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ABSTRACT: In this study, we investigate the impact of modifying
colloid—colloid interactions on the rheological properties of a layer of
poly(methyl methacrylate) PMMA colloids at a dodecane-water
interface. Toluene is introduced into the oil phase in order to modify
attractive interactions between colloids. We first make qualitative
observations of water-in-oil emulsions undergoing compositional
ripening, demonstrating how the addition of toluene modifies the
evolution. Without toluene, water droplets finally “explode”; with the
addition of toluene, they instead form connected colloidal structures.
We secondly employ a novel contactless interfacial setup to probe the
rheological properties of a PMMA colloid-laden water-dodecane
interface, examining the effects of toluene addition. We find that the
interface becomes significantly weaker and more flexible following addition of toluene, contrary to what one might expect for
increasing interparticle attractions for high surface coverage interfaces.

B INTRODUCTION coverage short-range interactions are key.'* Generally speak-
ing, the viscoelastic response is thought to be governed by
constraints on particle motion' with stronger interactions
appearing to show higher viscoelastic parameters.'® Work by
Rahman et al."”’ and Barman and Christopher'’ suggest that
the attraction between colloids is the primary determinant of
the magnitude of interfacial moduli in shear rheology, with
decreasing attraction or increasing repulsion resulting in lower
viscoelastic moduli. Yu et al.'> showed the transition from
viscous-like to solid-like can be reduced via the screening of
electrostatic repulsion between particles.

The viscoelastic properties of colloidal interfaces are crucial
for the stability of emulsions and foams. In the context of
compressional rheology, Rodriguez-Hakim et al'® generalized
the criterion for long-term bubble stability to account for slow,
unidirectional compression. The significance of shear rheology
in bubble dissolution has been highlighted by Beltramo et al."”
demonstrating that the emergence of yield stress is essential for
countering Ostwald ripening in armored bubbles. They further
showed that increased capillary attraction between colloids
enhances interfacial yield stress. When droplets or bubbles

Pickering emulsions are a class of emulsions stabilized by
particles. Typically, the particles are in the colloid size domain.
Compared to the surfactant-stabilized counterparts, Pickering
emulsions show many advantages such as improved stability
and tunable properties.” While the stability of emulsions is of
great importance to creating long-lived products, under-
standing the destabilization process is also important for
various applications.” For example, in food’ and pharmaceut-
ical’ applications, where the emulsified species is to be
released, and in the separation of Pickering emulsion
constituents.” The stability of Pickering emulsions can be
attributed to the extremely high colloid desorption energy®
making parameters such as the colloid size, three-phase contact
angle, and oil—water surface tension, very important. In
addition, the rheological properties of the colloid-laden
interface have also been shown to strongly correlate with the
stability of emulsions.” Naturally, this also places a high
importance on how colloids on the interface interact with each
other.

Elastic colloidal interfaces can be formed in various ways,
ranging from the jamming of hard particles to the use of soft,

deformable particles such as microgels.® Various researchers Received: November 15, 2024
have investigated particle interactions and their effect on the Revised:  April 17, 2025
rheological properties of colloidal interfaces. In addition to Accepted:  April 18, 2025

changes in the surface chemistry of the colloids™'’ these are Published: April 30, 2025

often conducted via the addition of salt, surfactant, or
electrolytes to the aqueous phase.'' ™" At high surface
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deform nonuniformly, the deformation dynamics, in addition
to interfacial rheology, play a significant role, introducing
additional complexities.

In this work, we attempt to alter only the short-range
interactions between interfacial PMMA hard-sphere colloids,
and thus the interfacial properties. Furthermore, we explore
how these changes can affect water-in-oil Pickering emulsions
destabilizing via compositional ripening. Instead of a
modification via the aqueous phase, here the colloid
interactions are altered through the oil phase with the addition
of toluene. This is motivated by work by Dinsmore et al.”’ in
which elastic shells of PMMA are formed. The authors suggest
toluene destroys the PHSA steric stabilizer, inducing attractive
van der Waals interactions, and locking the adsorbed PMMA
particles together. By replicating this approach, we expect a
greater attraction between colloids, potentially leading to more
pronounced viscoelastic properties.

The emulsion work in this paper follows a previous study”'
in which compositional ripening is utilized as the test of
stability for Pickering emulsions. Here a mixed water-in-oil
emulsion system is created, stabilized by PMMA colloids,
composed of pure water droplets and sugar solution droplets.
With a compositional gradient present, mass transfers from the
pure water droplets to sugar solution droplets. By varying the
oil phases, a difference in emulsion evolution was observed. In
the case of dodecane, the water droplets buckle and ultimately
“explode” once all the water has been lost, ejecting colloids
outward. In contrast, using tributyrin resulted in the water
droplets shrinking into tightly compact structures with
evidence of water remaining inside. The PMMA dispersions
in tributyrin also formed aggregates suggesting changes in the
colloid—colloid interactions. Many aspects of the emulsion,
such as the three-phase contact angle and interfacial tension,
are modified when changing the oil and thus it is difficult to
determine the critical parameter behind the observed differ-
ence in ripening behavior.

The current work aims to disentangle colloid interactions as
a control parameter and to determine whether changes in these
interactions alone can affect emulsion stability. To further
explore the effects of toluene on the interface, a novel
contactless technique”” was employed to capture any changes
in rheological shear response.

B RESULTS AND DISCUSSION

Emulsion Behavior. Pure Emulsions. We compare water-
in-dodecane emulsions stabilized by PMMA particles, which
are sterically stabilized by poly(12-hydroxystearic acid)
(PHSA), before and after treating the emulsions with toluene.
Initially w/o emulsions were created via vortex mixing, likely
forming through limited coalescence™® as some nonspherical
droplets were observed. The toluene treatment involves gently
mixing toluene with the emulsion, followed by careful washing
to remove it. This process ensures that the droplet structure
remains intact and that the continuous phase composition is
comparable between treated and untreated emulsions. Further
details can be found in the Experimental Section. The resulting
toluene-modified emulsions appear similar to those without
toluene, with particles forming a dense packed monolayer on
the interface, as shown in Figure 1. These emulsions appear
stable for over 2 weeks with no clear signs of phase separation.
However, the shape of the modified emulsion droplets appears
slightly less spherical than the unmodified counterparts, though

Figure 1. Confocal 3-D projection of a water-in-dodecane droplet
stabilized by 360 nm radii PMMA before (left) and after (right) the
addition of toluene. Scale bar 20 ym.

this may be due to the emulsion being left on a rollerbank for
an extended period.

