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Deformable colloids and macromolecules adsorb at interfaces as they decrease the interfacial energy
between the two media. The deformability, or softness, of these particles plays a pivotal role in the
properties of the interface. In this study, we employ a comprehensive in situ approach, combining
neutron reflectometry with molecular dynamics simulations, to thoroughly examine the profound
influence of softness on the structure of microgel Langmuir monolayers under compression. Lateral
compression of both hard and soft microgel particle monolayers induces substantial structural
alterations, leading to an amplified protrusion of the microgels into the aqueous phase. However, a
critical distinction emerges: hard microgels are pushed away from the interface, in stark contrast to the
soft ones, which remain firmly anchored to it. Concurrently, on the air-exposed side of the monolayer,
lateral compression induces a flattening of the surface of the hard monolayer. This phenomenon is not
observed for the soft particles as the monolayer is already extremely flat even in the absence of
compression. These findings significantly advance our understanding of the key role of softness on both
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the equilibrium phase behavior of the monolayer and its effect when soft colloids are used as stabilizers
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1 Introduction

Colloidal particles and macromolecules are known to reduce
interfacial energies, allowing them to be confined at the
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of responsive interfaces and emulsions.

interface of immiscible liquids." This property has been exten-
sively utilized to stabilize emulsions employing surfactants,>
proteins,® and polymers.* Polymer crosslinked particles, ie.,
microgels, are also often used to realize Pickering-
like emulsions.”” If the polymer used in the syntheses has a
lower critical solution temperature (LCST), e.g. poly(N-
isopropylacrylamide), the emulsions can be broken on demand
by increasing the temperature above the LCST.**° Unlike hard
colloids, microgels exhibit significant deformations upon
adsorption,'™'? and their protrusion in the two subphases
depends on their softness."> Moreover, the diverse compressi-
bility within their volume'*"® gives rise to intriguing phase
behavior, including the formation of different hexagonal
lattices.’® In this framework, mechanical and visco-elastic
properties of air-water and oil-water microgel-covered inter-
faces have been investigated by means of interfacial rheology
and surface pressure measurements to determine how microgel
conformation, packing and film stability change in response to
compression.'’

Softness is known to strongly affect the properties of micro-
gels at interfaces, such as the formation of crystalline lattice,
the contact angle they form and the final architecture they
assume once adsorbed.'” The softest pNIPAM-based microgels
that can be synthesized by precipitation polymerization®*~° are
the so-called ultra-low crosslinked (ULC) microgels.>”>° They
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exhibit properties that lie between those of hard particles and
linear polymers"*° and for this reason they play a crucial role
in emulsion stabilization, enabling the formation of stable
emulsions with properties in between those stabilized by
macromolecules and those stabilized by responsive hard
microgels.>’ Indeed, very recently, it was demonstrated that
the limited deformability of soft microgels is key for the
formation of stimuli-responsive emulsions.>* The study also
indicated that changes in the in-plane dimension of the micro-
gels above and below the volume phase transition temperature
(VPTT) cannot be responsible for emulsion destabilization.
Therefore, changes in the vertical structure of the microgel
monolayers are pivotal for droplet stability and resistance
against flocculation and coalescence interfacial behavior. How-
ever, the experimental technique utilized by the authors did not
prove the vertical distribution of the microgels under external
stimuli since the observations were based on cryo-scanning
electron microscopy (cryo-SEM).>*

Recent interfacial measurements of microgels highlighted
that they also share common properties with proteins and
antibodies confined at air-water and oil-water interfaces.*?
For instance, antibody monolayers show similar values of the
surface elastic modulus compared to hard microgels®® and, in
both cases, the elastic properties of the monolayer are related to
particle deformation and interaction upon adsorption suggest-
ing similarities in the microscopic structures of microgels and
bio-molecules at interfaces.**

Hard and soft colloids at the interface are also often used as
model systems to study fundamental problems, such as those
related to two-dimensional crystallisation. For example, hard
particles at the air-water interface have been used to investigate
the melting and self-diffusion, in two dimensions, of neutral
and charged hard spheres.**” Similarly, soft colloids have
been instrumental in exploring the polymer-to-particle
duality®® and understanding the impact of particle softness
and deformability on the phase behaviour of soft spheres in two
dimensions at rest'>'®*%3% and under flow.>°

To better understand both the monolayer interfacial phase
behavior and the stability of the microgel-covered interface,
fundamental for emulsion stability, one must consider not only
the in-plane structure of the microgel but also how the out-of-
plane morphology of these particles responds in different
liquid (water and oil) and gas (air) phases.

Traditional techniques for characterizing the out-of-plane
profile of microgels at interfaces rely on ex situ analysis,
involving monolayer deposition on solid substrates followed
by methods like atomic force microscopy (AFM),***" and freeze-
fracture shadow-casting cryogenic scanning electron micro-
scopy (FreSCa cryo-SEM).*>**> However, these approaches lack
the capability to study the in situ properties of the monolayer,
making it challenging to investigate dynamic responses to
external conditions like compression forces or temperature
changes. Furthermore, the transfer of a microgel monolayer
from a fluid interface to a solid substrate might introduce
artifacts, raising concerns about the reliability of observed
solid-to-solid isostructural phase transitions.?**
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Among surface-sensitive techniques, neutron reflectometry
(NR) can be used to determine the out-of-plane profile of the
microgels orthogonal to the interface and to assess their
volume fraction in situ."** In this work, by combining NR,
surface pressure measurements, and computer simulations, we
comprehensively describe the out-of-plane behavior of
PNIPAM-based microgel monolayers under compression at
the air-water interface. Microgel particles spread at different
fluid interfaces, such as air-water or oil-water for instance, are
characterised by a similar behaviour as determined in the
absence of lateral compression.*®*” Switching from air to oil
as the hydrophobic phase results only in a slightly greater
protrusion of the polymer chains in the hydrophobic phase.
Hence, we anticipate our findings obtained in the presence of
lateral compression to be applicable beyond the air-water
interface investigated here, extending to other fluid interfaces.

