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Nanoemulsions are widely used in applications such as in food products, pharmaceutical ingredients and
cosmetics. Moreover, nanoemulsions have been a model colloidal system due to their ease of synthesis
and the flexibility in formulations that allows one to engineer the inter-droplet potentials and thus to
rationally tune the material microstructures and rheological properties. In this article, we study a
nanoemulsion system in which the inter-droplet interactions are modulated by temperature and pH.
We develop a nanoemulsion suspension in which the droplets are stabilized by weak acid surfactants
whose charged state can be independently controlled by temperature and pH, leading to a responsive
electrostatic repulsion. Moreover, the additional poly(ethylene glycol) segment (PEG) on the surfactant
gives rise to a temperature responsive attraction between droplets via PEG-PEG association and ion-
dipole interaction. The interplay of these three interactions gives rise to non-monotonic trends in mate-
rial properties and structures as a function of temperature. The underlying mechanism resulting in these
trends is obtained by carefully characterizing the nanoemulsion droplets and studying the molecular
interactions. Such mechanistic understanding also provides guidance to modulate the inter-droplet
potential using pH and ionic strength. Moreover, the molecular understanding of the weak acid surfactant
also sheds light on the destabilization of the nanoemulsion droplets triggered by a switch in pH. The con-
trol of the competition of attractive and repulsive interactions using external stimuli opens up the pos-
sibility to design complex nanoemulsion-based soft materials with controllable structures and
rheological properties.
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1. Introduction

Nanoemulsions are kinetically stable liquid-liquid suspensions
where one immiscible liquid disperses in another with droplet size
on the order of 10-100 nm. The nanoscale droplet size leads to
robust stability, large interfacial area and optical transparency,
which has made nanoemulsions a popular topic in the field of
colloidal and interface science for the past two decades [1]. More-
over, the small lipophilic domains can be further utilized in
applications such as nano-reactors for polymerizations [2,3] or
nano-cargos in food products [4-6]. The other important feature
of nanoemulsions is the ease of synthesis in which new formula-
tions can be easily synthesized. Such flexibility allows researchers
to modulate the interactions between droplets and hence the
material properties, making nanoemulsion a versatile material in
diverse fields such as in sensors [7,8], cosmetics [9], and the
complex material design [10]; and a compelling model system
for studying colloidal behavior such as suspension rheology [11],
self-assembly [12] and gelation [13].

Nanoemulsions that undergo gelation have attracted much
attention in both fundamental studies [13-15] and practical appli-
cations [16,17]. Gelation of nanoemulsions, or for general colloidal
suspensions, is controlled by modulating the interactions between
the droplets, and the gelation can be induced by manipulating
either attractive or repulsive interactions. For attraction-driven
gelling systems, one common way to induce gelation is via a deple-
tion interaction. By adding depletants to the continuous phase,
these non-adsorbing species are excluded from the vicinity of the
droplets, leading to an imbalance in the osmotic pressure. This
osmotic pressure acts as a net attractive force between the dro-
plets, ultimately giving rise to the gelation [18,19]. Different deple-
tants including surfactant micelles [20,21] and non-adsorbing
polymers [17] have been used to obtain gelling nanoemulsions.
On the other hand, gelation of nanoemulsions can also be induced
by modulating repulsions. Perhaps the most widely seen approach
is the screening of electrostatic repulsion by adding the elec-
trolytes into charged-stabilized nanoemulsion suspensions. The
addition of electrolytes reduces the effective length scale of the
electrostatic repulsion, leading to the emergence of a secondary
minimum in the interactive potential and eventually inducing
the gelation [22,23]. Another example utilizing electrostatic repul-
sion, so-called repulsive gelation [21], to obtain nanoemulsion gels
is through the increase of effective oil volume fraction in
electrostatically-stabilized emulsion systems [12,24]. The effective
oil volume fraction () is calculated by considering the actual oil
volume fraction (¢$,) and the excluded volume resulted from the
repulsive charge cloud that extends from the oil/water interface
(i.e. Debye length, k1), and ¢e = $pa(1 + k¥~ '/a)® where a is the
droplet radius. As the droplet size decreases, ¢. increases. When
¢e is greater than the maximum random jamming limit, a vis-
coelastic nanoemulsion gel is obtained.

Our group has been designing and studying nanoemulsion
systems in which gelation is triggered by an external stimulus —
an increase in temperature [25-27]. By understanding the inter-
droplet interactions at a molecular level, we have designed various
thermally-gelling nanoemulsions in which the system experiences
a sol-gel transition at elevated temperatures. For example, by
adding telechelic oligomers where both ends of the hydrophilic
backbone are functionalized with hydrophobic moieties to the con-
tinuous phase, the oligomers act to bridge droplets upon increas-
ing the temperature and ultimately lead to gelation [25,28]. On
the other hand, we also designed another thermally-gelling
mechanism by including non-ionic amphiphilic oligomers in
charged-stabilized oil-in-water nanoemulsions [26]. At elevated
temperatures, the non-ionic oligomers replace the ionic surfactants

on the droplets. Such displacement leads to a dramatic decrease in
the electrostatic repulsion and gives rise to gelation. Finally, we also
developed a gelling nanoemulsion by adding a small-amount of
Pluronic copolymers to the continuous phase. We hypothesized
that the gelation at elevated temperatures is induced through
jamming via the formation of copolymer micelles and the increase
of ¢ by the adsorption of copolymers onto the droplets [27].
Overall, these external-stimuli responsive systems enhance the
ability for material processing and manipulation, which benefits
not only the fundamental research such as studying the effect of
processing history on the material behaviors [29] but also practical
applications such as the design of hierarchical structured hydrogels
[16]. However, for both fundamental studies and applications, it
would be desirable to develop systems that respond to another
stimulus in addition to temperature. For example, systems that
are responsive to the change of pH can be utilized for skincare
products [30,31] or enhanced oil recovery [32].