Compositional Ripening Comparisons. The toluene-
treated water-in-dodecane emulsion was then combined with
sugar solution-in-dodecane emulsion and observed. The sugar
solution-in-dodecane emulsions were not treated with toluene
in order to isolate any changes to only the water droplets.
Similar to the untreated water-in-dodecane emulsion system”"
water appears to migrate from the pure water droplets to the
sugar-filled ones. This is confirmed by the crumpling of the
water droplets, in which their interfaces compress and buckle,
and by the sugar droplets growing and coalescing, Figure 2a—c.

Figure 2. Compositional ripening over 4 h observed at (a) 0 min, (b)
48 min, (c) 96 min, (d) 144 min, (e) 192 min, and (f) 240 min.
Toluene-treated water droplets (yellow) stabilized by PMMA
(yellow) undergo ripening losing mass to the sugar droplets (dark
purple) (a—d). After sufficient mass is lost, the final structure remains
the same (e,f). Scale bar 100 yum.

Interestingly, the end fate of this system does contrast those
observed for the nontoluene system. For the toluene-treated
droplets, droplet sizes eventually plateau and only partially
fragment, Figure 2d—f.

Upon closer inspection, the relics of water droplets appear to
be filaments or sheets of colloids devoid of water. This is
illustrated in Figure 3, where taking a z-stack of confocal
images through the sample shows structures that extend several
tens of microns instead of a sedimented layer of colloids. This
unique end fate for the water droplets may be considered as an
intermediate between the dodecane and tributyrin systems
explored previously”' where droplets neither “explode” nor
crumple into very compact structures. This result suggests that
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Figure 3. Confocal slices through a toluene-treated water droplet
remnant, acquired at 4.5 pum intervals, after 15 h of compositional
ripening, showing connected PMMA structures (yellow). Scale bar 25
pm.

there is indeed a change in colloidal interactions through the
addition of toluene, although not one in which compositional
ripening is overcome. However, the ripening process may be
potentially slower in the toluene-treated scenario, as evidenced
by the observations of some water droplets remaining after 10
h. Although, without accounting for emulsion characteristics,
such as droplet radii and variations in local environment, this
cannot be confirmed.

To further investigate any changes in colloid interactions
that may be taking place and drive the differences in response
to compositional ripening, the PMMA dispersions were
explored. Comparing PMMA colloidal dispersions in dodecane
with and without the addition of toluene, showed that the
particle interactions in bulk were not strongly modified, with
colloids showing no difference in aggregation, illustrated in
Figure 4. This perhaps brings into question the type of

Figure 4. Confocal micrographs of a PMMA dispersion in pure
dodecane (left) and after rollerbank overnight in 50:50 dodecane/
toluene mixture (right). In the bulk oil phase the behavior of these
colloids do not appear to be significantly altered via the addition of
toluene. Scale bar 10 ym.

interactions that are being modified for the colloids.
Furthermore, emulsions were investigated with Cryo-SEM,
where it was observed that upon the addition of toluene,
emulsions are not greatly altered (Figure S1). Qualitative
observations of contact angles and colloid shape show no large
change. Upon measurement, colloid sizes remain unchanged
with similar interquartile ranges (Figure S2), suggesting that
any changes in the particle swelling cannot be observed on
these scales.

Interfacial Shear Rheology. Having observed two
different end fates with and without the addition of toluene,
and ruling out changes in the size, contact angle, and attraction
in bulk phase, we use interfacial shear rheology to investigate
the effects of toluene on short-range interactions between
particles. To understand the role of particle interactions
through to mechanical failure requires accessing a broad range
of interfacial stresses. While the low stress linear-viscoelastic
region is readily accessible to magnetic needle interfacial shear
rheometry”* and the high-stress region to the double-wall ring
geometry on a conventional rotational rheometer™*° to access
both regimes with the same technique we utilize a novel
contactless interfacial shear rheology technique.”” While
conventional techniques directly attach to the interface, the
contactless approach involves shearing the liquid phase above
the interface with a rheometer and parallel plate geometry
while simultaneously imaging the interfacial response, detailed
in Experimental Section. This fluid flow in the upper oil phase
transmits stress to the interface. When the interface resists
shear deformation, flow in the lower aqueous phase is
negligible and the total stress is borne by the interface. The
interfacial stress, ¢, for this setup can be described by

s T’ID((,U - wi) 2
O = ———7r

4h, (1)

where @ is the fixed angular velocity of the geometry, w; is the
interfacial angular velocity, r, is the radius at which the
measurement is being made (in this case S mm), h, is the oil
phase depth, and 7, is the oil phase viscosity. When using this
technique one should be mindful of applicability regime
following eq 1. For the contactless setup a modified Boussinesq
number, Bo* is used and described as the following:

_ rlohw w —

rlwho w; (2)

Bo™

where h,, and 7,, correspond to the water height and viscosity,
respectively. Similar to the classic Boussinesq number, (Bo),
used in methods such as the DWR, this should be maximized
to ensure the surface contribution is far greater than the bulk
phase. In this work, it is observed that w; < @ thus achieving
sufficiently high Bo*. From this o; is calculated using w; = 0.