To probe the effect of softness, pNIPAM microgels cross-
linked with 5 mol% N,N’-methylenebisacrylamide (BIS)"* and
ultra-low crosslinked ones'® are used. The latter are obtained
without the addition of any crosslinker and the polymeric
network forms due to the hydrogen atom abstraction at the
tertiary carbon atom of the isopropyl group.”® In accordance
with the terminology from our recent works, we name the
microgels prepared with ultra-low cross-linker content as ‘soft’
and those with high cross-linker content, having a bulk mod-
ulus two orders of magnitude larger than the ultra-low cross-
linked ones,” as ‘hard’. In solution, these hard microgel
particles feature a core-corona internal structure,*® while the
soft ones are characterised by a more homogeneous polymer
network.”’

NR experiments are performed on a null-reflecting interface
using partially deuterated polymers to highlight the structural
changes taking place at the nano-scale in the microgel Lang-
muir monolayer upon compression. Furthermore, computer
simulations are exploited to evaluate the structural changes
taking place upon lateral compression for in silico microgels
synthesized at different cross-link contents.*®

Our results show that despite similar surface elasticity of
hard and soft monolayers, upon compression hard microgels
are pushed further away from the interface, with a significant
decrease in their protrusion in air and the formation of a
thicker polymer-dense phase in water. In contrast, soft micro-
gels remain anchored at the interface: an increase in the
density of the microgels in water is observed but at the same
time, their protrusion in air is not affected by compression and
remains constant and limited to few nanometers. Furthermore,
the polymer volume fraction of pNIPAM sitting onto the inter-
face is virtually the same for both the hard and soft microgels.

2 Methods

2.1 Synthesis

Deuterated 5 mol% crosslinked and ultra-low crosslinked
PNIPAM-based microgels measured here are the same as those

investigated in our previous study at the water interface."®

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00235k

Open Access Article. Published on 08 April 2024. Downloaded on 10/28/2025 1:48:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

Precipitation polymerization was used to synthesize deuter-
ated regular 5 mol% crosslinked microgels. 1.5072 g of a
NIPAM monomer with 7 hydrogen atoms substituted by deu-
terium (D7-pNIPAM, [C¢D,;H,NO],) was added to 0.1021 g of
N,N’-methylenebisacrylamide (BIS, crosslinker agent), and
20.2 mg of sodium dodecyl sulfate (SDS) and dissolved in
83 mL of filtered double-distilled water. The solution was
heated to 60 °C under constant stirring while purged with
nitrogen for 1 h. The reaction was started by rapid addition
of the initiator, a degassed solution of 37.1 mg of potassium
peroxydisulfate (KPS) in 5 mL water. The reaction continued for
4 h under constant stirring before temperature was lowered to
room temperature.

Deuterated ultra-low crosslinked (ULC) microgels were
obtained without the addition of any crosslinker agent from
free radical precipitation polymerization of D3-NIPAM
(C¢D3HgNO).*® Briefly, the monomer solution consisted of
70 mmol L™ of D3-NIPAM and 1.2 mmol L™" SDS in water.
The reaction solution was purged with nitrogen under stirring
at 100 rpm and heated to 70 °C. At the same time, a solution of
KPS (1.6 mmol L™" in the reaction solution) was degassed. To
initiate the reaction, the KPS solution was then transferred into
the monomer solution. The reaction proceeded for 4 hours
under constant stirring at 70 °C before being stopped by
decreasing the temperature to room temperature. The use of
a monomer with only 3 atoms of deuterium is needed since in
the monomer with 7 deuterium atoms the isopropyl group of
NIPAM is deuterated and this suppresses the hydrogen atom
abstraction responsible for the formation of the polymeric
network when no crosslinker is used during the synthesis.?®

Both microgels were purified by threefold centrifugation
and lyophilization was applied for storage. The choice of using
deuterated microgels was made to increase the signal originat-
ing from the particles at the air-water interface during NR
experiments.

2.2 Monolayer preparation and compression

All measurements were performed at the air-liquid interface
using a temperature-controlled PTFE Langmuir trough (Kibron,
Finland) as sample environment. Surface pressure n was mea-
sured and monitored continuously using paper Wilhelmy
plates. The trough was equipped with a single PTFE movable
barrier that slides, in contact with the top of the liquid phase,
parallel to the walls of the trough. By its movement, the area
onto which monolayers were deposited could be varied from
160 cm® to 70 cm?, being the smaller value defined by instru-
mental constraints such as the footprint of the neutron beam
and the presence of the pressure sensor. In all experiments,
surface compression was unidirectional, aligned with the move-
ment of the barrier. The rate of compression was consistently
set at ~6.5 cm” min~ " for all samples, ensuring a gradual and
uniform compression process. This slow compression rate
guarantees that the samples were probed under equilibrium
conditions.'**%*” Before and between measurements on differ-
ent samples, the trough was cleaned and a fresh interface
created. The liquid phase consisted of a mixture of MilliQ-

This journal is © The Royal Society of Chemistry 2024
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grade H,O and D,0 (91.9:8.1, v/v), known as air contrast-
matched water (ACMW), which has a coherent scattering length
of zero (equal to that of air) and provides no contribution to the
specular reflectivity.’® Using this approach, reflectivity origi-
nated only by the microgel particles localised at the interface.
Microgels dissolved at a concentration of 1 mg mL™ " in
deuterated chloroform were spread drop-wise at the air-water
interface with a Hamilton syringe. The Langmuir monolayer
was then compressed to the desired surface pressure and
reflectivity was measured. The measured surface pressure
ranged from 1 to 30 mN m™ ", but the entire interval could
not be probed by a single compression. Therefore, different
initial amounts of the microgel solutions were spread onto
fresh interfaces to reach all measurement points. The tempera-
ture was set to T = 20 £ 0.5 °C. Quasi-static compression
isotherms (Fig. S1, ESIt) were measured to probe the mechan-
ical response of the monolayers. From the n-A curves (being A
the area normalised by the amount of microgel), the compres-

sion elastic modulus of the surface, ¢, was calculated as®'*>
dr

e=—A— 1

aa 1)

2.3 Neutron reflectometry

NR measurements have been performed using the time-of-
flight Fluid Interfaces Grazing Angles Reflectometer (FIGARO)
at the Institut Laue-Langevin (ILL) in Grenoble, France.’?
Briefly, reflectivity R, i.e., the ratio between the number of
reflected and incident neutrons, is measured as a function of
the exchanged wave-vector Q in the direction perpendicular to
the reference interface. In first approximation, R is proportional
to the square modulus of the Fourier transform of the first
derivative of the scattering length density (SLD) with respect to
z, which is the direction perpendicular to the horizontal plane
defined by the air-water interface (located at z = 0).