Here, we report a gelling nanoemulsion system in which the
material properties are responsive to temperature and pH. The
nanoemulsion is synthesized through a low-energy route, and
the droplets are stabilized using a weak acid surfactant containing
a PEG segment and a carboxyl group. The deprotonation of the
carboxyl group greatly influences the behavior of the nanoemul-
sion. The material behavior is characterized by rheometry and
confocal microscopy [33-38]. This new nanoemulsion system
shows a non-intuitive behavior that is very different from all of
the prior thermally-gelling systems our group has studied. At ele-
vated temperatures, the viscoelastic moduli first increase, then
decrease and finally increase again, and the microstructures of
the assembled nanoemulsion also show the same non-monotonic
trend. This non-intuitive trend is explained by the non-
monotonic increase in the net attraction due to the competition
between repulsive and attractive interactions, which are investi-
gated by measuring the zeta potential of the nanoemulsion dro-
plets and comparing our system with the studies in the
literature. We hypothesize that the association between PEG
segments and charged carboxylate groups are responsible for the
changes in the inter-droplet interactions. Armed with this
mechanistic understanding, we further show that the thermally-
responsive rheological properties of the nanoemulsion can be
modulated through the change of pH and ionic strength. Moreover,
with the knowledge of the molecular geometry of the surfactants,
we also demonstrate that the nanoemulsion droplets can be
destabilized by changing the pH of the system. This work opens
up the opportunity to design multi-stimuli responsive nanoemul-
sion systems by controlling the chemical moieties of the surfac-
tants adsorbed on the droplets.

2. Materials and methods
2.1. Materials

Isopropyl myristate (IM, purity > 98%), laureth-11 carboxylic
acid (M, ~ 690 g/mol, impurities: NaCl < 1.5%, water = 8-12%),
lauric acid (purity > 98%), sodium hydroxide (NaOH,
purity > 97%), sodium chloride (NaCl, purity > 99%) and Nile Red
(purity > 98%) were purchased from Sigma Aldrich. Poly(ethylene
glycol) (PEG400, M,, = 400 g/mol, purity > 98%) was purchased
from TCI Chemicals. All chemicals were used without further
purification.

2.2. Nanoemulsion synthesis

The oil-in-water nanoemulsion contained IM droplets (weight
fraction ¢ = 12.5 wt%) stabilized by a mixture of carboxylic
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acid-based surfactants composed of laureth-11 carboxylic acid
(12.5 wt%) and lauric acid (3.13 wt%), and a co-surfactant PEG400
(9.38 wt%) [27] suspended in the de-ionized water. The
hydrophilic-lipophilic balance (HLB) of the mixed surfactant is 13.
We have also demonstrated that it is important to use the
co-surfactant to stabilize the nanoemulsion by measuring the
size of the droplets over time at various PEG400 concentrations
(Fig. S1).

We used the Phase Inversion Composition (PIC) method to
synthesize the nanoemulsions which provides a low-energy route
to obtain nano-sized droplets [1]. For synthesis, a homogeneous
oil mixture containing IM, surfactants and co-surfactants was first
prepared. Next, the de-ionized water was added drop-wisely into
the oil mixture under a constant stirring using a magnetic stirrer
bar. The stirring speed was kept at 1100 rpm throughout the
synthesis. This approach is called the PIC method since the contin-
uous phase is added into the disperse phase. During the addition,
at some critical point which is known as phase inversion point,
the oil-water interface experiences an ultra-low interfacial tension
which facilitates the formation of nano-sized droplets [39,40]. We
measured the droplet size and the polydispersity by using dynamic
light scattering (90Plus PALS, Brookhaven Instruments) after
diluting the nanoemulsion to ¢ = 0.5 wt% using de-ionized water.
In our system, the resulting droplet diameter is 20 nm with a
polydispersity ~ 0.08.

2.3. pH measurement

The pH of nanoemulsions was measured using a pH meter
(Orion Star™ A215, ThermoFisher Scientific) equipped with an
Orion™ ROSS Ultra™ Refillable pH/ATC Triode™ electrode. All the
measurements were performed at 20 °C. For the different pH val-
ues studied in this work, pH was adjusted using NaOH. The
reported pH values were obtained by measuring the pH of the
whole nanoemulsion suspension (both continuous phase and the
droplets).

2.4. Rheological characterization

The rheological properties of the nanoemulsion were measured
by using a stress-controlled rheometer (DHR-3, TA instrument)
equipped with a 2° 40 mm upper-cone and a temperature-
controlled Peltier lower-plate. To prevent evaporation of the
sample, a solvent trap was used and a few drops of water were
added on top of the cone. Before each measurement, a conditioning
procedure was applied to the sample: a pre-shear step was applied
by performing a constant rotation at a speed of 10 rad/s for 30 s,
followed by a 60-second period where the sample stayed
quiescently on the rheometer. The whole conditioning step was
kept at 20.0 °C in order to eliminate any possible thermal history
effect [29]. In the pre-shear step, no gelation or self-assembly of
the nanoemulsion suspension is obtained (as shown in Figs. 1
and 2 where the rheology is reported, and Fig. 3 where the confocal
images are reported). Therefore, this pre-shear step has no influ-
ence on the gel structures and the associated rheological properties
when the temperature is increased.