A series of creep recovery tests were performed, in which
stress is applied to the interface via shearing of the oil phase at
fixed rotation rates, ®, while simultaneously imaging
fluorescent tracer particles on the interface. The protocol
consists of measuring the interface under fixed shear for 60 s
followed by 60 s of zero shear. By imaging the tracer particles,
a displacement of the interface, and thus a strain, can be
determined. From the creep recovery profiles, several strain
values were extracted to characterize the interface, Figure 5.
The maximum strain, ¥,,,,, is obtained at the end of the applied
stress. The irrecoverable strain, y;, we define as the total
change in strain from the start of rotation to after recovery and
indicates the inelastic/plastic behavior of the interface. The
recoverable strain, y,., we define as the change in strain from
the peak to the end of recovery and indicates the elastic
behavior. Furthermore, the strain rate, ¥, can be approximated
when the interface is undergoing steady strain.

By taking a series of creep recovery tests with various
stresses, viscoelastic parameters can be measured. During creep
tests, a viscous material will initially deform and then reach a
steady rate of straining”” and the interfacial shear viscosity, 7',
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Figure S. A Creep-recovery profile for an interface showing flowing
behavior (blue) reaching a steady strain rate, 7. Illustrated are the
maximum, ¥, recoverable, ¥, and irrrecoverable, y;, strains. The
strain rate, 7, is determined by taking the gradient of the steady strain
toward the end of the applied stress, over a 20s window (red dotted
lines). Also shown is the creep-recovery curve for an interface showing
very elastic behavior (orange), illustrating considerably lower values.

can be determined as #° = ¢°'/7. For an elastic material, an
effective shear modulus, G, can be approximated via the
Hookean relationship, 6' = Gy. We determine this from the
gradient of the o' and y,. graph, while the interfaces are
behaving predominantly elastically ie., below any observing
flowing behavior y,.. > ¥,,. Furthermore, the interface exhibits
a critical stress above which it readily flows, thus we
characterize the interface as having a yield stress, o). Defining

this precisely is difficult due to the finite time frame of practical
creep-recovery tests” and thus we consider two aspects. First,
where #° sharply drops from the steady state behavior. Second,
the transient strain behavior, specifically, we take o, as when y;,
begins to dominate over y,, indicated by a large increase in
Ymax @and diminishing values of ¥,../7may

Without Toluene. Initially a PMMA colloid-laden interface
with no toluene was prepared and investigated, described in
the Experimental Section. Given the colloid interface is well
compressed in the emulsion observations, interfaces with close
to maximum packing fractions were prepared. As single particle
resolution is not possible exact packing fractions cannot be
determined. Only interfaces that were homogeneous (Figure

S3) were analyzed. Creep recovery experiments were
performed with increasing interfacial stress. This is illustrated
in Figure 6, where the geometry rotation speed, , is
incrementally increased from 3 to 1S5 rpm, corresponding to
incremental increases in interfacial stress, and the creep-
recovery response measured. At low interfacial stresses, there is
an initial jump in the strain which slows down with time
indicating a high interfacial viscosity. Additionally y,.. is larger
than y,,, indicative of elastic behavior. As the stress is
increased, the initial deformation increases while the interface
appears to decrease its elastic recovery, indicating the
beginning of plastic flow. At high stresses, the interface appears
to be flowing, with a clear linear relationship between strain
and time being achieved. Alongside, a considerably lower
recoverable strain compared to irrecoverable strain is seen,
which suggests the interface is undergoing a strong plastic
deformation. This yielding behavior is also observed for the
high surface coverage PMMA oil—water interface measured by
Muntz et al.”> The authors also demonstrated an irreversible
effect of shear for PMMA colloid dodecane-water interfaces.
To determine the experimental design for the addition of
toluene, we also explore this aspect.

Hysteresis loops consisting of incrementally increasing the
applied stress to certain values, then incrementally decreasing it
back down to observe any changes in the creep recovery
behavior were performed, illustrated in Figure 7. Any
significant differences would be indicative of irreversible
changes to the interface upon shear. Initially @ was
incrementally increased to 15 rpm (blue crosses in Figure 7
up to 6 ~ 5.3 X 107° Pa m), where the interface was starting
to flow, then incrementally decreased (orange squares in
Figure 7). In this situation, preshearing the interface to 15 rpm
resulted in no significant difference in the interfacial strain
response, with the maximum strain curves lying close to each
other. Next, @ was set to 18 rpm (blue cross in Figure 7
around & ~ 6.5 X 1075 Pa m), where the interface was well
into the plastic regime, indicated by the large jump in
maximum strain. The applied stress was then decreased
incrementally (green triangles in Figure 7). In this case, there is
a drastic difference with a divergence of the two curves.
Compared to the nonsheared interface, the 18 rpm presheared
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Figure 6. Effect of increasing the stress, via the rotational speed, @, on the interfacial creep recovery profile. Left: the interface shows a fairly elastic
response with a high recoverable strain (@ = 3 rpm; 1.1 X 107 Pa m) and begins to show plastic behavior as the stress is increased . Right: the
interfaces become dominated by plastic strain and flow with a clear constant strain rate for  higher than 10 rpm; 3.5 X 107 Pa m. See main text

for details.
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Figure 7. Effects of shear history on the interfacial shear response on a
PMMA (362 nm radius) water-dodecane interface without toluene.
The crosses indicate the initial response when the interfacial stress, ¢*,
is increased. The orange squares are measurements made after ¢ = 5.3
X 107 Pa m. The triangles are measurements made after increasing to
0° = 6.5 X 107° Pa m.

interface exhibits higher maximum strains, particularly under
stresses significantly exceeding the yield stress of approximately
3 X 107 Pa m. For example, at ¢° = 5.26 X 107 Pa m, .,
increases from 0.0436 to 0.123. This suggests a weakening of
the interface induced by preshearing at high enough stresses,
specifically 18 rpm here.

Looking at how the effective elastic modulus, G.g changes
under increasing maximum stress, we initially find this to be
6.54 X 107* Pa m, upon preshearing to 15 and 18 rpm this
decreases to 6.35 X 107* Pa m and 5.57 X 10™* Pa m,

respectively. From the data the yield stress, Uys is indicated by

the large increase in interfacial strain ~ 3 X 107® Pa m. These
viscoelastic parameters are in approximate agreement with
those obtained by Van Hooghten et al.”’ where the authors

maximally packed 0.455 pm radius PMMA at a water-
hexadecane interface. Our interfacial rheology results so far,
without toluene treatment, compare relatively well to literature,
which provides confidence for the comparative measurements
following toluene treatment.