Since the SLD depends on the type of nuclei present in the
sample, from the analysis of NR data it is possible to determine
the sample structure and the volume fraction profiles, ¢(z), of
its components.

The Q range of interest was covered using two configura-
tions with the incoming beam wavelengths A ranging between 2
and 20 A at two different angles of incidence, namely 6: 0.615°

A
and 3.766°. The ?Q resolution was set to 7% for all the

measurements and the footprint of the neutron beam at the
sample position was kept constant at 1 x 4 cm”. Reflected
neutrons were collected on a bi-dimensional *He detector and
converted to reflectivity curves by using the COSMOS routine
provided by the ILL.>*

2.4 NR data modeling

The main objective of NR data analysis was to accurately
represent the projection of the microgel volume fraction profile
(¢ug or vep) along the vertical axis (z). It is well-known that
individual microgel particles in the swollen state in solution

Soft Matter, 2024, 20, 3653-3665 | 3655
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can be described using the fuzzy sphere form factor*® character-
ized by a Gaussian-like decay of the radial polymer distribution in
the corona region. On the contrary, microgel particles do not
maintain a spherical shape when adsorbed at an interface, either
in dilute or crowded conditions'"'>>* and their interactions with
the neighbouring particles in the monolayer can induce further
deformations. This, together with the presence of internal regions
(core and corona) characterised by different polymer concen-
tration, and therefore softness,'* makes it challenging to develop
an analytical model able to accurately describe the particle
morphology at an interface. Moreover, given the large size of
swollen microgel particles with respect to the typical distances
probed by neutrons in NR experiments, the use of the common
representation of the monolayer in terms of a finite number of
slabs®® might not be sufficient to quantitatively describe the
changes taking place in the microgel volume fraction profile
(VFP) under compression.

In this work, these limitations are circumvented by using a
phenomenological description of the projection of ¢, ortho-
gonal to the interface. Based on previous experimental and
computational evidences,”* a microgel monolayer is charac-
terised by a denser region at the interface (z = 0 nm), modeled
in our approach by a Gaussian peak (eqn (S1), ESIT), and by two
regions, in water and in air, with lower polymer density that
also gradually decreases to zero moving away from the inter-
face. These two regions, called protrusions in the manuscript,
are modeled using error functions (eqn (S2) and (S3), ESIt). As
detailed in the ESI,{ the width, the position along z and the
amplitude of the error functions, as well as the position along z,
width and amplitude of the Gaussian peak are the model
parameters optimised during data analysis. The VFPs of air
and water phases, namely ¢,;(z) and ¢/(z) (eqn (S4) and (S5),
ESIt), are described by error functions centered at z = 0 with a
fixed width of 0.3 nm, matching the expected surface roughness
due to capillary waves in a free water surface at ambient
pressure and temperature.”” Generic VFPs for air, water and
microgel layer are shown in Fig. S2 in the ESI.{ The total SLD
profile SLD(z) was computed by multiplying each VFP contribu-
tion by the respective material SLD value as

SLD(Z) = SLDair(/)air(z) + SLDW(/)W(Z) + SLngd)ug(z)' (2)

In the present study, by using ACMW as liquid phase (SLD,;, =
SLD,, = 0), eqn (2) was simplified to SLD(z) = SLD,,4¢,4(2), where
SLD,, is the SLD value for the microgel determined experimen-
tally by means of small-angle neutron scattering, namely 3.03 x
107° A% for D3-pNIPAM*® and 5.39 x 107°® A% for D7-
PNIPAM,>® respectively.

As detailed in the literature,®® reflectivity curves R can be
computed from an SLD profile by dividing the latter into a large
number of finite-size slabs with zero interfacial roughness,
which are then used as input for algorithms based on the
Parratt’s formalism® or on the Abeles matrix method.® In the
present case, calculation of SLD profiles and of reflectivity
curves was performed using algorithms, based on the Parratt’s
formalism, present in the Aurore software application.®® The
computed reflectivity was then fitted to the experimental data
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using a least squares minimization approach. During this step,
the smearing effect due to the instrumental resolution as well
as the presence of a flat background were taken into account.
This iterative procedure led to the optimization of the para-
meters characterising the microgel VFP.

To enhance the reliability of the obtained parameters and to
highlight the sensitivity of the proposed model to the different
regions of the experimental data, the bootstrapping technique
described in ref. 63 was used. One hundred bootstrap samples
were generated by resampling the experimental data with replace-
ment. In this context, for every experimental point, a new reflec-
tivity value was randomly selected within a range defined by the
absolute experimental error. For each bootstrap sample, the
model reflectivity curves were optimized independently. This
procedure, despite being very intensive from a computational
point of view, allowed us to obtain a distribution of model curves
representing 95% confidence intervals (1.96 standard deviations
for normal distributions). Using all the models falling within this
interval, the corresponding confidence intervals associated with
the VFP were calculated. An illustrative example of the procedure
outcome is presented in Fig. S4 (ESIT).

2.5 Modeling and interaction potentials

In silico microgels are designed to reproduce in a coarse-
grained manner a standard pNIPAM network. In the presence
of BIS acting as crosslinking agent, we assemble the network by
exploiting patchy particles with two and four patches, repre-
senting monomers and crosslinkers, respectively. We focus on
microgels with ¢ = 5% of crosslinkers as in experiments, using a
total number of particles N ~ 5000 and N =~ 42000. Four
patches particles also experience an additional design force to
concentrate them more in the center of the network.®* The
spherical shape of the microgel is obtained by applying a
spherical confinement of radius Z = 25¢ and Z = 500 respec-
tively, with ¢ the unit of length in simulations and the size of
each particle. As already reported in a previous work by some of
the authors,"*®® for the ULC microgels, we use the same
approach based on patchy particles. However, the fraction of
crosslinkers, amounting to self-crosslinks among pNIPAM
monomers, is equal to ¢ = 0.3%, as estimated from a compar-
ison with experimental data in ref. 66. In this case, we use N ~
21000 and a much lower network density, with the spherical
confinement taking place in a sphere of radius Z = 55.50. For a
fast assembly, we make use of the OXDNA simulation package®’
on GPU processors. More details on the assembly protocol and
on the interaction potentials for patchy particles can be found
in ref. 13, 64, 66 and 67.