Frequency-sweep and temperature-ramp measurements were
performed using small-amplitude oscillatory shear (SAOS) at a
shear strain y = 0.05%. For frequency-sweep measurements, the
storage modulus, G, and the loss modulus, G”, at various temper-
atures, T, with angular frequency ® = 1-100 rad/s were measured.
Before each measurement, the temperature was kept at the target
T for 30 min. For temperature-ramp measurements, G’ and G” were
measured as a function of temperature at a fixed angular frequency
® = 25 rad/s. The nanoemulsion droplets stay stable over the
experimental temperature window by monitoring the droplet size
as a function of temperature (Fig. S2). For each measurement, the
fresh nanoemulsion was loaded on the rheometer.

2.5. Zeta potential
Zeta potentials of the nanoemulsion droplets with different

temperatures and pH were measured by a Brookhaven Instruments
90Plus PALS zetasizer. Before each measurement, the mother
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Fig. 1. Schematic of the nanoemulsion suspension and the linear viscoelastic moduli (closed: G/, open: G”) as a function of angular frequency () at elevated temperatures.
The pH of the nanoemulsion is 2.5. (A) The schematic of the nanoemulsion suspension. Upon increasing the temperature, viscoelastic moduli (B) first increase, (C) then

decrease, and (D) finally increase again.
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Fig. 2. Linear viscoelastic moduli (closed: G, open: G”) as a function of temperature
at an angular frequency ® = 25 rad/s from Fig. 1 (see Fig. S3 with data with error
bars).

nanoemulsion (¢ = 12.5 wt%) was freshly diluted to ¢ = 0.5 wt%. For
each measurement, the fresh nanoemulsion was loaded.

2.6. Confocal microscopy

The microstructures of the assembled nanoemulsion at various
temperatures were captured using a confocal laser scanning
microscope (LSM 700, Zeiss) equipped with a 63 x oil-immersion
objective. The temperature was controlled using an objective
warmer (OW-1, Warner Instruments) and a microscope heating
stage (Heating Insert P S1, Zeiss) equipped with a temperature

20 & 25°C

controller (TempModule S1, Zeiss). The temperature was indepen-
dently calibrated by an additional digital thermometer (#51 II,
Fluke).

For visualization, IM was fluorescently labeled by dissolving
Nile Red in IM at a concentration of 0.1 mg/g before the nanoemul-
sion synthesis. The spatial resolution of the confocal microscope
is ~ 200 nm. Therefore, the individual nanoemulsion droplets (size
range from 20 to 110 nm) cannot be detected. To visualize the
microstructures, the nanoemulsion was loaded in a homemade
cylinder-shaped glass chamber using Secure-Seal™ spacers. The
resulting chamber is with a height ~ 500 um and a diameter ~
9 mm. A small diameter ensures the thermal homogeneity
throughout the sample [41]. Before the images were taken, the
nanoemulsion-filled chamber was mounted on the heating plate
at the target T for 30 min. Fresh samples were used for each
rheological characterization and confocal imaging (i.e. the samples
after rheological measurements were discarded and not reused for
confocal imaging).

3. Results and discussion
3.1. Thermally-responsive nanoemulsions

Our nanoemulsion is a liquid at room temperature, but transi-
tions into a viscoelastic gel upon heating. However, when the
temperature (T) is further increased, the mechanical strength
decreases and then increases again. We quantitatively studied this
interesting phase behavior using the small-amplitude oscillatory
shear rheometry. Fig. 1 shows the schematic of the nanoemulsion
suspension and the dynamic viscoelastic moduli (storage modulus
G’ and loss modulus G”) as a function of angular frequency () at
elevated temperatures. At T = 20 and 25 °C, the nanoemulsion
shows a liquid behavior where G’ (@) ~ ®' [42]. When T is

Fig. 3. Microstructures of the nanoemulsion (pH = 2.5) at elevated temperatures using confocal microscopy. The oil droplets are fluorescently labeled using Nile Red. Scale
bars = 10 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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increased, G’ (w) and G” (w) increase and the system undergoes a
sol-gel transition. Eventually, G’ (o) is larger than G” (®), suggest-
ing the nanoemulsion has transitioned from a liquid at room
temperature to a viscoelastic gel at T = 35 °C.

Surprisingly, G’ and G” decrease as T is further increased, as
shown in Fig. 1C. The trend in the viscoelastic moduli as a function
of temperature can be more clearly seen in Fig. 2. The decrease in
G’ and G” remains until T reaches 45 °C. However, when T is further
increased, G’ and G” increase again, and such increase remains
within our experimental temperature window, as shown in
Fig. 1D and Fig. 2. We also noticed that the gel strength of this
nanoemulsion (the largest G’ is ~ 10° to 10! Pa) is significantly
smaller than the prior thermally-gelling nanoemulsions our group
has developed (G'~ 10* to 10° Pa) [25-27]. The data reported in
Fig. 2, as well as Fig. 1, are all above the rheometer’s torque limit.
Data that cannot be measured are not presented (e.g. the storage
modulus G’ at T = 20 and 25 °C). We also show that the trend in
Fig. 2 is statistically significant as the change in viscoelastic moduli
is well above the standard errors (Fig. S3).

