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ABSTRACT: Colloidal systems that undergo gelation attract much attention in both fundamental studies and practical
applications. Rational tuning of interparticle interactions allows researchers to precisely engineer colloidal material properties
and microstructures. Here, contrary to the traditional approaches where modulating attractive interactions is the major focus,
we present a platform wherein colloidal gelation is controlled by tuning repulsive interactions. By including amphiphilic
oligomers in colloidal suspensions, the ionic surfactants on the colloids are replaced by the nonionic oligomer surfactants at
elevated temperatures, leading to a decrease in electrostatic repulsion. The mechanism is examined by carefully characterizing
the colloids, and subsequently allowing the construction of interparticle potentials to capture the material behaviors. With the
thermally triggered surfactant displacement, the dispersion assembles into a macroporous viscoelastic network and the gelling
mechanism is robust over a wide range of compositions, colloid sizes, and component chemistries. This stimulus-responsive
gelation platform is general and offers new strategies to engineer complex viscoelastic soft materials.

■ INTRODUCTION

Colloidal suspensions that undergo gelation are widely used as
scaffolds in tissue engineering,1 as carriers in drug delivery,2 as
ingredients and products in the food industry,3,4 and as
building blocks in porous material design.5 In particular,
colloidal gelation triggered by increasing temperatures has
been used in various applications, such as complex material
design, tissue engineering, and drug delivery. For example, our
group has previously demonstrated thermally induced gelation
as a bottom-up strategy for hierarchical hydrogel synthesis via
three-dimensional printing.6 Moreover, thermally gelling
colloidal suspensions are also useful for biomedical and
pharmaceutical applications. At room temperature, the liquid-
like behavior makes the suspension easily injectable, whereas at
body temperature (after injection), the colloidal self-assembly
gives rise to in situ gelation, which has been utilized as scaffolds
for cell culture7 and site-specific controlled drug delivery.8

Tuning intercolloid interactions allow one to engineer
macroscopic material properties and internal microstructures.9

In conventional approaches, self-assembly and gelation are
driven by manipulating attractions, such as electrostatic
attraction,1 depletion,4,10,11 polymer bridging,6,12 and dipole−
dipole interaction.13,14 On the other hand, modulating the
repulsions between colloidal particles has been investi-
gated15−17 much less than manipulating attractions1,4,6,10−14

as a means to drive self-assembly. One example is controlling

steric repulsions to induce flocculation in dispersions of
nanoparticles with grafted polymer brushes by changing the
solvent quality with temperature.15,16 Upon decreasing the
temperature, stabilizing polymer brushes collapse, which leads
to a decrease in the steric repulsion and an increase in affinity
between polymers. Therefore, changes in interparticle
repulsions are coupled to changes in attractions, making it
difficult to independently control the attraction and the
repulsion, and the analyses have primarily focused on the
effective attraction by lumping the two interactions. Another
classic example is inducing gelation by screening the
electrostatic repulsion between like-charged colloids using
electrolytes.17 Adding electrolytes reduces the range of the
repulsion, resulting in aggregation due to van der Waals or
other attractions. However, this method to modulate
interactions requires adding or removing salts, which can be
challenging for material processing and manipulation. There-
fore, a simple external stimulus like temperature that can
modulate the interactions is highly desired.
Here, we report a stimulus-responsive gelling platform where

interparticle interactions are modulated through a thermally
responsive electrostatic repulsion. By including nonionic
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thermally responsive oligomer surfactants in colloidal suspen-
sions that are charge-stabilized by ionic surfactants, the ionic
surfactants on the colloids are displaced by the nonionic
oligomers at elevated temperatures. Such thermally triggered
surfactant displacement results in the decrease in colloidal
repulsion and hence induces the colloidal self-assembly, which
is contrary to most prior studies wherein the modulation of
attractive interactions has been the major focus. Our system
shows rich phase behaviors and mechanical properties. We
demonstrate that this gelation platform is general and robust
over a wide range of compositions, colloid sizes, and
component chemistry. By carefully characterizing the colloids
and obtaining a mechanistic understanding of their response,
we construct the interparticle potential and explain trends in
material behaviors. We also show that our gelling system is in
good agreement with well-established theories in the literature
and therefore can be predictably extended to other systems.