Subsequently, for preserving the topology of the assembled
patchy particles, each link is substituted with a permanent
bond as in the Kremer-Grest bead-spring model for polymers.
In this way, all beads interact via the Weeks-Chandler-Ander-
son (WCA) potential

Vweal(r) = * {(’f) 12_<%> 6} e dfrs 2%U~ 3)

0 otherwise

This journal is © The Royal Society of Chemistry 2024
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with € setting the energy scale and r the distance between two
particles. Connected beads also interact via the finitely exten-
sible nonlinear elastic (FENE) potential,

r 2
1—(—
(Roff )
with kp = 15 which determines the stiffness of the bond and R, =
1.5 is the maximum bond distance.
To study in silico microgels at an interface, we then make use
of explicit solvent particles. These are treated as soft beads

within the dissipative particle dynamics (DPD) framework.®*%°

Therein, the total interaction force among beads is Fl»j = fﬁ +
13‘}13- + Fy5, where:

Veene(r) = —ekg Ry’ In if r<Roo, (4)

iy
H!']‘ = ayw(ry)fy (5)
By = —yw(ry) g Ty)fy (6)
_ kgT 0
FR = 2980 (1) ——f 7
ij Y m W('/)\/Er./ )

As from previous works,”””! we set a,; = a,, = 8.8, a;, = 31.1,

for the interactions between fluid 1 and fluid 2. Instead, for the
monomer-solvent interactions, an,; = 4.5 and a,, = 5.0, making
fluid 1, representing water, the preferred phase. The cut-off
radius was set to be r. = 1.9¢ and the reduced solvent density
Pppp = 4.5.

2.6 System setup and simulation details

For the microgels with ¢ = 5%, we create a monolayer of
microgels with N = 5000 monomers by disposing twelve of
them in a rectangular simulation box with periodic boundary
conditions. We first let the system equilibrate at low densities
in the presence of explicit solvent, so that the particles acquire
the characteristic “fried-egg” shape experimentally observed
once they are adsorbed onto interfaces.'*'*?*4> we then
progressively reduce the size of the simulation box in the x
and y directions, leaving unaltered the z direction, perpendi-
cular to the plane of the interface, and keeping constant the
solvent density.

We also perform compression runs of single microgels of
larger size (N = 42K beads for ¢ = 5% microgels, and N = 21K
beads for ULC ones) by imposing an external force of cylindrical
symmetry, with z as the main axis. In this way, all the mono-
mers experience a harmonic force F(r) = —k(r — R)> with F(r) =0
if r > R, where ris the distance from the monomer to the center
axis of the cylinder, R is the equilibrium radius of the cylinder
and k = 10 is the intensity of the force. Solvent beads are not
subjected to F(r). The larger size of ULC microgels in simula-
tions makes it unfeasible with present computational resources
to run multiple microgels or larger system sizes for the single
ones, due to the larger box size filled with solvent molecules.

Simulations are run in the NVT ensemble fixing the reduced
temperature of the system 7* = 1 via the DPD thermostat, and
they are performed with LAMMPS.”” In all cases, we record the
microgel density profile p(z), that is obtained by dividing the
simulation box along the z axis into three dimensional bins that

This journal is © The Royal Society of Chemistry 2024
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are parallel to the interface. For the case of the microgel
monolayer, we measure p(z) for each microgel and then average
it over all particles.

2.7 Comparison between simulated systems and experiments

A quantity that can be easily computed, allowing a direct
comparison between simulated systems and those measured

experimentally, is the generalized area fraction {,p:'*2%%%%/
Ny - Ap

=7 8

tap = ®)

meas

where Nj, is the number of particles in the observed area Apmeas,
and A, is the interfacial area of an individual microgel particle
in the dilute regime. In the experiments, Ane.s Was fixed to
4 cm?, while N, increased upon compression, and the changes
in N, are directly proportional to the changes in the area of the
trough when compressed by the barrier movement. In the
simulations, N, was fixed, and Ap,c,s decreased upon compres-
sion. It is also straightforward to extract the area of individual
microgels in absence of compression by considering the dis-
tribution of beads in the plane of the interface, at z = 0. For the
experiments, this value is usually determined ex situ, i.e., by
AFM on dry films transferred onto a solid substrate.*” Since the
Langmuir trough experiments presented in the manuscript
were performed in situ, the simultaneous deposition of the
monolayer and, consequently, the AFM measurements were not
possible. Therefore, we exploit the fact that both ULC and hard
microgel particles make contact at {,, ~ 1, and generally, this
area fraction corresponds to the lift-off of the pressure-area
isotherms.">?**” In this way we can establish an equivalence
between simulated and measured systems (see diamonds and
stars in Fig. S2, ESIf). Simulations for hard microgels are
the analogues of experiments performed at n = 1, 19, 25, and
28 mN m™ ', while those performed on ULC correspond to

experiments performed at = 1, 16, 25, 28, and 30 mN m ™.

3 Results

3.1 Surface pressure behaviour

The compression elastic modulus of the surface, ¢, was calcu-
lated using eqn (1) from the compression isotherms shown in
Fig. S1 (ESIf). Its dependence on the surface pressure 7 is
shown in Fig. 1 for both hard and soft microgel monolayers.
During the compression, the elasticity of both monolayers first
increases, up to a maximum of 49 + 3 mN m ' for surface
pressures in the range 12-16 mN m ™', then it decreases
down to zero as m approaches 30 mN m ‘. The maximum
elasticity occurs at slightly higher surface pressure for the soft
microgel monolayer (circles), namely at 14.4 mN m™ " versus
13.0 mN m~ " for the hard particles (squares).