With Toluene. With it now understood that the interface
exhibits some shear history dependence, where preshearing at a
certain stress can significantly weaken the interface, the effects
of toluene were explored on this interface. Furthermore, this
approach mirrors the emulsion preparation process, which
involves mixing followed by the addition of toluene. Toluene
was added to the presheared interface, and creep recovery tests
were performed with incremental levels of applied stress,
similar to before. The maximum, y° , and recoverable, y: ,
strains were extracted from the creep-recovery curves, Figure 8.
The changes are very pronounced, with the toluene-modified
interfaces showing a much greater strain response for a given
stress, compared to the nontoluene interface (blue circles),
indicative of a weaker interface. For example, at 6 = 2.5 X 1076
Pa m, ¥, increases from 6.2 X 107 to 2.2 X 107", Looking at

N
ymax

changes in the yield stress. Where y° increases more than y°
max rec

and 7y’ also provides a more quantitative indication of
rec

Figure 8 (left) and y; becomes to dominate, we define 0'; by

v../7,.. ~ 0.5 Figure 8 (right). Upon the addition of toluene,
this operative yield stress decreases noticeably, from around 3
X 107 Pam to 1 X 107 Pa m.

Measurements of elastic moduli before and after the
addition of toluene also show a significant change. For the
unmodified interface G4 ~ 5.57 X 107* Pa m, whereas upon
toluene addition G, ~ S5.12 X 107 Pa m, an order of
magnitude in difference.

The interfacial viscosity, 7, is also assessed, Figure 9. The
difference in viscosities is very large, illustrative of a much
weaker interface when toluene is added. Additionally, a yield
stress is more obvious in these plots, indicated by the “knee” in
the #° - 6" curves, in line with the yield stress determined from

report G ~ 6.1 X 107* Pam, and 6 ~ § X 107 Pa m, for near v, andy, shown in Figure 8.
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before
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Figure 9. Left: The effects of increasing stress on the interfacial viscosity before (blue circles) and after (red squares) the addition of toluene. Right:
A closer look at the viscosity-stress curve, where the variation in the toluene data is more evident.

The decrease in rheological properties, G.5 #°, and ays

contrasts with what was expected for the case of increasing
particle—particle attractions of a maximally packed interface.'
From these results, it had to be determined whether the stark
change in rheological behavior was only due to toluene
modifying interactions, or whether preshearing the interface
had a substantial role to play. As a result, three interfaces were
prepared and creep recovery runs of incremental stresses were
performed on the interfaces until there were signs of the
interface beginning to flow, being careful to remain below the
threshold for irreversible structural changes. Toluene was then
added and creep recovery tests performed again. While the
interfaces were prepared for maximum packing, particle level
control was not possible which naturally leads to uncertainties
in the area fraction of particles. As a result, interfaces showed
variance in their properties. The stress—strain graphs, showing
both ¥, and ¥, for the three separate interfaces are
illustrated in Figure 10. In all three runs, the effect of added
toluene is clear: a large reduction in effective shear modulus
and thus a much weaker interface.

The values for G before and after the addition of toluene
are summarized in Table 1. Before the addition of toluene,
interfaces are comparable to those reported by Van Hooghten
et al”” with G ~ 6 x 107 Pa m, for a maximally packed
interface. The deviations in our values we attribute to difficulty
in preparing identical interfaces, where small changes in surface
coverage can have large effects on the interface.'* Interestingly,
even though the interfaces vary in G from 3.31 X 107> Pam
to 6.04 X 107* Pa m, the addition of toluene consistently
decreases the modulus by roughly a factor of 7.5. This confirms
the role of toluene in weakening the interface rather than
weakening due to structural changes from preshearing the
interface. Such changes may also impact the viscosity, however
given we are operating in the elastic regime, where noise and
drift can become quite prominent, accurate comparisons for
the interfacial viscosity cannot be made.

Discussion. Bringing all the above results together, the
following picture emerges. Toluene is added to water-in-
dodecane emulsions stabilized by PMMA colloids, which are
then subject to compositional ripening via the addition of

11344

sugar-in-dodecane PMMA-stabilized emulsions. The evolution
of these water droplets, as they lose mass appears similar to
those without toluene treatment. In both cases, water droplets
shrink and their interfaces buckle, with no significant difference
in their ripening rates. However, the contrasting behavior
comes in their end fate. Water droplets without toluene
treatment eventually “explode”, whereas droplets treated with
toluene form connected colloid structures devoid of water.
This suggests interactions have been modified such that they
“stick” together instead of being ejected outward. However, the
changes in interfacial properties are insufficient to overcome
the ripening process. Furthermore, the behavior of the colloids
in bulk dodecane with toluene did not appear to change
substantially, bringing into question whether greater van der
Waals interactions were being induced.

Shear interfacial rheology was explored as a means of
understanding what properties of the interface were being
modified by toluene via the use of a contactless rheology setup.
Interfaces with high colloid surface fractions were prepared,
mimicking the interface of emulsion droplets, and were shown
to behave like a yield stress material, similar to the current
literature.”> When toluene was added, this appeared to
significantly and progressively decrease the elastic modulus,
consistent with generating a much weaker interface. There was
also some indication that the yield stress and interfacial
viscosity decreased upon the addition of toluene. While it has
been demonstrated in the literature that aggregation of colloids
on interfaces can lead to weaker interfaces due to “voids”
forming,””*”*” in these scenarios the packing fraction is below
the maximum. For interfaces with higher surface coverages
aggregation can lead to higher interfacial viscosities.'”
Although in our study it is difficult to ascertain an exact
surface coverage as single colloid resolution is not possible,
given that the viscoelastic properties are comparable to that of
a similar interface with close-packed colloids™ this suggests we
indeed have high packed surface coverage. Furthermore, the
cryo-SEM micrographs do not show clear signs of voids. These
results provide further evidence that the changes in
interparticle interactions may not originate from the
destruction of steric stabilization as initially thought.
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addition of toluene to the interface for 3 different runs (top to bottom). Straight lines are also fitted to the recoverable strain to derive an “effective”

shear modulus.

