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Albeit largely studied, the interfacial restructuring that governs emulsion breakdown remains poorly understood.
Here, we use neutron reflectometry to probe the structure of thermo-responsive microgel monolayers formed
either above the volume phase transition temperature or collapsed in situ after adsorption. We find that the
thermal history of the microgel critically affects the monolayer architecture, particularly the particle protrusion
into the air phase. These insights reveal a pathway-dependent mechanism that governs microgel behavior at

interfaces, underpinning the design of next-generation responsive emulsions and interfacial materials.

1. Introduction

Microgel-stabilized emulsions have attracted increasing attention for
their ability to break on demand in response to external stimuli such
as temperature changes [1-5]. In the field of soft colloids, poly(N-
isopropylacrylamide) (pNIPAM) microgels are among the most studied
due to their well-defined thermoresponsive behavior near physiological
conditions, as well as the scalability of their synthesis across various ar-
chitectures and sizes [6-8]. The mechanical properties of these particles
can be finely tuned, for example by varying crosslinker concentration
during synthesis, yielding elastic moduli from a few to hundreds of kPa
[9,101.

Both the thermoresponsiveness and the softness of the microgels play
pivotal roles in determining emulsion stability and resistance to floccu-
lation [11]. Recent studies have presented distinct, yet not mutually
exclusive, strategies for generating monodisperse and not flocculated
emulsions: some suggest using only very soft and highly deformable
microgels, [11-14] while another proposes adsorbing microgels above
their volume phase transition temperature (VPTT) and cooling them af-
terwards [15].

These observations underscore the pathway-dependent nature
of microgel-stabilized emulsions, in which interfacial organization
emerges from a complex interplay between particle properties, ad-
sorption kinetics, and emulsification conditions such as concentration,
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droplet breakup, and coalescence dynamics. This complexity highlights
that the adsorption history and interfacial restructuring of microgels are
key, yet still insufficiently understood, determinants of emulsion desta-
bilization in microgel-laden systems [16-18].

Several hypotheses have been proposed to explain destabilization
above VPTT, including: (i) microgel desorption, (ii) changes in the struc-
ture orthogonal to the interface, (iii) in-plane rearrangements, (iv) al-
terations in the rheological properties of the interface, and (v) microgel
aggregation or multilayer formation [12,19-25]. While earlier studies
focused on desorption of microgels from the interface upon collapse, it
is nowadays accepted that temperature or a change in particle volume
do not significantly alter interfacial activity [25,26], making desorption
an unlikely primary mechanism. Instead, structural changes within the
microgel interfacial monolayer, both in-plane and out-of-plane, are now
considered key contributors to emulsion instability. Collapse of the mi-
crogels from the aqueous phase onto the interface may introduce local
stresses in the curved interface, facilitating its destabilization.

Different techniques have been used to study the interfacial behavior
of microgels; however, most of them rely on ex-situ imaging (e.g., Cryo-
SEM) [12,27], which can introduce artifacts due to drying or freezing,
making the direct comparison with the original system extremely chal-
lenging [28-32].

Thus, more recent studies have focused on in-situ techniques to study
the structural properties of microgel monolayers by employing small
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angle light scattering and specular as well as off-specular X-ray reflec-
tivity [30,32,33].

However, investigations of effect of temperature on the structural
properties of microgel monolayers remain limited. Out-of-plane struc-
tural changes above the VPTT have been observed by ellipsometry
and neutron reflectometry, while atomic force microscopy has revealed
changes in the interparticle, in-plane, interactions [24-26,34,35].

By performing numerical coarse-grained simulations, Kolker et al.
[36] have shown that microgels deposited to the interface in a collapsed
state can become kinetically trapped, adopting metastable morphologies
that persist even upon swelling-deswelling cycles, leading to interfacial
hysteresis in shape and size [36]. This underlines the importance of ex-
ploring how the adsorption pathway governs interfacial microgel archi-
tecture experimentally.

Neutron reflectometry (NR) offers a non-destructive method to probe
in-situ the internal structure of interfacial layers with sub-nanometer res-
olution [37,38]. Recent advances in data modeling and experimental
design have thus provided a foundation for the in-situ investigation of
microgel monolayers above and below their VPTT [34], and at different
concentrations [39].

