentrated polymer solutions
[12]. Different techniques, such as NMR spectroscopy, relax-
ometry, diffusivity, and velocity imaging, have been applied
to study the microscopic response to shear- and flow-induced
anisotropy in bulk materials [11–14]. While these prior Rheo-
NMR experiments have combined certain aspects of rheology
and NMR, so far these approaches have not been based on
the notions of passive microrheology [15], even as such a
possibility has been suggested previously [16].

Nanoemulsions are dispersions of liquid droplets having
sub-100 nm radii in an immiscible continuous solution phase
that are stabilized against subsequent coalescence by a sur-
factant [17–19]. Customized nanoemulsions are continuously
being developed and applied in many different areas, includ-
ing pharmaceuticals and industrial products [20]. Although
the nanoemulsion is composed entirely of liquids, if the vol-
ume fraction of droplets, φ, is raised beyond the jamming
point, a well-stabilized nanoemulsion becomes a soft elas-
tic solid as a consequence of a combination of interfacial
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tension and interfacial repulsion between the jammed nan-
odroplets in close proximity [21]. These jammed nanodroplets
are confined by neighboring nanodroplets, and the posi-
tional structure of the solid nanoemulsion resembles that of
a disordered glass in the absence of strong interdroplet attrac-
tions [19]. Concentrated nanoemulsions can mimic disordered
closed-pore nanoporous solids when φ is above the jamming
point. Interestingly, this nanoporous solid can effectively be
melted through dilution with sufficient continuous-phase so-
lution, thereby lowering φ below the jamming point. Thus,
nanoemulsions could provide a route for studying what hap-
pens to molecular dynamics when an elastic closed-pore
nanoporous material is melted as the pores (i.e., nanodroplets)
effectively transition from being confined to unconfined as φ

is reduced. If the nanoemulsion could be customized appro-
priately, in principle, PFG-NMR could then be used to probe
the dynamics of only the dispersed-phase oil molecules within
the nanodroplets, and thus could potentially provide a sensi-
tive means of exploring droplet unjamming as the closed-pore
nanoporous solid melts, since the molecular dynamics are
inherently coupled to the nanodroplets’ dynamics.

While 1H PFG-NMR has many different important uses,
its potential application for studying confined molecular dif-
fusion in simple oil-in-water nanoemulsions would likely be
difficult to interpret because hydrogen is extensively present
both in the water of the continuous phase as well as in
the most common hydrocarbon and silicone oils in the dis-
persed droplet phase [22]. Consequently, it would be desirable
to consider 19F PFG-NMR as an alternative, since this can
create comparably strong signals as 1H PFG-NMR. Sili-
cone oils having perfluorinated side groups offer a potential
route for developing a stable oil-in-water nanoemulsion, in
which 19F-laden silicone oil molecules are present only within
the interior of the constituent nanodroplets. While prior ex-
periments demonstrated that stable perfluorinated silicone
oil-in-water nanoemulsions could be produced, these exper-
iments relied upon a perfluorinated surfactant soluble only
in the aqueous continuous phase [23]. Such use of a perflu-
orinated surfactant in combination with a perfluorinated oil
would be less desirable, since 19F PFG-NMR would yield a
convolution of signals from surfactant molecules experiencing
unconfined diffusion in the continuous phase, adsorbed sur-
factant molecules diffusing on the interfaces of nanodroplets,
and also oil molecules experiencing confined diffusion within
the nanodroplets.

Consequently, in order to study only the dynamics of the
oil molecules within nanodroplets, it would be desirable to
formulate a special customized perfluorinated oil-in-water
nanoemulsion that is extremely stable even when concen-
trated to high φ above jamming, yet does not rely upon
perfluorinated surfactant for stability. In addition, it would
be desirable for this nanoemulsion to have a narrow droplet
size distribution, and also for the perfluorinated silicone oil
to be very highly insoluble in the aqueous continuous phase
so that interdiffusion of oil molecules between different nan-
odroplets, which can lead to Ostwald ripening, is avoided.
For such a highly customized nanoemulsion, in principle, the
total average molecular motion of 19F-laden oil molecules
would depend in part on the degree of nanodroplet motion and
hence φ relative to the nanodroplet jamming point. Detecting

nanodroplet unjamming by reducing φ in such a customized
perfluorinated nanoemulsion would be an important first step
towards finding a way to use PFG-NMR for quantitative
passive microrheology based on inferred motion of colloidal
structures (i.e., nanodroplets), as has been previously sug-
gested more broadly.

This overall approach is different from prior investigations
involving PFG-NMR on other emulsion systems. Several of
these investigations have focused on extracting distributions
of droplet (i.e., cavity) sizes by fitting the signal attenua-
tion, typically assuming a log-normal distribution [24–27].
Moreover, for emulsions in which the dispersed phase has a
reasonably high solubility in the continuous phase, complex
transport of molecules can be observed as these molecules hop
intermittently from one droplet to another through the con-
tinuous phase [28,29], akin to transport of liquid molecules
in solid open-pore porous media having larger cavities and
narrow constrictions [30]. While some PFG-NMR studies
of emulsions have been made previously, examining how
droplet jamming and unjamming in highly concentrated
monodisperse nanoemulsions affects PFG-NMR attenuation
still remains largely unexplored.