3.2. Direct visualization of microstructures

Rheological properties of materials are dictated by their
microstructures. Here, the microstructure of the nanoemulsion as
a function of temperature was captured by confocal microscopy.
Representative confocal images of self-assembled nanoemulsions
are shown in Fig. 3. The oil droplets are fluorescently labeled using
Nile Red. At room temperature, the image shows a red blur,
suggesting that nanoemulsion droplets are homogeneously
dispersed in the continuous phase. This is because the resolution
limit of our confocal microscopy setup is ~ 200 nm at which single
droplets (diameter = 20 nm) cannot be visualized. When T is
increased to 30 °C, a connected network begins to form, corre-
sponding to the rheological sol-gel transition observed in Fig. 1B.
While it is difficult to obtain 3D reconstructed images of the
assembled microstructures by confocal microscopy due to turbid-
ity, the 2D images suggest that the network is very sparse. This
observation is similar to our prior work on a different thermally-
gelling nanoemulsion which also shows a very sparse gel network
in 2D confocal images near the gel point [41]. At T = 35 °C, a well-
connected gel network is observed, which is again consistent with
the viscoelastic gel from Fig. 1B.

When T is continuously increased to 40 and 45 °C, the gel
network appears to break down into separate domains. The broken
network is exhibited as cloud-like structures in Fig. 3 at T = 40 and
45 °C. This visual breakup of the network is consistent with
the rheological response shown in Fig. 2 where the viscoelastic
moduli decrease when T is increased from 35 to 45 °C. Finally,
when T is further increased to 50 °C, remarkably, the nanoemulsion
again assembles into a well-connected gel network, corresponding
to the recovery of the viscoelastic moduli in Fig. 2 when T is
increased to 50 °C and above.

3.3. Proposed mechanism of nanoemulsion gelation

Colloidal gelation is a result of the competition between
attractive and repulsive interactions. Colloidal suspensions, as well
as nanoemulsions, gel when the attractive interaction overcomes
the repulsive interaction. Therefore, the non-intuitive trend in
the viscoelastic moduli of our nanoemulsion (Figs. 1 and 2)
suggests a non-monotonic increase in the net attraction due to
the competition between attractive and repulsive interactions
between nanoemulsion droplets as a function of temperature. In
the following text, we will discuss the sources of both interactions.

3.3.1. Repulsive interaction

In our system, the nanoemulsion droplets are stabilized by
carboxylic acid surfactants (12.5 wt% laureth-11 carboxylic acid
and 3.13 wt% lauric acid). At room temperature, the weak acid
surfactants are uncharged and the PEG segments on droplets
provide the steric repulsion that gives rise to the colloidal stability
of the nanoemulsion. However, this steric repulsion is most likely
not responsible for the increase in the repulsive interaction as a
function of temperature as the number density of the surfactant
is not modulated. Therefore, we hypothesized that the dissociation
of the carboxylic acids leads to a temperature-dependent electro-
static repulsion between the droplets, as illustrated in Fig. 4A. To
validate this hypothesis, we measured the zeta potential ({) of
the nanoemulsion droplets as a function of temperature, and the
result is shown in Fig. 5A. At room temperature, the droplets are
nearly uncharged, suggesting the dissociation of the carboxyl
group is negligible. However, as the temperature is increased to
35 °C, a decrease in ( is observed. Such decrease indicates the dis-
sociation of the carboxyl group is promoted when the temperature
is increased, and the negative value of { strongly supports that it is
the residual carboxylate group on the droplet that gives rise to the
surface charge, and hence the increase in the magnitude of ¢, of the
nanoemulsion droplets. Consistent with our results, it has been
reported in the literature that the dissociation of carboxylic acids
[43-46], as well as other weak acids [47], is enhanced at elevated
temperatures.

The trend of decreasing  as a function of temperature is consis-
tent with the trend of viscoelastic moduli. In Fig. 5A, { remains
nearly zero from T = 20 to 30 °C, starts to decrease from T = 30
to 35 °C, experiences a large decrease from T = 35 to 45 °C and
finally reaches a plateau when T > 45 °C. This trend in ¢ is consis-
tent with the viscoelastic moduli in Fig. 2. Starting from room tem-
perature, first, G’ and G” experience an initial increase. During this
initial period, the electrostatic repulsion should be negligible since
{ is nearly zero, and the increase in viscoelastic moduli and the for-
mation of assembled gel network (Fig. 3) are presumably due to
the increase in attractive interaction between droplets. The details
of the attraction will be discussed later. Next, { undergoes a dra-
matic decrease, hence the increase in the electrostatic repulsion,
when T is increased to 45 °C, and the viscoelastic moduli decrease
within the same temperature range in Fig. 2. This decrease in G’
and G” suggests the repulsion overcomes the attraction. Finally,
as the temperature is further increased, { reaches a plateau, leading
to a nearly constant electrostatic repulsion. In this regime, G’ and
G” meet their second increase and the gel network is again exhib-
ited (Fig. 3), indicating the attractive interaction overcomes the
electrostatic repulsion in the high-temperature regime, as in the
initial period (T = 20 to 30 °C).

Thus far, we have demonstrated that our nanoemulsion system
has an electrostatic repulsion which is modulated by temperature.
By comparing trends in the zeta potential to the trends observed in
the rheological measurement, we propose that there must be com-
peting attractive interactions. In the next section, we will discuss
the origin of the attractive interactions in our system.