■ MATERIALS AND METHODS
Materials. Polydimethylsiloxane (PDMS, viscosity = 5 cSt),

sodium dodecyl sulfate (SDS), sodium dodecylbenzenesulfonate
(SDBS), cetrimonium bromide (CTAB), Tween 20, poly(ethylene
glycol) methacrylate (PEGMA, Mn ≈ 360 g mol−1), poly(ethylene
glycol) methyl ether (PEGME, Mn ≈ 350 g mol−1), poly(ethylene
glycol) (PEG, Mn ≈ 300 g mol−1), and Nile Red were purchased from
Sigma-Aldrich. Poly(ethylene glycol) acrylate (PEGA, Mn ≈ 400 g
mol−1) was purchased from Monomer-Polymer and Dajac Labs.
Unmodified latex polystyrene (PS) nanoparticles with particle
diameter D = 58 nm (aqueous suspension with the concentration
of 10% w/v) were purchased from Magsphere, Inc., and the water was
removed by placing the solution in an oven at T = 50 °C. All
chemicals were used without further purification.
Nanoemulsion Synthesis. The oil-in-water nanoemulsions

studied in this work contained PDMS droplets (with diameter D
and volume fraction ϕ) suspended in an aqueous continuous phase of
oligomers (with volume fractions P) and surfactants. The total
concentration of the surfactant was 0.175 M. The canonical system
was composed of oil droplets (D = 50 nm and ϕ = 0.30) suspended in
a continuous phase containing SDS and PEGMA with P = 0.33. To
synthesize the nanoemulsion, a pre-emulsion was first prepared by
adding PDMS to a premixed continuous phase and agitating with
magnetic stirring at a speed of 600 rpm for 15 min to ensure there was
no visually observed bulk phase separation. The premixed continuous
phase consisted of deionized water, surfactants at a concentration of
0.175 M, and oligomers with P. The pre-emulsion was passed through
a high-pressure homogenizer (EmulsiFlex-C3, Avestin) at a
homogenizing pressure of 18 kpsi to form the nanoemulsion. The
homogenization was conducted for various numbers of passes, N,
depending on the target droplet size (Supporting Information Section
S1). For example, N = 12 for the canonical nanoemulsion with D = 50
nm. A heat exchanger was used at the outlet of the homogenizer with
4 °C water circulating, and the emulsion was subsequently cooled to 4
°C in the refrigerator between each pass to prevent thermally induced
gelation and oligomer adsorption during the homogenization. The
droplet size and the polydispersity were measured using dynamic light
scattering (90Plus PALS, Brookhaven Instruments) after diluting the
sample to ϕ = 0.002. All nanoemulsions have a size polydispersity of
0.22 ± 0.02 in this work.
Rheological Characterization. All rheological properties were

measured by using a stress-controlled rheometer (DHR-3, TA
instrument) equipped with a 1° 60 mm aluminum upper cone and
a temperature-controlled Peltier lower plate. To minimize evapo-
ration, a deionized water-wetted solvent trap was used, and a few
drops of deionized water were added on top of the aluminum cone.
For each measurement, a preshear step was performed by applying a
constant rotation at a speed of 10 rad s−1 for 30 s and the
measurement started after a 60 s period where the nanoemulsion

remained quiescent at 20.0 °C. Freshly loaded nanoemulsion was
used for each measurement to avoid the effect of thermal history.12

Small-amplitude oscillatory shear (SAOS) at a shear strain γ =
0.05% was performed to conduct the frequency-sweep measurements
and temperature-jump experiments. The frequency-sweep measure-
ments at various temperatures, T, were conducted with angular
frequency ω = 1 to 200 rad s−1, and dynamic linear viscoelasticity was
obtained. Before each measurement, the temperature was kept at T
for 10 min to reach a quasi-equilibrium (Supporting Information
Section S2). For the nanoemulsion with P = 0.33 and ϕ = 0.10, γ =
0.03% was applied to stay in the linear regime. Temperature-jump
experiments were performed by a three-stage time-sweep SAOS
measurement at T = 20 or 55 °C with ω = 20 rad s−1. The
measurements started with T = 20 °C for 5 min, and the temperature
was jumped to 55 °C for 10 min. The temperature was either
maintained at 55 °C or decreased to 20 °C in the third stage.
Different yield stresses were performed at the beginning of the third
stage for 1 min (see Supporting Information Section S2.2 for more
details).