Here, we have created a customized, size-fractionated,
highly stable 19F-oil-in-water nanoemulsion system, having
screened-charge repulsive droplet interactions, that provides
a useful model system, and we show using 19F StE PFG-
NMR that droplet jamming can lead to a strong subdiffusive
signal in the effective molecular-probe MSDs. We obtain
high-quality functional fits of the effective MSDs, showing
a smooth rise-to-plateau transition at each higher φ above the
droplet jamming point. Through a comparison with macro-
scopic rheological measurements, we associate the changes
in these effective MSDs with the rheological transition be-
tween viscous unjammed nanoemulsions at lower φ and
elastic jammed nanoemulsions at higher φ. Furthermore, by
interpreting the mechanical measurements using the theoreti-
cal framework of passive microrheology, we extract plateau
MSDs of nanodroplets in elastic nanoemulsions at high φ.
By combining both NMR measurements with the passive
microrheological interpretation of these mechanical measure-
ments, we show that the nanoemulsion’s unjamming transition
is consistent with a Lindemann melting criterion of 0.3 known
for a wide range of materials [31].

II. EXPERIMENT

A. Emulsion preparation and characterization

We have designed and prepared an oil-in-water
fluorinated nanoemulsion (O/W FNEM) composed of
48%:52% poly-(3,3,3-trifluoropropyl-methylsiloxane):poly-
(dimethylsiloxane) block copolymer (FMS oil, Gelest Inc.;
mass density: ρo = 1.16 g mL-1; average molecular weight:
MWo = 1800 g mol-1; kinematic viscosity: νo = 124
cSt), sodium dodecyl sulfate (SDS, Fisher Scientific;
electrophoresis grade 99% purity), and deionized water
(Millipore Milli-Q Academic; resistivity: 18.2 M� cm). After
conducting a series of emulsification and stability screening
tests using a variety of 19F-containing oils, we have selected
block-copolymer FMS because it is highly perfluorinated
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to provide strong NMR signal-to-noise, it has a low enough
viscosity to facilitate fabrication of a nanoemulsion using only
high flow-rate emulsification processing without evaporative
ripening [18,19,32], it has a high enough molecular weight
to preclude Ostwald ripening, and it remains stable against
coalescence when using only a standard nonperfluorinated
ionic surfactant, SDS. Because FMS is highly insoluble in
the continuous aqueous phase, as revealed by the absence of
Ostwald ripening, the 19F-laden oil molecules do not migrate
appreciably through the continuous phase from one droplet
to another. Also, our use of a nonfluorinated SDS surfactant,
which is atypical in most formulations of stable fluorinated
O/W emulsions, ensures that all NMR signals arise from
the fluorinated oil inside nanoemulsion droplets without any
contribution from the surfactant.

We initially prepare 500 mL of a crude microscale premix
emulsion at a droplet volume fraction φ = 0.15 of FMS oil in
50 mM aqueous SDS solution using a mixer (Fisher Scientific,
PowerGen 1000 S1, speed 3). After allowing any residual
foam to disappear, we process this premix emulsion using a
high flow rate microfluidic homogenizer (Microfluidics Inc.,
model M-110P; 75 µm Y-chamber) at a liquid pressure of
approximately 200 MPa. We recover and reprocess the result-
ing nanoemulsion through this homogenizer seven additional
times before collecting and diluting the resulting nanoemul-
sion in 10 mM aqueous SDS solution. We centrifuge this
diluted nanoemulsion to obtain a much higher droplet volume
fraction (Beckman L8-55 ultracentrifuge, SW-28 swinging
bucket, 18 000 rpm, 4 h), yielding a set of concentrated, elas-
tic, jammed nanoemulsion plugs at the bottoms of thick-wall
polycarbonate centrifuge tubes. The effective gravitational
forces acting on droplets, caused by this ultracentrifugation,
are still small enough that nanodroplet coalescence is not
observed. We next remove the SDS solution above these
elastic concentrated nanoemulsion plugs, combine these plugs
together, and then dilute these combined plugs to φ ≈ 0.1
using an aqueous solution at [SDS] = 10 mM. This process
of centrifugation and dilution is repeated twice more to set the
SDS concentration in the continuous phase of the resulting
FNEM to 10 mM.