Table 1. Effective Shear Moduli, G ', Before and After the
Addition of Toluene to the PMMA Water-Dodecane
Interface

Run, preshear G pre-toluene Gt fost-toluene

[Pa m] Pa m] Pa m] Factor
1, - 6.54 x 107+ - -
1, ~53 X 107° 635 x 107* - -
1, ~6.5 X 107° 557 x 1074 512 % 107° 10.88
2, - 123 x 1073 1.69 x 107* 7.27
3, - 6.04 x 107* 8.04 X 107° 7.51
4, - 331 x 1073 4,08 x 107* 8.11

The observed differences in emulsion outcomes could be
explained from the perspective of brittle to ductile behavior.

The interface without toluene is somewhat brittle in which
there is little plastic deformation before fracture. Whereas with
toluene this behaves more ductile, where a greater plastic
deformation is attained before fracture. However, it is
important to note that clear indicators such as a stress drop
or shear localization”' are inaccessible for our particular
protocol. A potential reason for the decrease in viscoelastic
properties may be toluene changing the physical structure of
the colloids. Toluene is considered a good solvent for
PMMA®* and it may be the case that it has a plasticizing
effect that creates a soft layer only a few nanometers thick,
similar to a system of PVC colloids and Dinch solvent.* If this
is the case, one might expect solvents such as methyl
methacrylate or acetone to have similar effects. The softening
of colloids, at fixed surface coverages, therefore could allow
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more freedom in their motion and thus lower viscoelastic
properties, analogous to 3D bulk behavior.”

B EXPERIMENTAL SECTION

Materials. Poly(methyl methacrylate) (PMMA) colloids sterically
stabilized with poly(12-hydroxystearic acid) (PHSA) hairs were used,
dyed with NBD (r ~ 362 nm) or Nile red (r ~ 1887 nm), or left
undyed (r ~ 355 nm). The radii were measured with dynamic light
scattering (DLS) in dodecane. The aqueous phases used were water
(deionized using a Milli-Q reagent system with resistivity of 18 MQ
cm) and a sugar solution (at 64% weight fraction) made from
dissolving consumer table sugar (Sainsburys) in deionized water. The
sugar solution was dyed with Rhodamine B. The oils used were n-
dodecane (Sigma-Aldrich 99%) and toluene (Sigma-Aldrich 99%).

Emulsion Preparation and Characterization. To prepare the
continuous phase, dry PMMA particles were dispersed in dodecane at
a volume fraction of 1% using a pulsed sonicator probe (Sonics
Vibracell). The protocol consisted of a § s sonication followed by a S s
rest, repeated for a total time of 40 min, at an amplitude of 20%. This
ensured the colloids were well dispersed with no aggregates.

Water-in-oil and sugar solution-in-oil emulsions were all prepared
at 20% volume fractions, using 1 g of the 1% PMMA dodecane
dispersion. The aqueous phases were added to the dodecane PMMA
dispersion and vortex mixed, until the oil layer became clear,
confirming that essentially all the PMMA had adsorbed onto the
water—oil interface.

For the toluene treatment, a solution of dodecane at 50% toluene
volume fraction was first prepared. This solution, typically 1 g, was
then added to the water-in-dodecane PMMA emulsion and left on a
rollerbank overnight to gently mix with the colloids. The emulsions
were then washed with dodecane to remove excess toluene, via the
following protocol: Adding 4 g of dodecane, gentle rollerbank for 15
min, allowing the emulsion to sediment for 10 min, then carefully
siphoning 4 g of the continuous phase. This was repeated S times, and
for the final repeat, an extra 1 g was removed to return the emulsion
to a roughly 20% volume fraction.

Equal volumes of the water-in-dodecane and sugar solution-in-
dodecane emulsions were combined, shaken gently for a few seconds
then pipetted onto a cavity slide and immediately observed with a
Zeiss LSM 700 confocal microscope. A 488 nm laser was used to
observe the sodium fluorescein and NBD dyed colloids, and a 555 nm
laser for Rhodamine B.

Interfacial Rheology Preparation and Protocol. The inter-
facial rheology consists of a Leica SP8 confocal microscope using a
X10 objective and an Anton Paar MCR 301 stress-controlled
rheometer using a 25 mm parallel plate geometry. A spreading
solvent mixture is first prepared, consisting of the small PMMA
colloids to be investigated (dyed with NBD, r &~ 362 nm) as well as
larger PMMA tracer particles (dyed with Nile Red r ~ 1887 nm).
This was prepared by first dispersing the small and large PMMA

colloids in hexane to produce mass fractions of 1% and % %

respectively, this was then diluted with isopropanol to reduce the
volume fractions to 0.5% and 3710 % respectively. These mass fractions

were specifically chosen such that the interfacial coverage is roughly
90%, close to the maximum packing fraction, with the larger tracer
colloids covering only 0.1% of the colloidal surface. Interfaces were
prepared using a polytetrafluoroethylene (PTFE) cup with an
aluminum ring insert, similar to that of Muntz et al.>* The cup was
filled with water to a height of 3 mm, ensuring it was pinned to the
edge of the aluminum ring, and then 50 uL of the spreading solvent
was carefully pipetted onto the interface. Following this dodecane was
carefully pipetted to a height of &~ 2.5 mm (~3.7 g). The parallel-plate
geometry is then contacted to the oil-air interface ensuring it is
centered, the microscope stage is then adjusted such that the field of
view is at a radius of S mm. Using the 488 nm laser, exciting the
smaller NBD-dyed colloids, the interface coverage can be observed,
ensuring a homogeneous interfacial coverage. The 552 nm laser
excites the larger Nile Red dyed tracer particles, used for the particle

image velocimetry (PIV) algorithm and ultimately observing the shear
response. Velocimetry of the tracer particle was performed using the
OpenPIV*® python package. This calculated a displacement of the
tracer particles between frames, providing a net displacement when
summed over all frames. This displacement is then converted to a
strain by dividing by the distance from the measurement to the outer
wall, in this case, 5 mm. Creep recovery protocols36 consisted of a
fixed rotation rate for 60 s, followed by zero rotation rate for 60 s,
while simultaneously imaging the interface at 25 fps. This results in a
video of 512 X 512 pixels (931 pm X 931 pm) and 3000 frames.
Performing PIV on the resulting video then yields a creep recovery
strain profile. To validate the PIV approach, the maximum and final
displacements were measured by hand in Image]J. The PIV parameters
were optimized such that the creep recovery profiles fell within one
standard deviation of by-hand measurements.