Large-amplitude oscillatory shear (LAOS) was performed to
determine the strain at the limit of linearity, γL. Before the
measurement, the nanoemulsion was kept at T = Tgel + 25 °C for
10 min. LAOS was then carried out over a range of shear strain values
of γ = 0.001−5% at an angular frequency of 20 rad s−1. γL is then
defined as the shear strain where the viscoelastic moduli start to
deviate from the linear region. Following the method by Shih et al.,18

γL is experimentally chosen as the point where G′ deviates more than
5% from the plateau in the linear regime.

Isothermal Titration Calorimetry (ITC). ITC measurements
were performed using TA Instrument Nano ITC calorimetry. The
experimental procedure and the data analysis followed a methodology
similar to the work on study of the adsorption of proteins onto
nanoparticles19 (see Supporting Information Section S3 for more data
analysis details). Before each measurement, the reference cell was
filled with fresh aqueous SDS solution at a concentration of 5.3 mM
and the sample cell was filled with the fresh nanoemulsion with ϕ =
0.001 suspended in an aqueous continuous phase containing free SDS
at a concentration of 5.3 mM. The SDS concentration was chosen to
be well below the critical micelle concentrations across the
experimental temperature window.20 During the measurement, 25
injections of 10 μL of PEGMA aqueous solution (P = 0.00748 and
[SDS] = 5.3 mM) were titrated from a syringe into the sample cell
with a continuous stirring at a speed of 200 rpm. Each injection was
separated with a 300 s interval to ensure equilibrium was reached
(Supporting Information Section S3.2). The blank tests were
conducted by titrating PEGMA aqueous solution into the sample
cell filled with an aqueous solution of 5.3 mM SDS. The heat data was
then subtracted from the data of the blank test, and the background-
corrected data was used for the subsequent analysis (Supporting
Information Section S3.3).

ζ-Potential. ζ-Potentials of the nanoemulsion droplets were
measured by a Brookhaven Instruments 90Plus PALS zetasizer. The
sample nanoemulsion was with ϕ = 0.001 suspended in an aqueous
continuous phase containing free SDS at a concentration of 5.3 mM
and PEGMA at a volume fraction of 0.00187. Before each
measurement, the temperature was raised to the target temperature
for 10 min. Fresh nanoemulsion was loaded for each measurement.

Confocal Microscopy. The microstructures of the nanoemulsion
at T = 20.0 and 55.0 °C were captured using a confocal laser scanning
microscope (LSM 700, Zeiss) equipped with a 20× air-immersion
objective. The temperature was controlled using a heating stage
(Heating Insert P S1, Zeiss) with a temperature controller
(TempModule S1, Zeiss). Before the nanoemulsion synthesis,
PDMS was fluorescently labeled by predissolving the lipophilic dye,
Nile Red (excitation/emission wavelength = 550/626 nm) at a
concentration of 0.05 mg mL−1. To image the microstructure, 150 μL
of the fluorescently labeled nanoemulsion was loaded into a glass
chamber (Lab-Tek 155411, Thermo Fisher Scientific) with a coverlid.
The chamber was mounted on the heating stage equipped on the
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microscope. Before the imaging, the temperature was increased to the
target temperature and was kept for 10 min.

■ RESULTS AND DISCUSSION
Thermally Gelling Nanoemulsions. In this work, we

used nanoemulsions as a model colloidal system, although we
will show that the colloidal gelation can be applied to other
colloidal suspensions. Nanoemulsions are liquid−liquid
dispersions where the droplet size is ∼100 nm. Because of
their stability, large interfacial surface area, and ease of
synthesis, there is emerging interest for fundamental studies
and practical applications of nanoemulsions in various fields.21

Additionally, due to flexibility in the formulation, interdroplet
interactions are easily tuned, making nanoemulsions a powerful
model system to study aspects of soft matter physics, such as
self-assembly,22 gelation,12 and suspension rheology.23 Here,
the canonical system consists of polydimethylsiloxane (PDMS)
droplets with a volume fraction ϕ = 0.30 dispersed in an
aqueous phase containing poly(ethylene glycol) methacrylate
(PEGMA) with a volume fraction P = 0.33. The droplets have
a diameter of D = 50 nm and are stabilized by the ionic
surfactant sodium dodecyl sulfate (SDS). The nanoemulsion is
liquid at room temperature but transforms into a solidlike gel
upon increasing temperature. We studied this transition using
small-amplitude oscillatory shear to measure the linear
viscoelastic storage modulus G′ and loss modulus G″. In
Figure 1a, we show the viscoelastic response over a range of
angular frequencies, ω. The material shows liquidlike behavior,
where G′(ω) ∼ ω2 and G″(ω) ∼ ω at room temperature.16