In this work, we investigate the structural evolution of pNIPAM mi-
crogel monolayers at the air-water interface above their VPTT at dif-
ferent surface concentrations using neutron reflectometry. We compare
two pathways: (i) direct spreading at 40 °C of collapsed microgels fol-
lowed by compression; and (ii) spreading of swollen microgels at 20 °C,
followed by compression and heating to 40 °C (collapse).

Our results reveal pathway-dependent differences in monolayer
structure, particularly in the extent of microgel protrusion into the air
phase and the polymer density at the interface. These features may play
a crucial role in destabilizing the curved interfaces of emulsions and will
help to understand the mechanisms governing the temperature induced
breakdown of emulsions stabilized by thermoresponsive microgels.

2. Materials and methods
2.1. Microgel synthesis

For the synthesis of the microgels, 1.2565 g of D7-N-
Isopropylacrylamide (NIPAM) (C¢H,D;NO), 0.0801 g of N,N-
Methylenebis(acrylamide) (BIS) and 0.0293 g of sodium dodecyl sulfate
(SDS) were dissolved in 62 mL double-distilled water that was filtered
through a 0.2 um syringe filter. The solution was brought to 70 °C in
a three-neck 100 mL flask. Potassium persulfate (KPS) (0.0274 g) was
dissolved in 3mL of the same double-distilled water. Both solutions
were bubbled with nitrogen for 60 min, after which the reaction was
started by adding the KPS into the flask. The reaction mixture was kept
at 70 °C under nitrogen flow for 4 h. The microgels were purified by
four-fold ultracentrifugation at 30.000 rpm followed by redispersion in
fresh double-distilled water. They were lyophilized for storage.

The use of partially deuterated NIPAM was necessary to increase the
signal originating from the microgel monolayer in the neutron reflec-
tometry experiments. The microgel particles obtained with this protocol
are characterized by a 5 % cross-linker concentration and by a hydro-
dynamic radius of Rygoc = (126 +2) nm.

2.2. Compression isotherms

Langmuir monolayers consisting of microgels were prepared at
the air-water interface using a custom-made Langmuir-Blodgett trough
made of poly(oxymethylene)glycol with a total area of approximately
402 cm?, equipped with a pressure sensor and a motorized dipper (KSV
NIMA, Biolin Scientific Oy, Finland) [26]. The liquid phase consisted
of Milli-Q water with a conductivity of 60 xS cm2. A paper Wilhelmy
plate (1=20.6 mm) was used to measure the surface pressure. Investi-
gations of the microgels were carried out at the water-air rather than at
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the water-oil interface to improve the signal-to-noise ratio in NR exper-
iments. Moreover, earlier studies have revealed only minor differences
between the interfacial behavior of microgels at these two interfaces
[35,40,417.

Prior to each measurement, the trough was thoroughly cleaned with
ethanol and Milli-Q water, and a clean air-water interface was prepared.
The temperature of the liquid phase was controlled using a circulation
water bath. Microgel dispersions (10 mg mL™! in D,0) were mixed with
50 vol% isopropanol to promote spreading at the interface. For experi-
ments at 20 °C, the solution was applied dropwise at room temperature
using a Hamilton syringe. For experiments at 40 °C, both the syringe
and the microgel solution were pre-heated above 40 °C to ensure that
the microgels were collapsed upon spreading.

After an equilibration time of at least 30 minutes, the surface area
was compressed at a constant rate of 6.48 cm? min™! to a target surface
area of 42 cm?.

2.3. Langmuir-Blodgett gradient depositions

For performing atomic force microscopy (AFM) measurements,
Langmuir-Blodgett gradient depositions were performed to transfer the
microgel monolayer from the air-water interface to the surface of a sil-
icon wafer. Each silicon substrate was cleaned twice in an ultrasound
bath with isopropanol and subsequently ozone-treated for 15 minutes
(UVC-1014, NanoBioAnalytics, Germany). It was then mounted on a
custom-made holder and immersed into the subphase at an angle of ap-
proximately 25° relative to the air-water interface. Microgel monolayers
were formed as described in the previous section. After the spreading,
and formation of the monolayer, the compression was started and the
substrate was withdrawn simultaneously vertically from the interface
at a speed of 0.15 mm min™! thus enabling the formation of a gradient
deposition on the wafer surface. The transferred monolayer was then
imaged using AFM.