To decrease the droplet size polydispersity of this FNEM,
we perform a four-step size-fractionation at fixed [SDS] =
10 mM as follows. After a first centrifugation for size-
fractionation (conditions also 18 000 rpm, 4 h), we remove the
concentrated elastic nanoemulsion plugs from the bottoms of
the centrifuge tubes, cut them into two pieces using a spatula,
and retain the bottom three-quarters of all plugs, correspond-
ing to larger droplets. We combine and dilute these bottom
plug-pieces using 10 mM SDS solution to set φ ≈ 0.1. We
then perform a second centrifugation using the same condi-
tions, cut the plugs, retain and combine the top three-quarters
of the plugs, and again dilute using 10 mM SDS solution
to set φ ≈ 0.1. We then perform a third centrifugation using
the same conditions and procedure as above, and the top
half of the plugs are combined and diluted to φ ≈ 0.1 in
10 mM SDS solution. Finally, we perform a fourth centrifuga-
tion using the same conditions and procedure, and we retain
and combine the bottom three-quarters of the plugs, yielding
≈20 g of concentrated, fractionated master nanoemulsion,
which is a soft elastic solid, at high φ. We next mix this master

nanoemulsion thoroughly using a spatula to exclude any size-
separation that could potentially be induced by centrifugation.
The oil droplet volume fraction of the master nanoemul-
sion sample is measured to be φm = 0.751 ± 0.008 using a
gravimetric evaporation method [33]. Using dynamic light
scattering (Photocor, 90◦ scattering angle, λ = 632.8 nm), the
average droplet radius of this fractionated FNEM is measured
to be 〈a〉 = 63 ± 2 nm, and its radial size polydispersity is
δa/〈a〉 = 0.16, where δa is the standard deviation of the emul-
sion’s radial size distribution. FNEM samples at lower φ are
obtained by diluting a portion of the master nanoemulsion
with an aqueous 10 mM SDS solution using an analytical
balance (Denver Instruments APX-200, 0.1 mg precision).
Based on prior experiments on similarly fabricated, stabilized,
and fractionated O/W nanoemulsions, the droplet structure in
the fractionated O/W FNEMs is disordered at all the φ we
explore. Moreover, the pair interaction between two FNEM
nanodroplets can be described by a screened electrostatic re-
pulsion having a Debye screening length λD ≈ 3 nm.

Each FNEM sample is loaded into a clean glass NMR
tube, having an inner diameter of 8 mm, to a height of at
least 25 mm from the bottom of the tube, as follows. For
0.248 � φ � 0.420, we load these viscous FNEM samples
by pouring against the walls of tubes very slowly in order to
avoid creating any air bubbles. For soft elastic FNEM samples
at higher 0.480 � φ � 0.751, we load each into a NMR tube
with a spatula and perform a low-speed centrifugation for a
short duration to remove air bubbles without generating gra-
dients in φ. The maximum centrifugal speed does not exceed
1500 rpm. The total duration, including acceleration and de-
celeration, varies from 60 to 1200 s; this duration is increased
to 1200 s as φ is raised toward 0.751. After loading, we cap the
NMR tubes with plastic caps and apply Parafilm to seal them,
thereby precluding evaporation, which could otherwise lead to
undesirable changes in φ and ultimately droplet coalescence.

B. Stimulated-echo 19F-NMR

The samples in 8 mm glass NMR tubes are stored upright at
room temperature until measurements. We perform all diffu-
sion measurements using a Bruker 250 MHz superconducting
magnet with a Micro5 probe base and 8 mm rf coil (Bruker
Biospin, Karlsruhe) for 19F nuclei excitation and detection,
integrated with a Diff30 gradient coil providing 17.81 T/m
pulsed magnetic field gradients at 60 A in the z-direction of
the applied magnetic field. We hold the temperature stable
at 20 ◦C through the Bruker BTU system with N2 gas flow
and active feedback control. For the diffusion measurements,
we utilize a standard pulsed-field gradient stimulated echo
(PFG-StE) pulse sequence [27]. In these experiments, we
implement a constant gradient duration δ and diffusion dis-
placement time � between gradient pulses and increasing
gradient strength g to step through the displacement reciprocal
wavelength q = (2π )−1γ δg space, where γ is the gyromag-
netic ratio of the 19F nuclei. This standard implementation
of the PFG-StE sequence allows the mean-square displace-
ment (MSD) to be calculated from the normalized echo
voltage signal as E (q) = S(q)/S(q = 0) = exp[−4π2q2(� −
δ/3)] = exp(−2π2q2〈z2〉), where 〈z2〉 = 2D(� − δ/3) is the
one-dimensional (1D) MSD, and D is the molecular diffusion
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coefficient [27]. This equation is also often written in terms
of the effective diffusion using the nomenclature E (b) =
S(b)/S(b = 0) = exp(−bDeff ), where an effective gradient
and displacement time parameter b = 4π2q2(� − δ/3) =
(γ δg)2(� − δ/3) is used to reflect the displacement time de-
pendence inherent in Deff [27].