3.3.2. Attractive interaction

By considering the constituents of our nanoemulsion, we
believe there are two sources that are responsible for the attractive
interaction between the droplets: (1) the ion-dipole interaction
between the charged carboxylate group and the poly(ethylene gly-
col) segment (PEG) on laureth-11 carboxylic acid, and (2) the asso-
ciation between PEGs on the laureth-11 carboxylic acids between
droplets. A schematic diagram of both mechanisms is shown in
Fig. 4B. For clarification, free PEG in the continuous phase
(M,y = 400 g/mol) is denoted as PEG400, and the PEG on the
weak-acid surfactant (M,, ~ 400-440 g/mol) is denoted as PEG,,.
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The ion-dipole interaction (ion-induced dipole interaction)
results from the interaction between the ionic carboxylate group
and PEG,, on the uncharged laureth-11 carboxylic acids. As shown
in Fig. 5A, the increased temperature leads to the dissociation of
the carboxyl group of the surfactant adsorbed on the droplet.
However, as we will discuss the effect of pH on the system later,
only a fraction of the carboxyl groups on the nanoemulsion
droplets is deprotonated even at high temperatures. Therefore,
the PEG,, on the undissociated laureth-11 carboxylic acids on
one droplet can interact with the ionic carboxylate groups on the
other droplet (Fig. 4B), giving rise to a net attraction between
droplets. Indeed, the ion-dipole interaction between the charged
headgroups of the surfactants and the uncharged hydrophilic
moieties of polymers has been extensively studied in the literature
[48]. Experimental techniques including rheometry [49], neutron
scattering [50], isothermal titration calorimetry [51,52], NMR
[52] and potentiometric titration [53], as well as thermodynamic

models [54] and simulations [55], have strongly supported the
concept of ion-dipole association.

To the best of our knowledge, the ion-dipole interaction
between charged carboxylate groups and PEGs has not been
systematically studied in the literature. However, it has been
shown that the ion-dipole interaction not only takes place in
the well-known SDS/PEG system [50-53,55], but also in other
systems where uncharged polymers, such as PEG or poly(N-
vinylpyrrolidone), are mixed with charged species such as free ions
and cetyltrimethylammonium bromide (CTAB) [48,49,56,57].
These prior works demonstrate that the ion-dipole interaction is
generic and should also take place in our case where the charged
carboxylate groups coexist with uncharged PEGs.

The other proposed attractive interaction between nanoemul-
sion droplets is from the PEG,-PEG,, association. It has been
widely observed in the literature that PEG becomes more
hydrophobic in aqueous solutions when the temperature is
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increased [58-61]. For such aqueous PEG solutions, when the
temperature is elevated, the affinity between PEGs is increased
and the phase separation can be induced (i.e. a lower critical solu-
tion temperature, LCST, can be defined) [62,63]. This affinity could
give rise to a net attractive interaction between the nanoemulsion
droplets via the PEG,, on laureth-11 carboxylic acid (Fig. 4B). Such
attraction using the LCST behavior of polymers has been utilized to
induce the gelation of block copolymer colloids [64]. On the other
hand, the UCST behavior has also been utilized to induce colloidal
gelation in polymer-grafted nanoparticle suspensions [65,66].

For linear PEGs (such as in our system), it has been found that
the temperature to induce a cloud point is higher for shorter PEG
molecules [59,61,62], as the affinity between PEGs is strengthened
when the molecular weight is increased. Therefore, considering the
short PEG,, backbone, our system will never achieve the LCST
under our experimental conditions. However, it does not mean
that PEG-PEG association does not take place when the tempera-
ture is below the LCST. It has been proposed that the enhanced
PEG-PEG affinity at rising temperature in water is due to the
conformational equilibrium in the segments [63]. The segments
prefer the polar conformations (i.e. water is a good solvent) at
lower temperatures and prefer the nonpolar conformations at
higher temperatures (i.e. water is becoming a poor solvent).
Importantly, it has been shown that such conformational change
in the segments is gradual at elevated temperatures. Bjoerling
et al. have studied the conformational adaption of the PEG chains
using '>C NMR [59]. They found out that even for the short PEG
(My, = 600 g/mol), the segment undergoes a gradual conforma-
tional change at T = 25 to 75 °C, which is consistent to our exper-
imental temperature window (T = 25 to 55 °C) and supports our
proposed mechanism that PEG-PEG association can give rise to
an attractive interaction in our system.

Bridging interaction mediated by free PEG400 in the continuous
could also take place. We speculate that PEG400 does not play a
major role in inter-droplet interactions. In our proposed
mechanism, the attraction is from the ion-dipole interaction and
PEG,,-PEG,, association between surfactants on different droplets.
However, based on this proposed mechanism, we do not want to
rule out the possibility that PEG400 can bridge the nanoemulsion
droplets via these attractive interactions by chaining the molecules
such as PEG,,-PEG400-PEG,, or COO~-PEG400- COO".