Upon heating, G′(ω) and G″(ω) grow and their frequency
dependence changes. G′ and G″ have the same scaling with ω,
G′(ω) ≈ G″(ω) ∼ ω0.5, at the critical gelation temperature Tgel
= 30 °C. According to the classic work by Chambon and
Winter,24,25 at the critical gelation point, G′(ω) and G″(ω)
have the same power law behavior where G′ ∼ G″ ∼ ωn and n
is the relaxation exponent. At this critical gel point, the
colloidal system forms a sample-spanning gel network. For our
canonical formulation, T = 30 °C corresponds to the

Chambon−Winter critical condition and this criterion is
used to define the gelation temperature (Figure 1a). Moreover,
in our system, n is ≈0.5, which indicates the formation of a
percolated gel or a pretransitional glass phase.26,27

Further heating the nanoemulsion leads to a dramatic
increase in the elasticity, and the increase becomes limited
above Tgel + 20 °C (Supporting Information Section S2). In
this high-temperature regime, G′(ω) > G″(ω) and G′(ω) is
nearly independent of frequency with a plateau modulus, GP.
The nanoemulsion system shows a remarkable sol−gel
transition as the elasticity increases by nearly 4 orders of
magnitude and the nanoemulsion transforms from a trans-
parent liquid to a turbid, solidlike material shown in Figure 1b.
The turbidity indicates the formation of droplet aggregates. To
further probe the gel microstructure, confocal microscopy was
used to visualize the gel network, as shown in Figure 1c. The
microstructure of our nanoemulsion gel is a spanning network
of colloid-rich and colloid-lean domains, similar to networks
observed from arrested phase separation of other attraction-
driven colloidal gels.10,11 Interestingly, the nanoemulsion gel
can re-enter the liquid state with sufficient cooling and
moderate shearing (see Supporting Information Section S2.2).

Mechanism of Colloidal Gelation. We then investigated
the gelling mechanism, and a schematic of the proposed
mechanism is presented in Figure 2a. At room temperature, the
SDS-stabilized droplets homogeneously disperse in the
continuous phase containing PEGMA. However, PEGMA
molecules provide a strong depletion interaction at ≈30 kT
(for P = 0.33 and D = 50 nm), and because the dispersion is
homogeneous at room temperature, we assumed this attraction
is overcome by a strong electrostatic repulsion from the
charged SDS on the droplets. This hypothesis was confirmed
by measuring the ζ-potential of droplets, ζ, shown in Figure 2b
and by calculating the corresponding repulsion strength (≈35
kT, details in later discussion). However, as temperature
increases, the nanoemulsion suspension gels. We hypothesized
that the gelation results from a decrease in repulsion through
displacement of the ionic surfactant on the droplet surface and

Figure 1. Thermally triggered gelling behavior of the model nanoemulsion system. The canonical system contains PDMS droplets (diameter D =
50 nm, volume fraction ϕ = 0.30) suspended in an aqueous continuous phase containing PEGMA (volume fraction P = 0.33) and SDS. (a) Linear
viscoelasticity, storage modulus G′ (closed symbols), and loss modulus G″ (open symbols) of the nanoemulsion at various temperatures. At T = 20
°C, the nanoemulsion is liquidlike. At T = 30 °C, the nanoemulsion undergoes a sol−gel transition where G′(ω) ∼ G″(ω) ∼ ω0.5 gives the gelation
temperature Tgel = 30 °C. At T = 55 °C, the nanoemulsion is solidlike where G′(ω) is nearly independent of ω. (b) Photographs of the
nanoemulsion taken after 10 min at T = 20 and 55 °C. (c) Microstructures of the nanoemulsion at T = 20 and 55 °C captured using confocal
microscopy. Oil droplets were fluorescently labeled with a lipophilic dye, Nile Red, before the nanoemulsion synthesis. At T = 20 °C, the droplets
are homogeneously suspended in the continuous phase. At T = 55 °C, the nanoemulsion droplets self-assemble into a spanning network of droplet-
rich domains characteristic of arrested phase separation. Scale bars = 10 μm.
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the strong depletion force from the excess PEGMA molecules
in solution. To validate the hypothesis, we measured ζ at
elevated temperatures. We found that the magnitude of ζ
decreases with temperature, as shown in Figure 2b, whereas ζ

is unchanged without PEGMA (Supporting Information
Section S3), indicating desorption of SDS17,28 in the presence
of PEGMA. Isothermal titration calorimetry (ITC) was
performed to further probe the adsorption of PEGMA. We