Additionally, we vary the gradient duration δ and dis-
placement time � to optimize the measurements for probing
the MSD of the nanoemulsion droplets. The molecular dif-
fusion coefficient of the FMS oil is measured to be 4.19 ×
10−12 m2/s. The value of � = 700 ms (� 〈a〉2/D0 = 9.47 ×
10−3 ms) provides the long-time asymptotic MSD of the
droplets by allowing the fluorinated polymer to fully sample
the interior of the nanoemulsion droplets and the droplets
to diffuse within the emulsion structure [28,34]. To provide
additional data on the emulsion structure in terms of a porous
media, we examine a range of δ values from 2 to 5 ms,
for which δ � 〈a〉2/D0, to observe the signal dependence on
the varying gradient durations [28,30,34]. For all experiments
reported here, we use a gradient duration δ = 2 ms, which for
the particle motion scale results in lD = √

2DSEδ = 1.67 ×
10−7 m, equivalent to 1.85〈a〉, which generates a small ad-
ditional signal attenuation in the dilute system, accounted for
by the δ/3 in the definition of b, which results in no relaxation
weighting of the diffusion data based on the measurement
of a single T2 relaxation time of 291 ms observed using a
Carr-Purcell Meiboom-Gill [35] experiment. We report mea-
surements over a wide range of φ from 0.751 down to 0.1.
Having a single relaxation time larger than the δ indicates the
signal does not decay significantly during the gradient dura-
tion, corresponding to no relaxation weighting of the diffusion
data. We increment gradients from 0.89 up to 17.81 T/m with
32 linearly spaced steps. For each gradient step, we perform
ensemble averaging of a 16-step phase cycle eight times.

C. Mechanical shear rheometry

We first ensure proper calibration of our strain-controlled
shear rheometer (Rheometrics RFS-II), both in the magnitude
of the complex shear modulus and crossover frequency, using
a polymeric viscoelastic reference standard. Following cali-
bration, for samples having 0.359 � φ � 0.751, we load each
FNEM into a 25-mm-diameter stainless-steel cone-and-plate
geometry enclosed by a vapor trap. At a shear strain γ = 0.01,
we perform a frequency sweep from frequency ω = 10 rad/s
down to 0.02 rad/s. We then perform a strain sweep at ω = 1
rad/s from γ = 0.002 to 2 to verify that the strain of 0.01
selected for the frequency sweep is below the yield strain,
ensuring that reported G′

p values for 0.373 � φ � 0.751 cor-
respond to the linear stress-strain response regime. For φ =
0.365, the low-strain storage shear modulus G′(γ ) is effec-
tively identical to the loss shear modulus G′′(γ ) at γ � 0.02.
For more highly diluted samples having φ � 0.360, G′′(γ )
dominates G′(γ ) even at small shear strains. We determine the
dynamic viscosity of the FMS bulk oil, using steady shear rate
sweep measurements, to be ηo = 143 mPa s. The measured
shear stress τ varies linearly with the shear strain rate γ̇ from
1000 to 0.2 s−1. Using the mass density of the FMS oil, we
then convert to the kinematic viscosity: νo = 124 cSt.

III. RESULTS

A. NMR magnetization decay and MSD analysis

Using a fitting procedure, we normalize the StE PFG-
NMR magnetization attenuation, E (b) = S(b)/S(b = 0), de-
termined by varying g at fixed � = 700 ms, so that it decays
exponentially from unity in the low-b (i.e., low-q2) limit. This
ensures that dimensionless −ln[E (b)], which is proportional
to the ensemble- and time-average MSD of the probes, rises
linearly with b in a double-logarithmic scale at low b for all φ

[open circles in Fig. 1(a)]. For all φ, we have also subtracted
the small baseline noise signal of E (b) before normalizing;
this baseline is determined by the measured noise plateau in
E (b) beyond the decay at high b only at low φ where the
samples are purely viscous and simple diffusion of 19F-laden
FMS oil molecules is observed. This baseline noise subtrac-
tion makes no more than a 5% adjustment in the values of
E (b) over all φ measured.

We fit the measured dimensionless MSDs to a simple diffu-
sion model for lower φ and to a bound diffusion model (called
the single exponential model in Magin et al. [8]) for higher φ:

−ln[E (b)] =
{

bD0, φ � φc,

(D0/D1)[1 − exp(−bD1)], φ > φc,
(1)

where D0 is the low-b diffusion coefficient, φc is a critical
nanodroplet volume fraction associated with droplet jamming
and the onset of subdiffusive behavior in the decay at high
b, and D0/D1 indicates the relative amount of decay, corre-
sponding to the plateau of the MSD in the high-b limit [solid
lines in Fig. 1(a)]. This high-b plateau is also reminiscent
of harmonically bound Brownian behavior [36]. From our
measurements, recognizing that the limited upper range of b
of our measurement window could have some impact on the
exact value, we find φc ≈ 0.32 is an empirical volume fraction
threshold below which the attenuation signal can be described
as a simple exponential decay corresponding to a diffusive
random walk. Using the determined fit parameters, we also
plot the normalized E (b) data with lines that correspond to
the exponential of Eq. (1):

E (b) =
{

exp(−bD0), φ � φc,

exp{−(D0/D1)[1 − exp(−bD1)]}, φ > φc,
(2)

as shown in Fig. 1(b). The trend toward nonzero positive
values of a plateau in E (b) at high b is clearly seen; this is as-
sociated with subdiffusive measured log-slopes of −ln[E (b)]
at high b.