To investigate the effect of toluene on the interface, a 50:50
toluene/dodecane mass fraction solution was first prepared.
Approximately 1.4 g of this solution was then pipetted into the
continuous phase, being careful not to disturb the interface. This was
then left for 20 min to mix with the remaining continuous phase. After
this &1.4 g of the oil phase was removed, to return the oil phase to a
height of 2.5 mm such that the geometry was pinned to the oil-air
interface again.

B CONCLUSIONS

In conclusion, we have investigated the modification of short-
range interactions between PMMA colloids on the water-
dodecane interface by altering the oil phase through the
addition of toluene. We examined how these changes affect the
behavior of PMMA-stabilized water-in-oil emulsions during
compositional ripening. In both cases, water droplets deform
by buckling; however, once modified by toluene, the colloids
remain as intact structures rather than eventually being ejected
outward (“exploding”). Contactless shear rheology confirms
that toluene consistently weakens the interface, which implies
that the more ductile interface prevents the particles from
being ejected outward. We speculate that this may be due to
colloids becoming softer, instead of short-range particle—
particle interactions being modified. Overall, this work
highlights the critical role of interfacial rheological properties
in determining emulsion behavior and potentially opens routes
for tailoring emulsion stability and deformation dynamics.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.4c04622.

Cryo-SEM characterization of water-in-dodecane emul-
sions without, with, and after washing toluene, and
confocal micrographs of the interfacial rheology setup
(PDF)

B AUTHOR INFORMATION

Corresponding Author
Raj Tadi — SUPA School of Physics and Astronomy, University
of Edinburgh, Edinburgh EH9 3FD, UK, © orcid.org/
0009-0003-1200-5693; Email: rajtadi9S@gmail.com

Authors
James A. Richards — SUPA School of Physics and Astronomy,
University of Edinburgh, Edinburgh EH9 3FD, UK;
orcid.org/0000-0002-2775-6807
Fraser H. J. Laidlaw — SUPA School of Physics and
Astronomy, University of Edinburgh, Edinburgh EH9 3FD,
UK,; © orcid.org/0000-0002-5907-0447

https://doi.org/10.1021/acs.langmuir.4c04622
Langmuir 2025, 41, 11339-11348


https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04622?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.4c04622/suppl_file/la4c04622_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raj+Tadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0003-1200-5693
https://orcid.org/0009-0003-1200-5693
mailto:rajtadi95@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+A.+Richards"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2775-6807
https://orcid.org/0000-0002-2775-6807
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fraser+H.+J.+Laidlaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5907-0447
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beth+Green"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c04622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Beth Green — Reading Science Centre, Mondelez International,
Reading RG6 6LA, UK.

Thomas Curwen — Reading Science Centre, Mondelez
International, Reading RG6 6LA, UK.

Andrew B. Schofield — SUPA School of Physics and
Astronomy, University of Edinburgh, Edinburgh EH9 3FD,
UK.

Job H. J. Thijssen — SUPA School of Physics and Astronomy,
University of Edinburgh, Edinburgh EH9 3FD, UK,

orcid.org/0000-0001-7211-8348

Paul S. Clegg — SUPA School of Physics and Astronomy,
University of Edinburgh, Edinburgh EH9 3FD, UK,;

orcid.org/0000-0003-0280-4670

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.4c04622

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

R.T. gratefully acknowledges support from a BBSRC Mondelez
International CTP Studentship (grant no. BB/P011640/1).
J.AR. was supported by the UK Engineering and Physical
Sciences Research Council Impact Acceleration Account
[Grant No. EP/X525698/1]. We acknowledge the use of the
Zeiss Crossbeam Cryo FIB/SEM bought with the EPSRC
grant EP/P030564/1.

B REFERENCES

(1) Sun, Z.; Yan, X; Xiao, Y.; Hu, L.; Eggersdorfer, M.; Chen, D.;
Yang, Z.; Weitz, D. A. Pickering emulsions stabilized by colloidal
surfactants: Role of solid particles. Particuology 2022, 64, 153—163.

(2) Hernandez-Rodriguez, G.; Tenorio-Garcia, E.; Ettelaie, R;
Lishchuk, S. V.; Harbottle, D.; Murray, B. S.; Sarkar, A.
Demulsification of Pickering emulsions: advances in understanding
mechanisms to applications. Soft Matter 2024, 20, 7344—7356.

(3) Sarkar, A.; Dickinson, E. Sustainable food-grade Pickering
emulsions stabilized by plant-based particles. Curr. Opin. Colloid
Interface Sci. 2020, 49, 69—81.

(4) Laredj-Bourezg, F.; Bolzinger, M.-A; Pelletier, J.; Chevalier, Y.
Pickering emulsions stabilized by biodegradable block copolymer
micelles for controlled topical drug delivery. Int. J. Pharm. 2017, 531,
134—-142.

(5) Sabri, F.; Berthomier, K.; Wang, C.-S.; Fradette, L.; Tavares, J.
R; Virgilio, N. Tuning particle—particle interactions to control
Pickering emulsions constituents separation. Green Chem. 2019, 21,
1065—1074.

(6) Aveyard, R; Binks, B. P.; Clint, J. H. Emulsions stabilised solely
by colloidal particles. Adv. Colloid Interface Sci. 2003, 100, 503—546.