Figure 2. Thermally triggered surfactant displacement mechanism. (a) Schematic of the proposed gelling mechanism. At elevated temperatures, the
methacrylate groups of PEGMA partition into the oil/water interface and displace the SDS. The displacement of SDS decreases the repulsive
interaction between colloids. The excess PEGMA in the continuous phase provides a significant depletion attraction, and together with the
depletion from SDS micelles and the van der Waals interactions, the droplets self-assemble into gels. Contributions to the interaction potential as a
function of distance are shown in the inset of (c). (b) Temperature-dependent ζ-potential, ζ (blue symbols, left y-axis), and the number of PEGMA
adsorbed per droplet, n (red symbols, right y-axis). As temperature increases, |ζ| decreases while n increases, supporting our hypothesis that
PEGMA replaces SDS on the droplet, which decreases the surface charge and electrostatic repulsion. (c) Interaction potential at rising
temperatures, as a function of droplet center-to-center distance r scaled by the droplet radius a. The inset shows the contributions to the potential
at T = 50.0 °C from depletion from PEGMA, depletion from SDS micelles, electrostatic repulsion, and van der Waals (vdW) interaction. As
temperature increases, the repulsive barrier decreases and the nanoemulsions can overcome the barrier to self-assemble into a gel.

Figure 3. Schematic diagram of the system used for estimating the interactive potentials. A total of four interactions were considered: electrostatic
repulsions, depletion by PEGMA, depletion by SDS micelles, and van der Waals interaction.
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obtained the quantitative adsorption behavior at elevated
temperature by analyzing the heat associated with the
adsorbing reaction (Supporting Information Section S3). As
shown in Figure 2b, the number of PEGMA adsorbed per
droplet, n, increases with temperature. The trends of ζ(T) and
n(T) support the hypothesis of a thermally triggered SDS
replacement by PEGMA on the nanoemulsion surface. Upon
heating, the methacrylate group on PEGMA becomes
increasingly hydrophobic and partitions into the oil/water
interface. The proposed mechanism is further supported by
ITC results where the PEGMA adsorption is an entropy-driven
process (endothermic adsorption): the dehydration of the
methacrylate groups frees the water molecules and results in an
increase in translational entropy.19 Finally, we showed that ζ
and n are quantitatively correlated using the Grahame
equation28 where the surface potential is estimated from the
charge density (Supporting Information Section S3).
Estimation of Interactive Potentials. The overall

pairwise interaction between droplets has contributions from
depletion attraction arising from both PEGMA molecules and
SDS micelles in solution, electrostatic repulsion, and van der
Waals interactions shown in Figure 2c. The interactions from
each contribution are depicted in Figure 3. We can estimate
each contribution to the pair potential to better understand the
gelation. Note that in our system, PEGMA has two roles: the
nonadsorbing PEGMA molecules (∼106 per droplet) in the
continuous phase provide the depletion interaction, and the
adsorbed PEGMA molecules (∼103 per droplet) on the
droplets lead to the decrease in electrostatic repulsion by
displacing SDS.
Electrostatic Repulsion. To estimate the electrostatic

repulsion, Uelec, Yukawa repulsion is considered as fol-
lowed17,28

ε= κ− −U
a
r
2

e r a
elec elec

( 2 )
(1)

where a is the droplet radius and r is the droplet center-to-
center distance. κ−1 is the Debye length, and is estimated as
followed

κ
ε ε

=
∑

− kT
e N z M1000 i i

1 o r
2

A
2

(2)

where εo is the electric permeability of free space, k is the
Boltzmann constant, T is the absolute temperature, e is the
elementary charge, NA is Avogadro’s number, z is the charge
number, and M is the molar concentration. εr is the dielectric
constant of the continuous phase, which is calculated by
considering the dielectric constants of water29 and PEGMA.
The dielectric constant of PEGMA is estimated from the
dielectric constant of PEG backbone.30 εr is then calculated
using the mixing rule, for which the deviation from the
measured value is shown to be negligible at the high PEG
concentration regime such as the case in our system.31 Table 1
lists εr of PEG, water, and the continuous phase using the
mixing rule and the resulting κ−1 from eq 2.
The strength of the electrostatic repulsion, εelec, is estimated

from17,28

ε πε ε ξ= i
k
jjj

y
{
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which is obtained from the Gouy−Chapman solution to the
Poisson−Boltzmann equation with the superposition assump-
tion and the Derjaguin approximation.