Nanodroplet unjamming behavior, as φ is reduced and
the FNEM transitions rheologically from elastic solid to a
viscous liquid, is clearly seen through the large changes in
the observed NMR E (b). To understand and describe this,
we assume that the total MSD of 19F-probe-molecules arises
from a combination of confined internal molecular diffusion
of the FMS oil within nanodroplets and also the diffusion
of nanodroplets in the aqueous continuous phase—yet mod-
ified by interactions with neighboring nanodroplets that can
lead to nanodroplet confinement through jamming at high
φ. The viscosity of the bulk fluorinated oil is 143 mPa s,
determined by mechanical shear rheometry. The NMR mea-
surements determine the translational diffusion coefficient of
the bulk oil to be 4.19 × 10−12 m2 s−1, yielding a viscosity of
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FIG. 1. (a) Effective mean-square displacements (MSDs) of the 19F-laden oil molecules of the O/W nanoemulsions having an average
droplet radius a = 63 nm for a different droplet volume fraction φ (color-encoded, see left), represented by the negative natural logarithm of
the corrected StE PFG-NMR diffusion signal attenuation, −ln[E (b)], measured at diffusion time between refocused pulses � = 700 ms and
gradient pulse duration δ = 2 ms. Solid lines are functional fits to Eq. (1). For φ � 0.331, the departure from low-b diffusive −ln[E (b)] behavior
(dashed lines show the extension toward high-b) occurs at b ≈ 5 × 1012 m−2 s. The largest b at the maximum experimentally explored gradient
strength is bmax = 5.6 × 1013 m−2 s. (b) Effective correlation functions of the FNEM, represented by baseline-subtracted and normalized
attenuation, E (b). The lines represent calculations using Eq. (2) and parameters from the corresponding functional fits in part (a). The order of
φ goes from top to bottom in the caption of part (a) and from left to right in part (b).

128 mPa s according to the Stokes-Einstein relation, using the
macromolecular radius of gyration of 0.4 nm. The difference
between these two measurements is within 11%. The diffusion
time between two adjacent refocused pulses and the duration
of gradient pulses are fixed at � = 700 ms and δ = 2 ms,
respectively, in all reported NMR measurements. For a higher
φ above the unjamming, the NMR magnetization decays at a
lower rate and exhibits less attenuation at high b, reflecting
the confinement from droplet jamming [Fig. 1(b)]. The decay
signal in the high-φ regime can be fit to the bound diffusion
model, showing a concave-up bending towards a plateau as
b increases [Eq. (2) for φ > φc]. In the high-φ regime, the
droplet motion is geometrically restricted in the cage formed
by adjacent droplets so that droplet diffusion contributes less
in the combined apparent probe diffusion. When the emulsion
is diluted to lower φ, a viscous response is obtained and the
magnetization attenuation can be fit to a single exponential
model [Fig. 1(b) and Eq. (2) for low φ � φc]. In the low-φ
regime, the mobility of a droplet in the emulsion, having a
high-frequency viscosity close to water’s 1 mPa s, is much
higher with respect to the mobility of a confined 19F probe
molecule in the droplet whose viscosity is more than a hun-
dredfold higher. Therefore, the droplet diffusion predominates
the confined probe molecular diffusion and effectively results
in the apparent diffusive behavior of the probe that can be
detected by NMR.

The transition in NMR magnetization decay features above
and below the droplet unjamming can be more readily seen
in the −lnE (b) functions, where −lnE is proportional to
the mean-square displacements of the probe [Eq. (2) and
Fig. 1(a)]. Linear correlation between −lnE and b over
the entire explored b range is observed for an unjammed
emulsion having low φ � 0.320. By contrast, dense emul-
sions having high φ � 0.325 present a linear rise at low b,

followed by a bending knee as b is varied from low to high.
Independent of φ, the divergence from the linearity occurs at
b ≈ 5 × 1012 m−2 s.

The influence of droplet confinement on NMR magneti-
zation decay is revealed distinctly in the −lnE (b) log-slope
plot as a function of φ [Fig. 2(a)]. At a given φ, the log-slope
(i.e., the MSD scaling exponent, represented by the slope of
the log-log plot of the effective MSD [37]) is calculated from
the first derivative of the fitting function Eq. (1) and evaluated
at the maximum measured bmax. A gradual increase in the
bmax-log-slope is observed from high φ down to φ ≈ 0.34, fol-
lowed by an abrupt increase until φ approaches 0.32; and by
definition, the log-slope is strictly equal to unity for φ � 0.32.
The ratio of D0/D1, obtained from the fits using Eq. (1) for
φ > φc, is associated with the amount of magnetization decay
observed at high b. As φ is decreased, D0/D1 increases slowly
in the high-φ regime, bends up more rapidly near φ ≈ 0.4, and
diverges at φ ≈ 0.33 [Fig. 2(b)]. The diffusion coefficient D0,
representing the low-b diffusibility, is fit to a four-parameter
function having a cubic decrease multiplied by a Fermi-like
function [see the caption to Fig. 2(c)]. In the high-φ regime
where droplets are jammed, the droplet is highly confined by
the cage of its nearest-neighboring droplets, and the internal
double-bound molecular probe exhibits low diffusibility, re-
flected by the low magnitude of D0 ≈ 2 × 10−14 m2 s−1 for
φ � 0.38. As φ is reduced, a rapid exponential rise of D0