This behavior is similar to what was reported by Picard
et al.”® and Pinaud et al.'* for pNIPAM monolayers at the air-
water and at the oil-water interface respectively, using particles
with cross-linker concentration varying from 1 mol%” to
5 mol%.'"”? In both studies, the authors attributed the max-
imum surface elasticity to the flattened conformation of the

Soft Matter, 2024, 20, 3653-3665 | 3657
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Fig.1 Compression elastic modulus ¢ calculated using egn (1) as a

function of the surface pressure n for the hard (D7-pNIPAM, squares)
and soft (D3-pNIPAM, circles) microgels.

microgel particles at the interface. Despite the similar trend of
g(m), the structure and arrangement of the hard and soft
monolayers investigated in this study are different and may
play a critical role in their overall behavior at the interface.

3.2 Volume fraction profiles: neutron reflectometry

Fig. 2(a) shows the measured reflectivity, R, (symbols) for the
hard microgel monolayer measured using ACMW as liquid
phase and deuterated (D7-pNIPAM) microgel particles along
with the model curves obtained from the data analysis (lines).
Data are shown on a RQ® scale to highlight the oscillations
present in the entire Q-range investigated. The experimental
data were collected upon compression of the monolayer at
surface pressure values indicated in the figure legend.

At first glance, it is evident that reflectivity increases from
the lowest (represented by down-side triangles) to the highest
levels of applied compression (indicated by circles and left-side
triangles). This rise in reflectivity can be attributed to the
increased polymer content within the area illuminated by
the neutron beam, resulting from the lateral movement of the
trough barriers. Notably, in the very low-Q regime, changes in
reflectivity are of a similar order of magnitude as the changes in
the illuminated area. However, it is important to note that it is
challenging to establish a precise proportionality between these
values due to their dependence on the formation of a film. For
the Q-range examined, this film cannot be considered extre-
mely thin and leads to the presence of fringes in the
reflectivity.”*

In addition to changes in overall intensity, the shape of the
experimental curves also changes in response to monolayer
compression, indicating variations in the monolayer volume
fraction profile ¢,4(z) and, consequently, in the sample scatter-
ing length density, SLD(z), both defined along the direction z
orthogonal to the interface. Indeed, the analysis of NR data,
performed using the model described in the ESIf and
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Fig. 2 (a) Neutron reflectivity R multiplied by Q? plotted as a function of
the exchanged wave-vector Q at different compressions of the hard
microgel monolayer. The different symbols and colors correspond to
different compression of the monolayer, as indicated in the legend. Solid
lines represent model reflectivity curves originating from eqn (2). Al
measurements were performed at T = (20.0 & 0.5) °C. (b) Polymer volume
fraction profiles as a function of the distance from the interface located at
z = 0 nm (dashed vertical line), corresponding to the model NR curves
displayed in panel (a). The same color coding applies in (a) and (b).

summarised by eqn (2), allowed us to determine ¢,,4(z) uniquely
(Fig. 2(b)). The chosen model effectively replicates the experi-
mental data across the entire Q-range investigated and accu-
rately captures fringes, common for thick films, visible at low-
Q. It is worth mentioning that the characteristic core-corona
structure of microgel particles is preserved once they are spread
at a fluid interface. However, due to effects such as deformation
and interpenetration of polymer chains, as well as a limited
difference in scattering length density, building a model cap-
able of distinguishing these two regions within a microgel
particle layer poses significant challenges.

The value of ¢,(z = 0) at the interface, given by the sum of
the amplitude of the Gaussian peak function, 44, and of the
error functions, A4, (see eqn (S1)-(S3) and schematic volume
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fraction profile in Fig. S2(b), ESIT) increases from 0.24 + 0.02
(r=1mNm ") to0.39 + 0.02 (r = 20 mN m ') as a function of
compression. This indicates the formation of a hydrated micro-
gel monolayer and an increase in the number of microgel
particles exposed to the neutron beam. With further compres-
sion of the monolayer, ¢,,(0) slightly decreases to 0.36 & 0.02
(r =1 mN m™"). Simultaneously, the interfacial peak broadens.
Together, the two observations indicate the rearrangement of
the polymer chains being pushed away from the surface.
Finally, at the higher surface pressure investigated, the amount
of material in the sample area increases (¢,,4(0) = 0.43 & 0.02)
while the width of the peak remains constant.

As described in the ESI, T the full extension of the microgel
across the interface is given by wg + w;; it remains almost
constant at 109 + 2 nm for surface pressures in the range 1 <
n < 13 mN m ', while it continuously increases for larger
compressions, reaching 240 + 10 nm at © = 27 mN m "
(squares and triangle in Fig. 3).

Although the most significant changes in ¢,,4(z) occur in the
water phase, the model also accurately captures the differences
in the protrusion of the microgel into the air phase (repre-
sented by w;, in Fig. S2(b), ESIt). Notably, measurements on the
microgel protrusion in hydrophobic phases are limited in the
literature and are commonly conducted using FreSCa cryo-
SEM,****%570 3 technique that requires freezing and fracturing
of the interface, actions that might not preserve the original
monolayer properties.** Only recently, the shape of microgel
particles at a fluid oil-water interface was characterised by
AFM.”® In the inset of Fig. 2(b), it can be observed that the
microgels, upon initial interaction, protrude approximately 9 +
1 nm into the air, a value comparable to what was previously
reported by Bochenek et al.'®> As compression is increased, the
microgels are pushed away from the air, leading to a decrease

250 -

w, + wy (nm)

HIH@
@

150 @ é
“

I .

0 5 10 15 20 25 30 35
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Fig. 3 Total extension of the VFP across the interface (w, + wy) for hard
(squares) and soft (circles) microgels as a function of the surface pressure
. Values corresponding to a surface pressure of © = 13 mN m™ (triangle
and diamond for the hard and soft microgels, respectively) were derived,
using the model described in the present manuscript, from NR data
published in ref. 13.

100
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in their protrusion to 5 + 1 nm (solid triangles in Fig. S3, ESIt).
It is important to note that, as illustrated in Fig. S2 (ESIY), the
protrusion is defined by the inflection point in the error
function that describes the rise of the volume fraction profile.
When the stretching parameter «, is large, the profile extends
further into the air phase, as is evident in Fig. 2(b) for the hard
microgels at low compression.