PEGMA Depletion. The PEGMA depletion is the
dominant attraction due to the high concentration. In fact,
the depletion interaction between nanosized colloids has been
widely studied by both experiments32−34 and simulations.35,36

To estimate the depletion from nonadsorbing PEGMA, the
Asakura−Oosawa potential is used37,38
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3
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2 3
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(4)

when 2a ≤ r ≤ 2(a + δP). Here, we also assumed that PEGMA
is an ideal polymer. Therefore, an additional configurational
entropy from the depletants contributes to the depletion
strength, εdep, and the interaction range, δP.

38 εdep and δP are
then calculated as

ε ϕ= a
R

3 ln 2
g

dep p
(5)

δ = R2 ln 2 g (6)

where ϕp is the depletant volume fraction and Rg is the radius
of gyration of the depletant.
For the estimation, we simply assumed that the morphology

of the PEGMA is independent of the temperature. Moreover,
the ITC result from Figure 2b shows that the number of
PEGMA adsorbed per droplet is ∼O(103) whereas the total
number of PEGMA molecules in the system per droplet is
∼O(106), suggesting a negligible change in PEGMA
concentration in solution as T increases. Therefore, the
PEGMA depletion presumably remains constant across the
temperature window (25−50 °C).

SDS Micelle Depletion. Depletion by SDS micelles is also
estimated using the Asakura−Oosawa potential. By assuming
that the micelles behave like hard spheres, the micelle
depletion is calculated as follows38−40

ξ π= − − −i
k
jjj

y
{
zzzU C kT

a
d r a( )

2
( ( 2 ))dep m m,eff

2

(7)

when 2a ≤ r ≤ 2a + dm,eff and

ξ
ϕ ϕ ϕ

ϕ
=

+ + −

−

1

(1 )
m,eff m,eff

2
m,eff
3

m,eff
3

(8)

where ϕm,eff is the effective volume fraction of micelles by
considering the Debye layer23 and is calculated as

Table 1. Dielectric Constants of PEG, Water, and the
Continuous Phase, and the Corresponding Debye Length
κ−1 Using Equation 2

T (°C) εr,PEG εr,water εr κ−1 (nm)

25 19.05 78.30 58.75 0.809
30 18.30 76.55 57.32 0.806
35 17.55 74.83 55.93 0.802
40 16.80 73.15 54.56 0.799
45 16.05 71.51 53.21 0.795
50 15.30 69.91 51.89 0.791
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Cm is the concentration of the micelle and is calculated as

=
− −

C
C C C N
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( )

m
o ads CMC A

agg (10)

where Co is the total concentration of SDS, Cads is the
concentration of SDS adsorbed on the droplets, CCMC is the
critical micelle concentration (≈8 mM),20,41,42 and Nagg is the
aggregation number of micelle (≈60).20,41,42 For the
estimation, we assume that the morphology of the micelles is
independent of the temperature.
Van der Waals Interaction. Van der Waals interaction is

estimated as follows28

= −
−

U
Aa

r a12( 2 )vdW
(11)

by assuming a uniform droplet size, and the Derjaguin
approximation is used. Here, A = 3.3 × 10−22 J is the Hamaker
constant of PDMS−water−PDMS.43,44

Overall Pairwise Interaction. As shown in Figure 2c,
increasing temperature leads to a decrease in the repulsive
barrier and the system can more easily overcome this energetic
barrier to self-assemble and undergo gelation. We acknowledge
that the quantitative behavior of the potentials may not be
precisely captured, but the estimations provide mechanistic
insight to explain trends in material microstructures and
rheological properties (shown in Figure 4 and Supporting
Information Section S2).
Effect of Material Composition. Controlled gelation via

this mechanism is general and robust over a wide range of
compositions, colloid sizes, and component chemistry. We
tested the gelling mechanism by investigating the material
phase behavior (Tgel) and gel elasticity (GP) over a wide range