Overall, in our system, we believe the competition of the
temperature-dependent attraction and repulsion between the
nanoemulsion droplets is responsible for the non-monotonic trend
in the viscoelasticity moduli (the moduli first increase, then
decrease and finally increase again as temperature increases).
When the repulsion dominates in the system, the gelation is
diminished and hence the decrease in the viscoelastic moduli. On
the other hand, when the attraction dominates, the viscoelastic
moduli increase. By carefully considering the constituents of the
system, we propose the attraction comes from the PEG,,-PEG,,
association and the ion-dipole interaction (COO-PEG,,). Therefore,
comparing with the rheological data in Fig. 2, we have concluded
that the decrease in the moduli at T = 35 to 45 °C is due to the
significant increase in the zeta potential (and hence the electro-
static repulsion). Based on the zeta potential data, it can be then
concluded that the second increase in the viscoelastic moduli
(T > 45 °C) is primarily due to the increased PEG,,-PEG,, associa-
tion. Since the zeta potential (and hence the charge density of
the droplets) stays unchanged within this temperature window,
we do not expect an increase in the ion-dipole interaction at
T > 45 °C as no significant evidence in the literature suggests this
interaction is affected by temperature. Finally, in the first gelation
regime (T = 20 to 35 °C), the gelation is due to both ion-dipole
interaction (since the magnitude of the zeta potential increases)
and PEG,,-PEG,, association.
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Fig. 6. The strength of the electrostatic repulsion, &g, as a function of temperature
using zeta potential reported in Fig. 5A.

As depicted in Fig. 4, the ion-dipole and PEG,,-PEG,, interactions
rely on different regions of the surfactant molecules. Therefore, the
interactions are highly coupled and it is very difficult to isolate the
dominance between PEG,,-PEG,, association and the ion-dipole
interaction (COO~- PEGy). Although the two interactions are
difficult to decouple and immediately unclear due to the lack of a
well-developed model, we can gain some understanding of their
combined strength by estimating the electrostatic repulsion which
they must overcome to gel the suspension. Using the zeta potential
data in Fig. 5, we can estimate the strength of the electrostatic
repulsion, &gec, as [26]

2 }
Eelec = 32TEEr (I;—D atanh? (% ZkiTC) (1)

where &, is the electric permeability of free space, ¢, is the dielectric
constant of the continuous phase (here ¢ of water is used for
estimation), k is Boltzmann constant, T is the absolute temperature,
e is the elementary charge, z is the charge number and ¢ is the zeta
potential. The results are shown in Fig. 6, and reveal that the elec-
trostatic repulsion in our system is quite weak. Even for the stron-
gest electrostatic repulsion, &eec is only ~ 0.6 kT (T > 45 °C).
Moreover, as shown in Figs. 1 and 2, the mechanical strength of this
nanoemulsion gel is very weak (G’ is ~ 10° to 10! Pa), as compared
to other nanoemulsion gels our group has developed (G'~ 10* to 10°
Pa) where stronger attractive interactions were introduced to the
nanoemulsion suspensions [25-27], suggesting the competing
attractive interactions (PEG-PEG,, association and ion-dipole
interaction) are also very weak.

3.4. Effect of pH on the rheological properties

We have shown that temperature can be used to control proto-
nation of the carboxyl group of the surfactant on the droplet
(Fig. 5A), and the resulting change in the electrostatic repulsion
significantly affects the rheological response of the nanoemulsion
gel (Figs. 1 and 2). However, to control the protonation of weak
acids, a more straightforward way is to adjust the pH of the system.
In this section, we investigate the effect of pH on the nanoemulsion
suspension by studying the zeta potential of the droplets, rheolog-
ical response and the droplet stability as a function of pH.

The zeta potential ({) of the nanoemulsion droplets as a
function pH is shown in Fig. 5B. As expected, { decreases (||
increases) with increasing pH since the deprotonation of the
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Fig. 7. Effect of pH on the rheological properties of the nanoemulsion using SAOS at a fixed angular frequency = 25 rad/s. The figure shows (A) storage modulus, G’ and (B) loss
modulus, G” as a function of temperature, T, at various pH values. pH was adjusted using NaOH.

carboxyl group is facilitated at the basic condition. Starting from
the pristine nanoemulsion (pH = 3.1), { stays nearly zero until
the pH is elevated to 3.8, and then experiences a significant
decrease when pH > 4. This change in { is consistent with the
reported pKa of laureth-11 carboxylic acid in the literature where
the apparent pKa is determined to be ~ 4 using potentiometric
titration [67], and laureth-11 carboxylic acid is the major surfac-
tant in our system. As the pH is further increased (pH > 6), ¢
reaches a plateau, suggesting the deprotonation of the carboxylic
acid is complete. The magnitude of the final { from Fig. 5B
(£~ —23 mV, the effect of pH) also suggests that only partial depro-
tonation of the carboxylic acid is achieved by thermal energy
(£ ~ —8 mV) as shown in Fig. 5A.

We then investigated the effect of pH on the nanoemulsion rhe-
ology. The viscoelastic moduli during a temperature ramp are
shown in Fig. 7. It should be noted that for the pristine nanoemul-
sion in Fig. 7, pH is 2.5, which is lower than the pH of the ‘pristine’
nanoemulsion for the zeta potential measurement in Fig. 5B where
the pH is 3.1. This difference is due to the required dilution for the
zeta potential measurement, in which the nanoemulsion is diluted
from 12.5 wt% (Fig. 7) to 0.5 wt% (Fig. 5B). In Fig. 7, when pH is
increased, the increase in the G’ and G” takes place at higher tem-
peratures, indicating a higher gelation temperature is required
when the pH is higher. Moreover, when pH is > 5, no gelation
can be induced within the experimental temperature window.
The increase in pH weakens the thermally-gelling behavior of the
nanoemulsion system, and this is expected since the electrostatic
repulsion from the dissociation of the carboxylic acids plays an
important role in the rheological response, as discussed previously.
Compared with temperature, pH is a more effective strategy to
promote the deprotonation of the carboxylic acid as more negative
¢ can be obtained (Fig. 5B). Therefore, it is not surprising that pH
significantly suppresses the gelling behavior.