As already mentioned and also reported in the literature,*
the elastic response to compression of an ultra-low cross-linked
microgel monolayer is virtually the same as that of a hard
microgel monolayer in the pressure range investigated in the
current work. However, NR measurements indicate substantial
differences in the organisation and deformation of soft micro-
gel particles at the interface.

The NR curves in Fig. 4(a) show that the reflectivity mea-
sured for the soft microgel monolayer is generally lower than
that measured for their hard counterpart at the same (or very
similar) surface pressure values, leading to NR data charac-
terised by a lower S/N ratio. This difference is mainly due to the
fact that ultra-soft microgels consist of a lower amount of
polymer®® and that deuteration was performed only for three
"H atoms instead of seven. Since reflectivity is proportional to
the square of the contrast, a significant amount of soft microgel
particles at the interface would be necessary to achieve a
reflectivity of the same order of magnitude as that measured
for the hard microgel particles. Therefore, differences in the
magnitude of the reflectivity alone cannot be reliably used to
determine structural changes in the soft microgel monolayer.
Instead, structural changes were quantified employing the
same model used for the hard microgels. The theoretical
reflectivity curves and the corresponding ¢,(2z) profiles
obtained from the analysis are shown in Fig. 4(a) (solid lines)
and Fig. 4(b), respectively.

At the onset of the interaction between microgel particles,
denoted by the increase of the surface pressure from 0 mN m ™ *
to 1 mN m ', R is weak and almost featureless. At larger
compressions, the reflectivity increases and the shape of the
experimental data indicates the formation of an interfacial mono-
layer. This observation is reflected in the monolayer volume
fraction profiles measured at different surface pressures. In
particular, the value attained by ¢,,(z = 0) increases from 0.24 +
0.05 for 1 =1 mN m™ ' to 0.57 + 0.05 for = = 13 mN m™ " after
which it decreases to its initial value with further compression.
The amount of polymer present in the interfacial region of the
profile, ie. within £3w, from z = 0, is however increasing
continuously because of the increase of the width, w,, of the
Gaussian function. Conversely, the amplitude of the volume
fraction profiles in water and air, denoted by A, in eqn (S2) and
(S3) (ESIY), steadily increases from 0.02 + 0.01 to 0.06 + 0.01. In
the case of the hard microgel monolayer, this parameter did not
show any large variation, remaining almost constant in the range
0.02-0.03 for all investigated pressures. Furthermore, in the case
of the soft microgel monolayer, the protrusion of particles into the
air and water phases remains nearly constant, approximately
3.5 nm and 148 nm, respectively (green circles in Fig. 3, and blue
circles and red triangles in Fig. S3, ESIY).

Soft Matter, 2024, 20, 3653-3665 | 3659
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Fig. 4 (a) Neutron reflectivity R multiplied by Q2 plotted as a function of
the exchanged wave-vector Q at different compressions of the soft
microgel monolayer. The different symbols and colors correspond to
different compression of the monolayer, as indicated in the legend. Solid
lines represent model reflectivity curves originating from eqgn (2). All
measurements were performed at T = (20.0 £ 0.5) °C. (b) Polymer volume
fraction profiles as a function of the distance from the interface located at
z = 0 nm (dashed vertical line), corresponding to the model NR curves
displayed in panel (a). The same color coding applies in (a) and (b).

3.3 Volume fraction profiles: MD simulations

The findings from NR experiments were further supported and
validated through molecular dynamics simulations. The simu-
lations provided additional evidence and insights into the
behavior and structural changes of the microgel monolayers
under compression at the interface. Fig. 5 presents selected
snapshots of the simulated compressed states for the hard
microgels, viewed from both the top (a) and the side (b). These
snapshots represent equivalent surface pressure in experiments
ranging from 1 mN m~" (left) to 28 mN m™" (right), with the
central snapshot corresponding to 24 mN m™".

The density profiles depicted in Fig. 6 for the hard microgels
exhibit a consistent overall shape reminiscent of the ¢(z)
profiles determined through NR experiments. These profiles
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feature a denser region around the interface (at z = 0), and
protrusions extending into both the air phase (z < 0) and the
water phase (z > 0). As observed in the experiments, upon
compression the protrusion in water gets more extended, the
height of the profiles in the water phase remains almost
constant while the height of the central peak, p(z = 0), and
the protrusion in air, w;, decrease. The reduction of w; is also
clearly visible in Fig. 6. These findings, derived from an
ensemble of twelve particles, closely resemble the outcomes
achieved when simulating the compression of an individual
microgel particle (refer to Fig. S5, ESIT). It is worth noting that
the overall shape of the profiles extracted from the analysis of
the MD simulations (p(z), Fig. 6 and 7) and those derived from
the analysis of NR data (¢,,(2), Fig. 2(b) and 4(b)) cannot be
precisely scaled one on top of the other due to intrinsic
differences between the two techniques. Briefly, the broader
interfacial peak observed in MD simulations (located at z = 0) is
attributed to the coarse-grained nature of MD simulations,
where the captured detail in the microgel structure is inher-
ently larger than the molecular scale probed by NR. Similarly,
the two techniques exhibit different sensitivities towards char-
acterizing diffuse layers, i.e., interfacial films characterized by
gradual and smooth changes, with MD simulations offering
greater precision in determining the position in space of all
utilized beads. In this context, the inclusion of a gradient in
the water protrusion region in the ¢,(z) did not improve
the agreement between the model reflectivity and the
experimental data.