of formulations. First, we demonstrated that nanoemulsion
gelation can be robustly controlled over a wide range of
compositions P shown in Figure 4a,b and ϕ shown in Figure
4c,d. We found that Tgel decreases significantly with P for 0.13
≤ P ≤ 0.35, indicating the gelation is more easily induced
when more depletants are present. In contrast, Tgel increases
mildly with ϕ for 0.1 ≤ ϕ ≤ 0.35, which is contrary to common
colloidal systems where larger ϕ facilitates the gelation. We
believe that such a trend with respect to ϕ results from a
decrease in SDS micelles and electrostatic screening.39 To
validate this postulate, we studied the effect of [SDS] on the
properties of the nanoemulsion gels (Supporting Information
Section S2.3). The results are consistent with our predicted
trend wherein a decrease in the total [SDS] leads to an
increase in the gelation temperature and a decrease in the gel
strength. For data in Figure 4, we kept the total [SDS] = 0.175
M constant so more SDS remains in the continuous phase with
smaller ϕ, leading to stronger micelle depletion and electro-
static screening.
We also investigated GP as a function of P and ϕ. With

increasing P, GP increases over 1 order of magnitude as a
power-law GP ∼ P2.8, which is quantitatively consistent with
colloidal gels assembled by depletion attractions alone.11 As ϕ
increases, GP increases over 2 orders of magnitude as a power-
law GP ∼ ϕ4.1. Shih et al. suggested a scaling behavior relating
macroscopic rheological properties to microstructures:18 by
assuming the gel network is composed of aggregated clusters,
the scaling behavior of GP with ϕ provides the gel structural
information in terms of the cluster fractal dimension,18 df

ϕ∼ =
−

G x
d

,
1

3
x

P
f (12)

γ ϕ∼ =
−

y
d

,
1

3
y

L
f (13)

To conduct the scaling analysis, we measured the strain at the
limit of linearity γL, as shown in Figure 4e, as a function of ϕ

Figure 4. Gelling mechanism is robust over a wide range of compositions. (a) Tgel as a function of PEGMA volume fraction in the continuous
phase, P. (b) GP as a function of P showing a power-law dependence of GP ∼ P2.8. Nanoemulsions in (a) and (b) are composed of PDMS droplet
with D = 50 ± 1 nm and a volume fraction of ϕ = 0.30. (c) Tgel as a function of ϕ. Because the bulk SDS concentration decreases with increasing ϕ,
Tgel decreases slightly due to weaker micelle depletion attraction. (d) GP as a function of ϕ, showing a power-law dependence of GP ∼ ϕ4.1.
Nanoemulsions in (c) and (d) are composed of PDMS droplet with D = 50 ± 1 nm dispersed in the continuous phase with P = 0.33. (e) G′ and G″
as a function of the shear strain, γ. The strain at the limit of linearity, γL, is the strain at which G′ and G″ begin to change with γ. The nanoemulsion
used here is composed of PDMS droplet with D = 50 nm and ϕ = 0.30 suspended in the continuous phase with P = 0.33. (f), γL as a function of ϕ,
showing a power-law dependence of GP ∼ γ2.0.
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shown in Figure 4f. The calculation using eqs 12 and 13 gives
df = 2.76 and 2.5, respectively. We note that these are
independent estimates of the fractal dimension and their close
values (differing only by 10%) lend support to a fractal
dimension in the range of 2.5−2.76. Moreover, the estimated
fractal dimensions indicate formation of dense clusters.
Interestingly, forming compact clusters requires multiple
collisions to overcome an energetic barrier,45 which is
consistent with our interaction potential that also shows an
energetic barrier in Figure 2c. Additionally, the positive
correlation between γL and ϕ suggests the elasticity is
determined by the intercluster links,18 which supports recent
work by Whitaker et al. investigating depletion gel elasticity.46

Effect of Droplet Size. The microstructure of our gel
shown in Figure 1c is consistent with the prediction from the
mode-coupling theory (MCT) where the attractive glass line
penetrates into the spinodal regime and the gelation is through
an arrested phase separation.47,48 To further compare to MCT,
we probed the system properties as a function of droplet size
(Figure 5). We found that gelation only occurs for droplets

with D < 150 nm and a stronger gel was obtained as D
decreased, as shown in Figure 5a,c. We also observed a broad
minimum in G″ in Figure 5a, which is reminiscent of glassy
dynamics.9,45 Within the gelation regime, Tgel decreases with
D, as shown in Figure 5b, which is consistent with MCT where
gelation is more easily induced with larger D.48 Inspired by
MCT, we then expect a power law scaling of the normalized
plateau modulus GPD

3/kT with 2Rg/D where Rg = 0.55 nm is
the radius of gyration of PEGMA. The resulting figure in

Figure 5c shows that GPD
3/kT exhibits a power law behavior

with 2Rg/D with an exponent of −2.2, which is in good
agreement with the MCT prediction of −2.0.48 Overall, the
analyses show that the properties of our model nanoemulsion
are in good agreement with theoretical studies and predictions
can be made about the expected behavior of this platform
system.