We have to emphasize that the temperature-ramp rheology
shown in Fig. 7 is different from the data shown in Fig. 2 where
the G’ and G” are reported at a fixed angular frequency using
frequency-sweep measurements at various temperatures
(temperature-jump). Our group has previously studied the effect
of the thermal history on the rheological properties of thermo-
gelling nanoemulsions in great detail, in which the temperature-
ramp route can effectively build up the strength of the gel [29].
Therefore, we did expect that there will be a difference in viscoelas-
tic moduli between Figs. 2 and 7 of the pristine nanoemulsion
(pH = 2.5). Here the rheological characterization using a tempera-
ture ramp is used as a strategy to conveniently obtain a quantitative
understanding of the effect of pH on the nanoemulsion rheology
over a wide range of temperatures.
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Fig. 8. The stability of the nanoemulsion at room temperature as a function of pH
by monitoring the nanoemulsion droplet size over time. pH was adjusted using
NaOH. See Fig. S4 for a long-time droplet size monitoring. The error bars are
standard errors from 15 measurements.

Finally, we studied the effect of pH on the stability of the
nanoemulsion by monitoring the size of droplets over a course of
time. In this work, we used the phase inversion composition
(PIC) method to synthesize the nanoemulsion. For the PIC method,
or for any low-energy method to obtain nanoemulsions, the
surfactant molecular geometry plays a crucial role in the formation
of the droplet and the stability of the oil/water interface [6]. This
molecular geometry is quantified by a quantity called packing
parameter p = ar/ay, where at and ay are the cross-sectional areas
of the tail group and head group respectively. Different p values
lead to different types of surfactant packing at the oil/water
interface, and hence favor different curvature of the interface.
The stability of the nanoemulsion at different pH is shown in
Fig. 8. The pH was adjusted after the nanoemulsion synthesis. As
shown, the increase in pH facilitates the instability of the
nanoemulsion suspensions, whereas the pristine nanoemulsion
stays stable throughout the experimental time window. As shown
in Fig. 5B, increasing pH leads to the deprotonation of the carboxyl
group of the surfactant on the droplets. Such deprotonation trans-
forms the surfactant from being non-ionic ({ ~ 0 at low pH) to
anionic (¢ < 0 at higher pH), and therefore changes p. This change
in p ruptures the original packing of the surfactants at the oil/water
interface, leading to an instability of the interface and therefore the
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increase in the droplet size. Such instability highlights the impor-
tance of the molecular geometry of the surfactant in stabilizing
the oil/water interface, and also suggests that in our system the
increase in pH can be used as a strategy to demulsify the
nanoemulsion droplets, that can be applied in practical applica-
tions such as in cosmetics [68,69], food industry [5,70], enhanced
oil recovery [71-73] and water treatment [74].

From Fig. 8, we acknowledge that during the rheological
characterization the size of the nanoemulsion droplets increases
for pH values greater than 2.5. Thus, trends in the pH-responsive
rheology in Fig. 7 are possibly convoluted with changes in droplet
size. In order to decouple as much as possible pH changes in inter-
actions from droplet size effects, we applied a fast temperature-
ramp characterization (total measuring time ~ 20 min in Fig. 6).
Given this short amount of time, the change of size is limited
(almost negligible for pH up to 4.3) and the thermally-gelling
behavior can still take place since the droplet size is still in the
nanoemulsion regime. In prior work we have extensively studied
the effect of droplet size on a different thermally-gelling
nanoemulsion system [25,26].

3.5. Effect of ionic strength on the rheological properties

The charged nature of the nanoemulsion droplets suggests the
possibility to tune the gel properties using ionic strength. By
screening the electrostatic repulsion using electrolytes, we
expected the gelation of the nanoemulsion can be more easily
induced at elevated temperatures. We again used the
temperature-ramp rheology to study the effect of the ionic
strength using sodium chloride (NaCl), and the result is shown in
Fig. 9. As expected, the addition of NaCl facilitates the thermal
gelation of the nanoemulsion where the increase in G’ and G” takes
place at lower temperatures. Moreover, the magnitude of the
decrease in the viscoelastic moduli at the intermediate tempera-
ture is significantly reduced as more NaCl is added (e.g. the
G’ value at 30 °C for [NaCl] = 1.0 M compared to that at ~ 44 °C
for [NaCl] = 0 M). Such reduction in the decline of moduli supports
our proposed mechanism in which the charged carboxylate group
on the droplet leads to an increase in electrostatic repulsion that
disrupts the gel network. As more NaCl is added, the electrostatic
repulsion is more greatly screened, leading to a lower gelation
temperature and less reduction in the viscoelastic moduli at
intermediate temperatures.