In the case of soft microgel particles, compression simula-
tions were performed only on an individual particle because of
the large system size and the corresponding high demand of
computational resources (see Methods). As shown in the snap-
shots (Fig. S7, ESIt) and in the microgel density profiles (Fig. 7),
the soft particles remained mostly localised at the interface for
a broad range of compression. The protrusion in water starts to
emerge at a compression equivalent to © = 25 mN m ! (green
line in Fig. 7) to become more evident at larger compressions.
Soft microgel particles featuring a flat oblate shape were very
recently found at the interface in dodecane-water emulsions.*?
This observation is fully compatible with the direct measure-
ment of the ULC microgel shape along the vertical direction
provided in the current work. The absence of cross-linker is also
responsible of the increased flattening of the particles at the
interface and is consistent with previous observations.'*"*3°

4 Discussion

The precise characterisation of the vertical structure in micro-
gel monolayers is of vital importance for understanding the
behaviour of stimuli-responsive microgels.>* Such information
is not directly accessed by conventional interfacial technique,
while it is the main result of a specular neutron reflectometry
experiment. Indeed, the analysis of NR data allowed us
to determine ¢,4(z) profiles of the volume fraction of the
microgels composing the monolayer along the direction z

This journal is © The Royal Society of Chemistry 2024
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compression

Fig. 5 Representative simulations snapshots showing an ensemble of 5% crosslinked microgels (hard) for increasing lateral compression (from left to
right) from (a) top and (b) lateral views. Snapshots correspond to experimental surface pressure values © = 1, 24, and 28 mN m~L. These values were
obtained by correlating the generalized area fraction {>p used in simulations with that employed in surface pressure experiments. Color shading is used to
distinguish different microgel particles. For visual purposes the box of the most compressed microgels has been replicated in the x and y directions

parallel to the plane of the interface. Water is not shown for clarity.

L
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Fig. 6 Microgel density profiles p(z) as a function of the position along the
z direction computed from the simulation box containing twelve hard
microgel particles at different compression, corresponding to experi-
mental surface pressure values © = 1 (blue), 16 (green), 24 (red) and 28
(black) mN m~*. These values were obtained by correlating the generalized
area fraction {,p used in simulations with that employed in surface
pressure experiments. For clarity, the interface is located at z = 0 (dashed
line) and the air and water phases at z < 0 and z > O, respectively.

perpendicular to the interface. The model we employed suc-
cessfully captured the complex behavior of the microgels,
revealing a denser region at the interface surrounded by
distinct protrusions in the air and water phases. Notably, we
observed that the maximum volume fraction occupied by the

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Microgel density profiles p(z) as a function of the position along the
z direction computed from the simulation box containing a single soft
microgel particle at different compression, corresponding to experimental
surface pressure values n = 1 (cyan), 16 (blue), 25 (green), 28 (red) and 29
(black) MmN m™. These values were obtained by correlating the generalized
area fraction (,p used in simulations with that employed in surface
pressure experiments. For clarity, the interface is located at z = 0 (dashed
line), and the air and water phases at z<0 and z > 0, respectively.

microgel particles was consistently found at the air-water
interface for all investigated samples. The shape of the volume
fraction profiles indicates that both soft and hard microgel
particles undergo pronounced deformation, with many poly-
mer chains spreading at the air-water interface due to NIPAM

Soft Matter, 2024, 20, 3653-3665 | 3661


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm00235k

Open Access Article. Published on 08 April 2024. Downloaded on 10/28/2025 1:48:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

surface activity. The deformation is particularly pronounced for the
soft particles as they are characterised by a lower polymer density
and by a larger hydration®® than their hard counterpart. As expected,
¢,,¢(0) initially increases upon compression for both samples.

Consistent with surface pressure measurements performed
on similar systems by other groups,'"”® the microgel particles
exhibit a transition from a gas phase to a denser phase
(indicated as a liquid expanded-like state'”?) as their coronas
start to interact. This transition is accompanied by the emer-
gence of a hexagonal order, as demonstrated by AFM
measurements."””* Together with the lateral compression of
microgels, this transition causes the observed increase in sur-
face pressure (see Fig. S1, ESIT) and in surface elasticity (Fig. 1).

Both NR and MD simulations indicate that, in addition to
the polymer at the interface, a more hydrated polymer region is
formed in the water phase. However, despite the larger hydra-
tion, the total amount of polymer in this region is 6-10 times
larger than that at the interface due to its significant extension.
As both hard and soft microgels are compressed in the range
1 < m© < 13 mN m ', the overall microgel VFP increases,
reflecting the greater amount of material in the probed surface
area, without undergoing noticeable changes in shape as
determined by the comparison of the ¢,4(z) profiles. This is
in agreement with the observation that microgels, indepen-
dently of their cross-linker content, interact at these compres-
sion levels through their polymer chains flattened at the
interface. This results in particle coronas that can interpene-
trate without inducing significant structural and morphological
changes in the microgel particles.

Upon further compression (r > 13 mN m™ '), both mono-
layers exhibit a peak in their surface elasticity, ¢, which then
starts to decrease while the surface pressure continues to
increase, suggesting the formation of more rigid and compact
film. In the literature, this pressure range has been interpreted
as the continuation of an ordered liquid phase, where the
packing of microgel particles remains hexagonal but is char-
acterized by a decreasing lattice distance.''®”* Despite the
apparent lack of changes in the monolayer structure in this
interval of compressions, NR data indicates that the pressure at
which the maximum elasticity is displayed represents a turning
point for the structure of the hard microgel monolayer. Indeed,
at this compression threshold, ¢,4(z) changes significantly. The
amount of polymer at the interface levels off to a value
corresponding to approximately 40% surface coverage, repre-
senting probably the saturation limits at which polymer chains
belonging to the particle corona can interpenetrate. Simulta-
neously, the protrusion of polymer chains in the air drastically
reduces, while it substantially increases (by 75%) in the water
phase, as also confirmed by MD simulations. These changes are
possible if the polymer chains in the particle corona can desorb
from the interface to move deeper into the water phase. As the
portion of the microgel protruding in the air should not be
affected by interpenetration at these compression levels, the
reduction of the corresponding region in the VFP is very likely
due to the vertical displacement of the entire microgel particle
4 nm deeper into the water phase.
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This tendency of the hard microgels to move away from the
interface can be related to their behavior once the maximum in
surface compressibility ¢ is reached. In this condition, microgel
particles are prone either to desorb into the aqueous sub-phase,
forming multi-layers, or promoting the buckling of the
surface.'” At the highest surface pressure utilized in the NR
experiments, which is very close to the collapse of the mono-
layer, clear fringes appeared in the low-Q portion of the data.
These are commonly associated to the beginning of the for-
mation of a compact and thick layer, presumably indicating the
onset of the transition between the liquid expanded and solid-
like phases. This behavior is driven by the interaction of the
microgel particles via their portion flattened at the interface, as
indicated by the pronounced asymmetry of the volume fraction
profiles and by the constant height (4,) of the protrusion in
the water.