(7) Thijssen, J. H. J; Vermant, ]J. Interfacial rheology of model
particles at liquid interfaces and its relation to (bicontinuous)
Pickering emulsions. J. Phys.: Condens. Matter 2018, 30, 023002.

(8) Deshmukh, O. S.; van den Ende, D.; Stuart, M. C.; Mugele, F.;
Duits, M. H. Hard and soft colloids at fluid interfaces: Adsorption,
interactions, assembly & rheology. Adv. Colloid Interface Sci. 20185,
222, 215-227.

(9) Razavi, S; Cao, K. D.; Lin, B;; Lee, K. Y. C;; Tu, R. S;
Kretzschmar, I. Collapse of particle-laden interfaces under compres-
sion: buckling vs particle expulsion. Langmuir 2018, 31, 7764—7775.

(10) Zang, D.; Rio, E.; Langevin, D.; Wei, B.; Binks, B. Viscoelastic
properties of silica nanoparticle monolayers at the air-water interface.
Eur. Phys. ]. E 2010, 31, 125—134.

(11) Reynaert, S.; Moldenaers, P.; Vermant, J. Interfacial rheology of
stable and weakly aggregated two-dimensional suspensions. Phys.
Chem. Chem. Phys. 2007, 9, 6463—6475.

(12) Yu, K; Zhang, H.; Biggs, S.; Xu, Z.; Cayre, O. J.; Harbottle, D.
The rheology of polyvinylpyrrolidone-coated silica nanoparticles
positioned at an air-aqueous interface. J. Colloid Interface Sci. 2018,
527, 346—3SS.

(13) Rahman, S. E.; Laal-Dehghani, N.; Barman, S.; Christopher, G.
F. Modifying interfacial interparticle forces to alter microstructure and
viscoelasticity of densely packed particle laden interfaces. J. Colloid
Interface Sci. 2019, 536, 30—41.

(14) Mears, R.; Muntz, L; Thijssen, J. H. J. Surface pressure of liquid
interfaces laden with micron-sized particles. Soft Matter 2020, 16,
9347-9356.

(15) Barman, S.; Christopher, G. F. Simultaneous interfacial
rheology and microstructure measurement of densely aggregated
particle laden interfaces using a modified double wall ring interfacial
rheometer. Langmuir 2014, 30, 9752—9760.

(16) Guzman, E.; Martinez-Pedrero, F.; Calero, C.; Maestro, A.;
Ortega, F.; Rubio, R. G. A broad perspective to particle-laden fluid
interfaces systems: From chemically homogeneous particles to active
colloids. Adv. Colloid Interface Sci. 2022, 302, 102620.

(17) Barman, S.; Christopher, G. F. Role of capillarity and
microstructure on interfacial viscoelasticity of particle laden interfaces.
J. Rheol. 2016, 60, 35—45.

(18) Rodriguez-Hakim, M.; Oblak, L.; Vermant, J. Facile and robust
production of ultrastable micrometer-sized foams. ACS Eng. Au. 2023,
3, 235—248.

(19) Beltramo, P. J.; Gupta, M.; Alicke, A.; Liascukiene, 1; Gunes, D.
Z.; Baroud, C. N,; Vermant, J. Arresting dissolution by interfacial
rtheology design. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 10373—
10378.

(20) Dinsmore, A; Hsu, M. F.; Nikolaides, M.; Marquez, M.;
Bausch, A.; Weitz, D. Colloidosomes: selectively permeable capsules
composed of colloidal particles. Science 2002, 298, 1006—1009.

(21) Tadi, R;; Green, B.; Curwen, T.; Clegg, P. S. Long term water
trapping in Pickering emulsions undergoing compositional ripening.
Soft Matter 2023, 19, 9428—9434.

(22) Muntz, 1; Richards, J. A.; Brown, S.; Schofield, A. B.; Rey, M.;
Thijssen, J. H. J. Contactless interfacial rheology: Probing shear at
liquid—liquid interfaces without an interfacial geometry via
fluorescence microscopy. J. Rheol. 2023, 67, 67—80.

(23) Arditty, S.; Whitby, C.; Binks, B.; Schmitt, V.; Leal-Calderon, F.
Some general features of limited coalescence in solid-stabilized
emulsions. Eur. Phys. J. E 2003, 11, 273—281.

(24) Reynaert, S.; Brooks, C. F.; Moldenaers, P.; Vermant, J.; Fuller,
G. G. Analysis of the magnetic rod interfacial stress rheometer. J.
Rheol. 2008, 52, 261—285.

(25) Vandebril, S.; Franck, A,; Fuller, G. G.; Moldenaers, P.;
Vermant, J. A double wall-ring geometry for interfacial shear
rheometry. Rheol. Acta. 2010, 49, 131—144.

(26) Renggli, D.; Alicke, A.; Ewoldt, R. H.; Vermant, J. Operating
windows for oscillatory interfacial shear rheology. J. Rheol. 2020, 64,
141-160.

(27) Macosko, C. W. Rheology: principles, measurements, and
applications; Advances in interfacial engineering series; VCH; Wiley-
VCH, 1994.

(28) Barnes, H. A. The ‘yield stress myth?’paper—21 years on. Appl.
Rheol. 2007, 17, 43110—43111.

(29) Van Hooghten, R; Blair, V. E.; Vananroye, A.; Schofield, A. B;
Vermant, J.; Thijssen, J. H. J. Interfacial rheology of sterically
stabilized colloids at liquid interfaces and its effect on the stability of
pickering emulsions. Langmuir 2017, 33, 4107—4118.

(30) Zhang, H.; Yu, K.; Cayre, O. ]J.; Harbottle, D. Interfacial particle
dynamics: one and two step yielding in colloidal glass. Langmuir 2016,
32, 13472—13481.