However, even for the highest ionic strength ([NaCl] = 1.0 M),
the decrease in the viscoelastic moduli still exists. Moreover, the
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magnitude of the peak in the moduli is nearly the same
across the [NaCl] window, suggesting repulsive interaction is still
critical. As discussed earlier, the emergence of the electrostatic
repulsion due to the thermally-triggered dissociation of the
carboxyl group is responsible for the breakdown of the gel network
(Figs. 1-3). Therefore, we hypothesized the addition of NaCl also
facilitates the deprotonation of the carboxylic acids. Indeed, the
effect of ionic strength on the dissociation of weak acids has been
already studied in the literature. It has been found out that the
addition of electrolytes promotes the deprotonation of various
weak acids since the activity coefficients of the ionic species are
highly sensitive to the ionic strength [75-78]. This promoted
dissociation due to NaCl is validated in Fig. 10 where the
temperature-dependent zeta potential of the nanoemulsion
droplets, ¢, at elevated [NaCl] is measured. As [NaCl] increases,
the dissociation of carboxyl acids takes place at lower tempera-
tures and || at higher temperatures is also increased, which is
consistent with prior studies where the electrolytes facilitate the
weak acid dissociation [75-78]. Moreover, at higher [NaCl], ¢
reaches a plateau at lower temperatures. This is consistent with
the rheological data in Fig. 9 where the minimum in moduli takes
place at lower temperatures for higher [NaCl], which also supports
the proposed mechanism where the increase in electrostatic
repulsion due to the weak acid dissociation is responsible for the
decrease in the viscoelastic moduli.

We also note that, as shown in Fig. 9, at high ionic strength
(NaCl = 1.0 M), the nanoemulsion can gel near room temperature.
This early gelation is not intuitive since it seems to disagree with
the discussion on the promoted carboxylic acid dissociation.
Therefore, the addition of electrolyte must also modify the attrac-
tive interaction to induce an early onset of gelation. Indeed, prior
studies have shown that the addition of the salts facilitates the
association between PEG molecules [79-82]. The phase separation,
or the cloud point, takes place at a lower temperature when more
salts are added [79,81,82]. Therefore, in our system, the addition of
NaCl enhances the attractive interaction resulting from the
PEG-PEG association between the droplets, which also supports
our proposed mechanism where the PEG,-PEG,, association
gives the inter-droplet attraction in our nanoemulsion suspension.
We acknowledge that the effect of the ionic strength on the
attraction and repulsion is interconnected. Future work will
focus on the decoupling of the effect of the addition of elec-
trolytes on the nanoemulsion gelation and the contribution to
both attractive and repulsive interaction in a more quantitative
fashion.
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Fig. 9. Effect of the ionic strength on the rheological properties of the nanoemulsion (pH = 2.5) using SAOS at a fixed angular frequency = 25 rad/s. The figure shows (A)
storage modulus, G’ and (B) loss modulus, G” as a function of temperature, T, with increasing ionic strengths. The ionic strength was adjusted using NaCl as indicated in the

figure.
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Fig. 10. Zeta potential (¢) of the nanoemulsion droplets as a function of temper-
ature (T) at elevated ionic strength. lonic strength was adjusted using NaCl. The pH
of the nanoemulsion is 3.1. The error bars are standard errors from 30
measurements.

4. Conclusion

Building of a molecular-scale understanding of our prior
thermally-gelling nanoemulsion systems [25-27], in this work
we develop a new nanoemulsion system in which the properties
can be modulated through both temperature and pH. The
nanoemulsion is synthesized using a low energy method, and the
droplets are stabilized with weak acid surfactants containing
poly(ethylene glycol) segments (PEG) and carboxyl groups. The
association between the PEGs and the deprotonation of the
carboxylic acids control the inter-droplet attractive and repulsive
interactions. As the temperature is increased, the viscoelastic
moduli of the nanoemulsion system first increase, then decrease
and finally increase again. In a parallel fashion to the moduli
trends, the gel network also experiences an initial formation,
destruction and reformation as the temperature is increased. Such
non-intuitive trends are due to attractive and repulsive interac-
tions which both change as a function of temperature, as validated
by zeta potential measurements and comparisons to prior research
|43-46]. The dissociation of the carboxyl groups on the surfactant
was further leveraged as a strategy to tune the nanoemulsion gel
rheological properties by changing the pH of the system. Moreover,
with an understanding of surfactant packing at the interface, we
can further destabilize the nanoemulsion droplets by changing
the surfactant packing parameter via pH [6]. Finally, we showed
that the ionic strength of the system can be used as another
engineering handle to tune the gel properties.

The presented work shows that subtle competition between
attractive and repulsive interactions determines the system'’s
properties, allowing researchers to design more complex
nanoemulsion-based soft matter materials. Moreover, the mecha-
nistic understanding of the interactive potentials at the molecular
level provides various engineering strategies to manipulate the
material properties. For example, the presented gelling nanoemul-
sions can be used in cosmetic products such as a skin cream - in
the bottle the nanoemulsion system is a liquid at ambient temper-
ature with good flowability, and the nanoemulsion can gel in
contact with the skin due to a rise in temperature. Thereafter, a
change of pH due to prolonged contact with the skin can disrupt
the nanoemulsion gel network and the nano-sized droplets can
then be easily absorbed into the skin [1,9]. Furthermore, the oil
droplets are effective vehicles to encapsulate hydrophobic active

ingredients [4,17]. In addition, a nanoemulsion system which
responds to changes in both pH and temperature could find use
in enhanced oil recovery applications where temperature and pH
gradients can be found. Future work will focus on developing
skincare products using the presented nanoemulsion system, and
in developing a deeper quantitative understanding of the pairwise
interactions between nanoemulsion droplets.
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