The ultra-soft microgels exhibit a behavior similar to that of
the hard particles in the gas phase and at the onset of the
transition, particularly at surface pressures lower than the one
corresponding to the maximum in surface elasticity, m =~
14 mN m™'. Here, the raise in surface pressure is caused by
the interaction and interpenetration of the polymer chains at
the interface. For further compression levels, elasticity
decreases, as previously observed for the hard particle mono-
layer. However, the molecular reorganization responsible for
this is different; for monolayers of soft microgels, a broadening
of the interfacial region identified by the Gaussian function is
observed, indicating that the polymer chains at the interface
deform upon compression. Despite Fig. 4(b) shows the decrease
in the maximum of ¢,4(z = 0), the broadening of the interface

leads to an increasing amount of polymer at the interface, as

+3wg
—3wg

determined by |73 *¢,.(z)dz. Unlike the hard microgels, poly-

mer chains located in water, just below the interface, can also
interpenetrate without causing migration of some of them
deeper into the water, as indicated by the constant extension
of the protrusion in water found for the soft monolayer. This
enhanced interpenetration in water is consistent with the fact
that the sparsely crosslinked network of swollen ultra-soft
microgels present a larger mesh-size compared to crosslinked
hard microgels.°

The broadening of the peak at the interface, determined
experimentally to be less than 1 nm, is not visible in the density
profiles obtained from the computer simulations. This is
because the coarse-grained simulations were performed using
particles with a size larger than the measured broadening.
However, they are able to capture the increase in the water
protrusion, confirming to a good extent the validity of the
experimental results.

5 Conclusions

The different behavior of soft and hard microgels under com-
pression can be attributed to their different architectures.
Cross-linked microgels are characterized by a dense core sur-
rounded by a fuzzy corona,® while soft microgels synthesized

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Sketches of hard (a) and soft (b) microgels pushed together at the
interface. Black arrows represent the compression of the monolayer. Blue
arrows represent the direction of the displacement of polymer in the
aqueous sub-phase. The grey shaded areas represent the extension of
microgels in air. The grey arrows represent the direction of the displace-
ment of polymer in the air.

without the addition of any cross-linker have a more homo-
geneous polymer distribution within their volume.*® These
differences are preserved at the interface, where hard microgels
resemble fried eggs with the hard core in their center, while soft
microgels assume a pancake-like structure,**° as depicted in
the top of the sketches in Fig. 8(a) and (b). Besides, the grey
areas represent the protrusion of microgels in the air, as can be
observed the hard microgels protrude more into air as com-
pared to the soft ones (the proportion of the extension in air
and water in the sketches are altered for clarity).

The lateral compression of hard microgels, horizontal black
arrows in the bottom of panel Fig. 8(a), initially leads to the
interaction of coronas of neighboring particles and then to the
interpenetration of these regions with limited interaction of
their cores. As a result, polymer chains that belong to the
corona regions can rearrange, forming loops in the water,
and the entire microgel particles can slip on each other, moving
away from the interface. This scenario is illustrated in the
bottom of Fig. 8(a) where the vertical arrows show that the
hard microgels are pushed more in the water (blue arrows) and
away from the interface (grey arrows).

On the other hand, soft microgels do not have a significant
gradient of compressibility within their volume.'® When
pushed together, they can deform easily and reach a uniform
coverage of the interface, as also observed in their dry state.>
Yet, at one point, further compression becomes harder, and the
microgels expand orthogonal to the interface, leading to an
increased protrusion in water and to the broadening of the
interfacial film as depicted by the vertical blue arrows in in
Fig. 8(b). However, the protrusion of ultra-soft microgels in the
air remains almost constant as shown by the shaded grey areas
in Fig. 8(b).

It is also noteworthy that the same level of protrusion as
observed for the ULC microgels in air (~5 nm, Fig. 4(b)) is only
reached by the hard microgels at a higher surface pressure,
specifically © > 13 mN m™ " (Fig. 2(b)).

These findings show that there is a maximum polymer
density that can be allocated at the interface, independently
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on both the compression of the monolayer and the particle
softness. At the same time, most of the polymer is protruding
into the water subphase. As we reported in a previous study, the
polymer in the water collapses onto the interface when tempera-
ture is increased above the pNIPAM volume phase transition
temperature.”> However, since we show here that at different
surface pressure there is a maximum occupancy of the interface,
the polymer can be no longer distributed at the interface. The
collapse of polymer from the water phase onto the interface will
then lead to mechanical stress in the monolayer. In relation to
emulsions, these stresses, associated with the curvature of the
droplet surface, will destabilise and break the emulsion.

In this way, thanks to our observations, we can rule out the
mechanism that was originally thought to be at the cause of the
destabilisation. In fact, it was believed that microgels would
detach from the interface for becoming more hydrophobic
above their VPTT. Our work provides experimental evidence
to fully understand the stability of the microgel stabilised
Pickering-like emulsions and will guide researchers from dif-
ferent fields to harness the power of microgels to realize
sustainable smart emulsions. These materials will be pivotal
in the general efforts to achieve a greener economy since smart
Pickering emulsion formulations of cosmetics, detergents and
shampoos can drastically reduce energy costs removing the
high temperature requirements of surfactant-based formula-
tions (cold processing).”®

Furthermore, the combination of simulations and NR
experiments presented here can be of importance also to
advance the rational design and consequently the use of soft
colloids for biomedical applications. For instance, ‘“synthetic
antibodies” have been prepared for a broad range of target
molecules combining NIPAM and charged and hydrophobic
monomers.”” These abiotic receptors are currently being
assessed as robust substitutes for antibodies in diagnostic
and therapeutic applications. The ability of these pNIPAM-
based nanogels to bind multimeric receptors, along with their
demonstrated equilibrium kinetics that depend on the swelling
state of the microgels (ie., its softness), have shown the
potential of these materials in various application.
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