(31) Divoux, T;; Agoritsas, E.; Aime, S.; Barentin, C.; Barrat, J.-L.;
Benzi, R.; Berthier, L.; Bi, D.; Biroli, G.; Bonn, D.; Bourrianne, P;
Bouzid, M.; Del Gado, E.; Delanoé-Ayari, H.; Farain, K; Fielding, S.;
Fuchs, M.; van der Gucht, J.; Henkes, S.; Jalaal, M,; Joshi, Y. M,;
Lemaitre, A.; Leheny, R. L.; Manneville, S.; Martens, K.,; Poon, W. C.
K.; Popovi¢, M.; Procaccia, L; Ramos, L.; Richards, J. A.; Rogers, S.;

https://doi.org/10.1021/acs.langmuir.4c04622
Langmuir 2025, 41, 11339-11348


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Curwen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+B.+Schofield"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Job+H.+J.+Thijssen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7211-8348
https://orcid.org/0000-0001-7211-8348
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+S.+Clegg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0280-4670
https://orcid.org/0000-0003-0280-4670
https://pubs.acs.org/doi/10.1021/acs.langmuir.4c04622?ref=pdf
https://doi.org/10.1016/j.partic.2021.06.004
https://doi.org/10.1016/j.partic.2021.06.004
https://doi.org/10.1039/D4SM00600C
https://doi.org/10.1039/D4SM00600C
https://doi.org/10.1016/j.cocis.2020.04.004
https://doi.org/10.1016/j.cocis.2020.04.004
https://doi.org/10.1016/j.ijpharm.2017.08.065
https://doi.org/10.1016/j.ijpharm.2017.08.065
https://doi.org/10.1039/C8GC03007C
https://doi.org/10.1039/C8GC03007C
https://doi.org/10.1016/S0001-8686(02)00069-6
https://doi.org/10.1016/S0001-8686(02)00069-6
https://doi.org/10.1088/1361-648X/aa9c74
https://doi.org/10.1088/1361-648X/aa9c74
https://doi.org/10.1088/1361-648X/aa9c74
https://doi.org/10.1016/j.cis.2014.09.003
https://doi.org/10.1016/j.cis.2014.09.003
https://doi.org/10.1021/acs.langmuir.5b01652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b01652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1140/epje/i2010-10565-7
https://doi.org/10.1140/epje/i2010-10565-7
https://doi.org/10.1039/b710825g
https://doi.org/10.1039/b710825g
https://doi.org/10.1016/j.jcis.2018.05.035
https://doi.org/10.1016/j.jcis.2018.05.035
https://doi.org/10.1016/j.jcis.2018.10.028
https://doi.org/10.1016/j.jcis.2018.10.028
https://doi.org/10.1039/D0SM01229G
https://doi.org/10.1039/D0SM01229G
https://doi.org/10.1021/la502329s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la502329s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la502329s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la502329s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cis.2022.102620
https://doi.org/10.1016/j.cis.2022.102620
https://doi.org/10.1016/j.cis.2022.102620
https://doi.org/10.1122/1.4935128
https://doi.org/10.1122/1.4935128
https://doi.org/10.1021/acsengineeringau.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsengineeringau.3c00005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1705181114
https://doi.org/10.1073/pnas.1705181114
https://doi.org/10.1126/science.1074868
https://doi.org/10.1126/science.1074868
https://doi.org/10.1039/D3SM00856H
https://doi.org/10.1039/D3SM00856H
https://doi.org/10.1122/8.0000559
https://doi.org/10.1122/8.0000559
https://doi.org/10.1122/8.0000559
https://doi.org/10.1140/epje/i2003-10018-6
https://doi.org/10.1140/epje/i2003-10018-6
https://doi.org/10.1122/1.2798238
https://doi.org/10.1007/s00397-009-0407-3
https://doi.org/10.1007/s00397-009-0407-3
https://doi.org/10.1122/1.5130620
https://doi.org/10.1122/1.5130620
https://doi.org/10.1515/arh-2007-0012
https://doi.org/10.1021/acs.langmuir.6b04365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b03586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b03586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c04622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir

Rossi, S.; Sbragaglia, M.; Tarjus, G.; Toschi, F.; Trappe, V.; Vermant,
J.; Wyart, M.; Zamponi, F.; Zare, D. Ductile-to-brittle transition and
yielding in soft amorphous materials: perspectives and open
questions. Soft Matter 2024, 20, 6868—6888.

(32) Smith, G. N.; Alexander, S.; Brown, P.; Gillespie, D. A.; Grillo,
I; Heenan, R. K; James, C.; Kemp, R; Rogers, S. E.; Eastoe, J.
Interaction between surfactants and colloidal latexes in nonpolar
solvents studied using contrast-variation small-angle neutron scatter-
ing. Langmuir 2014, 30, 3422—3431.

(33) Chatté, G.; Comtet, J.; Nigues, A.; Bocquet, L.; Siria, A;
Ducouret, G.; Lequeux, F.; Lenoir, N.; Ovarlez, G.; Colin, A. Shear
thinning in non-Brownian suspensions. Soft Matter 2018, 14, 879—
893.

(34) Vlassopoulos, D.; Cloitre, M. Tunable rheology of dense soft
deformable colloids. Curr. Opin. Colloid Interface Sci. 2014, 19, S61—
574.

(35) Liberzon, A.; Kiufer, T.; Bauer, A.; Vennemann, P.; Zimmer, E.
OpenPIV/openpiv-python: OpenPIV-Python v0.23.4. 2021; , Ac-
cessed: 2022—09—03.

(36) Nguyen, Q.; Boger, D. Measuring the flow properties of yield
stress fluids. Annu. Rev. Fluid. Mech. 1992, 24, 47—88.

11348

https://doi.org/10.1021/acs.langmuir.4c04622
Langmuir 2025, 41, 11339-11348


https://doi.org/10.1039/D3SM01740K
https://doi.org/10.1039/D3SM01740K
https://doi.org/10.1039/D3SM01740K
https://doi.org/10.1021/la500331u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500331u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la500331u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SM01963G
https://doi.org/10.1039/C7SM01963G
https://doi.org/10.1016/j.cocis.2014.09.007
https://doi.org/10.1016/j.cocis.2014.09.007
https://doi.org/10.1146/annurev.fl.24.010192.000403
https://doi.org/10.1146/annurev.fl.24.010192.000403
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c04622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