is observed, attributed to a weaker cage effect, reflecting the
droplet unjamming in the range 0.38 � φ � 0.30. As further
diluted to lower φ, the measured D0 gradually increases to-
wards the diffusion coefficient of an isolated droplet in water
near 3.4 × 10−12 m2 s−1, calculated by the Stokes-Einstein
relation, which declares that the droplet diffusion confine-
ment disappears. The uncertainty of the fitting parameter
D0,d ≈ 5.5 × 10−12 m2 s−1 is comparable to its value due to
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FIG. 2. High-b log-slope and fitting parameters of the ef-
fective MSDs, −ln[E (b)], as functions of φ. (a) Log-slope of
−ln[E (b)] approaching the maximum measured b, α(bmax) =
d ln[−ln(E )]/d ln(b) evaluated at bmax, calculated from the
−ln[E (b)] fits [solid lines in Fig. 1(a)] and fit to 1 for φ �
φc; and 1 − (φ − φc )n for φ > φc, where φc = 0.325 ± 0.011, and
n = 0.28 ± 0.04 (square of the correlation coefficient: R2 = 0.835).
(b) The ratio D0/D1, representing the amount of attenuation at
high-b, obtained from fits using Eq. (1) for each given φ � 0.325
and fit to D0/D1(φ) = [φm/(φ − φc )]ν , where φc = 0.328 ± 0.007,
φm = 0.09 ± 0.05, and ν = 0.67 ± 0.30 (R2 = 0.751). (c) The low-b
diffusion coefficient D0 for all measured φ obtained from Eq. (1)
and fit to D0(φ) = {D0,d/[1 + (φ/φv )3]}/{1 + exp[(φ − φc )/φm]} +
D0,conf , where φc = 0.32 ± 0.02, φv = 0.14 ± 0.10, φm = 0.0098 ±
0.0068, D0,d ≈ 5.5 × 10−12 m2/s, and D0,conf = (1.9 ± 0.9) ×
10−14 m2/s (R2 = 0.778).

the limited amount of data in the very dilute φ regime. The
critical volume fraction φc for droplet unjamming, associated
with the occurrence of the subdiffusive molecular motion, has
been obtained from the fits of the bmax-log-slope of effective
MSDs, the D0/D1 ratio, and the low-b diffusion coefficient
D0, respectively, as functions of φ. The φc values inferred
from all three of these approaches are highly consistent within
the error range, having a standard deviation less than 2% of the
average value (see the caption of Fig. 2 for fitting functions,
parameters, and regression coefficients).

B. Mechanical shear rheometry

Mechanical shear oscillatory measurements are performed
in both strain sweep and frequency sweep modes. The mea-
sured strain sweep data, G′(γ ), at a fixed frequency ω =
1 rad/s, are fit to G′(γ ) = G′

p/[(γ /γy)κ + 1], yielding the
plateau shear modulus G′

p, the yield strain γy, and the high-
strain power-law parameter κ that describes the decrease in

FIG. 3. Mechanical shear oscillatory measurements of elastic
shear moduli. (a) Measured G′(γ ) at frequency ω = 1 rad/s with
fitting curves (see the text) for φ from 0.751 to 0.359 (top to bottom,
color-code on left). (b) Measured G′(ω) at a fixed peak shear strain
of γ = 0.01 for different φ and complex shear modulus |G∗|(ω)
(open squares at ω = 1 rad/s). (c) Plateau elastic shear modulus
G′

p, obtained from strain sweeps in part (a), as a function of φ with
the EEI model [38] prediction (solid line). Low-frequency relaxation
of the system is evident at the frequency (i.e., 1 rad/s) associated
with the strain sweeps at lower φ � 0.365 (grayed markers). The
red arrow highlights the lowest φ, where G′

p can be measured using
mechanical rheometry.

the nonlinear G′ beyond yielding [Fig. 3(a)]. For all φ in
the range from 0.751 to 0.359, the elastic shear modulus
G′

p at γ = 0.01 is in the low-strain plateau region. In the
frequency sweeps, conducted at a peak shear strain γ = 0.01,
the measured G′ is frequency-independent over the range of ω

from 10 to 0.02 rad/s for dense emulsion having φ � 0.380
[Fig. 3(b)]. At such high φ, the measured plateau values of
storage shear modulus G′

p are almost equal to the magnitude
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of the complex shear modulus G∗(ω) at ω = 1 rad/s over
the frequency range explored. However, for φ � 0.373, the
frequency dependence of G′ at γ = 0.01 renders the inaccu-
racy of determining G′

p from mechanical measurements using
the G′(γ ) fits as in Fig. 3(a). For φ � 0.380, the plateau
shear elastic moduli G′

p are fit to the entropic, electrostatic,
interfacial (EEI) model [38] using the following parame-
ters: Droplet radius a = 63 nm, critical volume fraction for
random close packing φrcp = 0.646, Debye-screening length
λD = 4 nm, surface tension σ = 0.0098 N/m, and surface
potential |ψ0| = 52 mV [Fig. 3(c)]. The loss of macroscopic
elastic shear rigidity occurs very rapidly as φ is reduced in the
range from 0.38 to 0.34.