Robustness of the Gelling Platform. Finally, we
investigated the gelling mechanism across a wide range of
component chemistries (Figure 6). We first prepared nano-
emulsions with PEG-based oligomers of different moieties, as
shown in Figure 6a. Gelation was induced with all amphiphilic
oligomers, and the less hydrophobic PEG results in higher Tgel
and smaller GP. No gelation was observed with nonmodified
PEG. The observation from oligomer chemistry supports our
proposed mechanism where the dehydration of amphiphilic
oligomers triggers the ionic surfactant displacement. We then
prepared nanoemulsions with different types of surfactants, as
shown in Figure 6b. Gelation was induced for all ionic
surfactants, whereas no sol−gel transition was observed for the
nonionic surfactant (Tween 20). This result highlights the
importance of length scale, δ, of each interaction in the gelling
mechanism where δPEGMA ≈ δelectrosatic ≈ 1 nm and δTween 20 ≈
3−4 nm.49,50 Within the experimental window, nondisplaced
Tween 20 provides a strong steric repulsion and prevents the
system from gelling. Finally, we prepared the dispersion with
solid polystyrene (PS) nanoparticles, as shown in Figure 6c,
where the colloidal stability is provided by SDS adsorbed on
the surface.5 Remarkably, we found that this hard-sphere
suspension exhibits a gelling behavior, demonstrating that our
gelling platform is generic for both liquid and solid
nanocolloids that allow surfactant exchange on the nanocolloid
surface. No gelation is observed in the absence of PEGMA.
Additionally, no sol−gel transition was observed for the
aqueous continuous phase, indicating the gelation does not
result from the self-assembly or association of SDS and
PEGMA. We also measured the transmittance of PEGMA
solution with P = 0.33 using UV−vis spectroscopy at a
wavelength = 500 nm at elevated temperatures (Figure 6c
inset). The transmittance remains at 100% across the
experimental temperature window and no phase separation is
observed, suggesting PEGMA stably stays in the water. We
note that the gelation mechanism presented here is different
from our prior work where the gelation is through polymer
bridging via difunctional gelators.5,6,12,51

■ CONCLUSIONS

Overall, we presented a colloidal gelation platform whose
microstructure and mechanical properties can be controlled
easily and reliably using an external temperature source. We
systematically investigated the gelation mechanism and
confirmed that it is due to thermally triggered surfactant
displacement, which reduces the interparticle repulsion. By
understanding the mechanism, we applied simple models to
construct the interparticle potential and explain trends in
material behaviors. The mechanistic understanding of the
gelation also allowed us to extend the platform to other
surfactant and colloid chemistries (both droplets and solid
nanoparticles). This platform offers a convenient way to
assemble and control the properties of a variety of different
nanoparticle gels and will be useful for engineering advanced
soft materials.

Figure 5. Effect of droplet diameter, D, on the nanoemulsion
properties. Nanoemulsions of PDMS droplets with a volume fraction
ϕ = 0.30 suspended in a continuous phase with PEGMA with a
volume fraction P = 0.33. (a) Linear viscoelasticity (G′: closed
symbols, G″: open symbols) of the nanoemulsion with different D at
T = Tgel + 25 °C. No gelation was observed across the experimental
temperature window for D > 150 nm. Within the gelation regime (D
< 150 nm), stronger gels are obtained for smaller D. Additionally, G″
of the gel shows a broad minimum at moderate angular frequencies,
which is reminiscent of glassy dynamics indicating a transition from α-
to β-relaxation. (b) Gelation temperature, Tgel, as a function of D. For
smaller D, a higher temperature is required to induce gelation. (c)
Plateau modulus, GP, as a function of D. The inset shows the
normalized plateau modulus, GPD

3/kT, as a function of normalized
PEGMA depletion length scale, 2Rg/D, where Rg is the radius of
gyration of PEGMA. The result shows a power-law behavior with an
exponent = −2.2, consistent with predictions of mode-coupling theory
(MCT).
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