C. Droplet MSDs from NMR and rheometry

The plateau MSDs associated with caged nanodroplet
motion in the high-φ regime can be inferred from the
mechanical rheometry measurements using the generalized
Stokes-Einstein relation (GSER) of passive microrheology.
We first deduce the three-dimensional (3D) droplet plateau
MSDs, 〈�r2

d〉p, from the measured G′
p at each φ by applying

the GSER [15]: 〈�r2
d〉p = kBT/(πaG′

p), where kB is Boltz-
mann’s constant, T is the temperature, and a is the average
droplet radius. We then convert these 3D droplet plateau
MSDs to 1D droplet plateau MSDs, 〈�z2

d〉p, by dividing by
3 since the disordered nanoemulsion is spatially isotropic.
By contrast, in the lower-φ regime, near and below unjam-
ming, we determine 1D total molecular MSDs assuming
〈�z2〉 ≈ 2D0� using the low-b diffusion coefficients from
Fig. 2(c) for fixed � = 700 ms. We hypothesize that these
NMR-detected total molecular MSDs 〈�z2〉 are associated
with a superposition of the Brownian center-of-mass (COM)
motion of the nanodroplets 〈�z2

d〉, which varies with φ, and
the confined molecular motion within the nanodroplets 〈�z2

c 〉,
which is independent of φ. Assuming that the distributions
for nanodroplet displacements and confined molecular motion
in stationary nanodroplets are both Gaussian, we extract the
1D droplet MSDs 〈�z2

d〉 for φ < 0.37 through subtraction:
〈�z2

d〉 = 〈�z2〉 − 〈�z2
c 〉. To obtain a smooth match of the

NMR-inferred droplet MSDs to the microrheologically in-
ferred droplet MSDs, yielding smooth overlap at unjamming,
we deduce a value of 〈�z2

c 〉 = 3.9 × 10−14 m2. This matching
process yields a systematic 1D droplet MSD as a function
of φ over the entire range of all measurements. This 〈�z2

c 〉
corresponds to a confined molecular diffusion coefficient of
D0,conf = 2.8 × 10−14 m2 s−1, which is slightly greater than
but in reasonable accord (within one standard deviation)
with the value D0,conf = (1.9 ± 0.9) × 10−14 m2 s−1, obtained
from the fit of D0(φ) at high φ in Fig. 2(c). If this alternative
fit-parameter value were to be used instead, the agreement
would still be quite reasonable overall, but the matching
would not be quite as smooth near the droplet unjamming
point. The droplet root-mean-square displacement, 〈�z2

d〉1/2,
normalized by the effective interdroplet center-to-center spac-
ing (i.e., which is approximately given by the droplet diameter
2a), is reminiscent of the Lindemann ratio that has been used
to quantify disorder-induced amorphization and to predict the
melting point of crystalline materials [31,39] (see Fig. 4 ). In
this presented disordered nanoemulsion system, we find that

FIG. 4. Droplet root-mean-square displacement, 〈�z2
d〉1/2, nor-

malized by the droplet diameter 2a, as a function of φ. Solid black
circles: plateau 〈�z2

d〉1/2/(2a) deduced from the measured G′
p from

Fig. 3(c) using the GSER; 3D MSDs from the GSER have been
converted to 1D MSDs. Solid gray circles: the used small-strain G′

p

in the GSER are extracted from fits of G′(γ ) for viscoelastic samples
having small yield strain. Open blue circles: droplet 〈�z2

d〉1/2/(2a)
calculated for � = 700 ms using NMR low-b diffusion coefficients
D0 for φ < 0.37 from Fig. 2(c), where the total molecular probe
1D MSDs are 〈�z2〉 = 2D0�. To match droplet MSDs inferred
from both sets of measurements at the unjamming point, we deduce
that the confined molecular MSD 〈�z2

c 〉 is 3.9 × 10−14 m2, and we
subtract this value from 〈�z2〉, yielding the droplet MSDs 〈�z2

d〉.
The horizontal red arrow indicates a Lindemann melting criterion of
〈�z2

d〉1/2/(2a) = 0.3, corresponding to a droplet unjamming (melt-
ing) point of φc ≈ 0.36.

the droplet unjamming point, determined via a Lindemann
melting criterion of 〈�z2

d〉1/2/(2a) = 0.3, coincides with the
value of φc ≈ 0.36 associated with the loss of zero-frequency
plateau shear elasticity, determined using mechanical rheom-
etry [see the arrows in Figs. 3(c) and 4]. Using alternative
values for the Lindemann criterion, which are in the range
0.15–0.30 for most materials, does not substantially change
this unjamming point.

IV. DISCUSSION AND CONCLUSION

These 19F StE PFG-NMR measurements of concentrated
nanoemulsions show that the attenuation, resulting from the
total motion of 19F-laden molecular probes diffusing within
nanodroplets, changes dramatically when the nanodroplets
unjam as φ is reduced and the low-frequency shear rigid-
ity of the nanoemulsion vanishes. Thus, the total molecular
motion reflects a superposition of center-of-mass motion of
the nanodroplets as well as confined molecular diffusion of
the 19F-labeled silicone oil within the nanodroplets. At high
φ, droplets are strongly jammed, and the nanoemulsion is
a soft yet rigid solid; in this strongly jammed limit, the
NMR attenuation decays resemble decays of liquids in other
kinds of nanoporous solids. This indicates that the strongly
jammed nanoemulsion can be considered as a closed-pore
nanoporous solid having sufficiently large rigidity that only
the highly confined molecular motion contributes substan-
tially to the observed decay-to-plateau behavior. By contrast,
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the superposition of the nanodroplet motion in combination
with the confined molecular motion becomes evident through
rapid changes in the NMR attenuation near and below the
nanodroplet jamming point, where the nanoemulsion loses
shear rigidity as φ is reduced. Moreover, the evidence of
decay-to-plateau behavior at high-b disappears, and the de-
cays become simple-exponential instead. In the dilute-φ limit,
for the particular nanoemulsion that we have created and
investigated, the NMR attenuation at low b is dominated
by nanodroplet diffusion in the aqueous continuous phase,
not by confined molecular motion of the oil within the nan-
odroplets. These new measurements and insights have been
made possible through the fabrication of a custom-formulated
size-fractionated O/W nanoemulsion that is composed of a
perfluorinated copolymer silicone oil and a nonfluorinated
surfactant.

By combining both NMR measurements with a passive
microrheological interpretation of macroscopic mechanical
rheometry measurements, we have obtained a master curve
of droplet root-MSDs, normalized by the average diameter of
the nanodroplets, as a function of φ both above and below
the unjamming droplet volume fraction. This master curve en-
ables us to show how droplet unjamming can be related to the
classic idea of melting in terms of Lindemann’s ratio. Using
a Lindemann criterion of 0.3, known from other types of ma-
terials, we have shown that the φ associated with Lindemann
melting coincides with φc associated with nanodroplet unjam-
ming and the loss of low-frequency mechanical shear rigidity.
The average diameter-normalized droplet MSDs as a function
of φ for an emulsion system stabilized by screened electro-
static repulsion, in which the droplets are twice as large in
radius as the droplets in our NMR study, have been reported in
[40], showing the same φ-dependent trend as in Fig. 4 but with
a higher droplet unjamming volume fraction due to the dif-
ference in droplet size. While we use the term “unjamming,”
we recognize that the screened-charge-stabilized system of
nanodroplets may also be considered as a glassy colloidal
system, below the electrostatic droplet-jamming point, that
effectively undergoes a nonergodic to ergodic transition as φ

is reduced; so, taken more broadly, the dramatic change we
show also relates to the melting of disordered glassy systems,
not just unjamming.

The model perfluorinated O/W nanoemulsion that we
have designed, created, and studied using 19F StE PFG-
NMR is highly size-fractionated, has a disordered droplet

structure, has short-range screened-charge repulsive inter-
actions between the droplets, and effectively precludes
interdroplet diffusion of perfluorinated oil molecules through
the aqueous continuous phase. Therefore, the NMR attenu-
ation in our measurements is not influenced by diffusion of
probe molecules between nanodroplets. This enables us to in-
terpret our NMR measurements more readily, as compared to
prior studies in which oil molecules diffuse between droplets
[30,41,42]. In addition, the high degree of size-fractionation
of the nanodroplets enables us to fit the low-φ decays well
using only a single exponential form.

Our investigations have revealed several key signatures in
the PFG-NMR attenuation that are associated with unjam-
ming and melting of a model soft colloidal solid; yet, many
exciting directions still remain. For example, a higher mag-
netic field gradient could be used to explore the high-b regime
to even larger b, potentially providing a direct measurement
of the effective plateau of the NMR attenuation in the highly
concentrated φ-regime. For instance, if more accurate and
precise measurements can be made at higher b, it may be
possible to deduce G′

p directly from the high-b plateau MSDs
that can potentially be obtained. Fabricating and studying na-
noemulsions that have a smaller average droplet radius would
potentially be worthwhile, since this could further increase
the sensitivity to nanodroplet motion in the jammed φ-regime
relative to confined molecular motion. Thus, it would be in-
teresting to perform similar studies on nanoemulsions having
a range of different nanodroplet sizes. Moreover, varying the
viscosity of the oil within the nanodroplets, through the molar
mass of the oil, could also potentially enhance the NMR
attenuation arising from nanodroplet motion relative to the
confined molecular diffusion. Furthermore, our experiments
broadly indicate that theories and simulations of the total mo-
tion of probe molecules within dense colloidal droplet probes
would be interesting to explore through the glass and jamming
transitions.
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