2.4. AFM imaging

AFM images of microgel films in the dry state were recorded with
either a Dimension Icon (Veeco Instruments Inc, USA, Nanoscope 9.4,
Bruker Co., USA) or a Nanowizard 3 (JPK Instruments AG, Germany,
Bruker Co., USA), both operated in closed-loop mode. Imaging of mi-
crogel monolayers was performed in tapping mode with OTESPA tips
(NanoAndMore GmbH, Germany) with a nominal spring constant of
26 mN m!, a nominal resonance frequency of 300 kHz and a nominal
tip radius of 7 nm. For phase imaging of separate microgels, OLTESPA
tips (Bruker Co., USA) with a nominal spring constant of 2 mN m™, a
nominal resonance frequency of 70 kHz and a nominal tip radius of 7 nm
were used. In this case, a cantilever with a lower stiffness was chosen
to increase the drive amplitude to maximize the contrast in the phase
images. All images were recorded with a scan size of 5x 5 ym? with
a resolution of 512 x 512 pixels. Images were processed using the open-
source software Gwyddion [42]. The area per particle Ap and the nearest
neighbour distances (NNDs) in the monolayers were determined using
a custom MATLAB routine (MathWorks Inc, USA) based on the particle
tracking algorithm by CROCKER and GRIER [26,43,44].

Height profiles were obtained from linear interpolation of height
data parallel and perpendicular to the AFM fast-scan direction respec-
tively. The average height profile was then obtained by averaging over
at least 120 individual microgels.

2.5. Neutron reflectometry

Neutron reflectometry experiments were carried out at the air-water
interface on the time-of-flight FIGARO reflectometer at the Institut
Laue-Langevin (ILL, Grenoble, France) [45]. A Teflon Langmuir trough
(705 cm?, Nima Technology Ltd., United Kingdom) was used for all mea-
surements and enclosed in a temperature-controlled chamber equipped
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Fig. 1. Phase behavior of the microgel monolayers. (left) Compression isotherm of D7-pNIPAM microgels recorded at 20 °C (swollen microgel, blue) and at 40 °C
(collapsed microgel, red) at the air-water interface. The vertical dotted lines indicate the surface pressures measured during neutron reflectometry experiments. Red
lines represent measurements performed with collapsed microgels above the VPTT. Blue lines show measurements with swollen microgels. (right) Example AFM
height images of microgel monolayers at the solid-air interface with increasing ¢,;, (Equation 1) from left to right deposited at 20 °C below the VPTT (top, blue
frames) and at 40 °C above the VPTT (bottom, red frames). The white scale bars are 1 ym in size. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

with sapphire windows to minimize evaporation and allow neutron
transmission.

In order to maximize the signal of the microgels, air contrast matched
water (ACMW) was used instead of water as liquid subphase. ACMW is
a mixture of D,0 and H,0 (8:92, v/v %) with a null scattering length
density (SLD) that matches that of air (SLD,;, = 0 A-2) [46]. For this
reason it is also refereed to as null-reflecting water since a clean air-
ACMW interface does not generate any reflectivity signal. The trough
was thoroughly cleaned before each experiment, and a neat interface
was prepared before every measurement.

Microgels dispersed at 10 mg mL! in D,O were mixed 1:1 (v/v) with
isopropanol to facilitate the spreading of the drop-casted microgel sus-
pension at the interface. For microgels adsorbed at 20 °C, the solution
was drop-casted at 20 °C using a Hamilton syringe. The surface area
was then compressed until the target surface pressure was reached and
finally the temperature was increased to 40 °C. For microgels adsorbed
at 40 °C, the Hamilton syringe, the microgel suspension, and the aque-
ous phase were pre-heated at 40 °C to ensure that the microgels were
in the collapsed state during spreading. In both cases, compression was
performed symmetrically at a constant rate of 6.48 cm? min’l.

NR data were collected in time-of-flight mode with wavelengths
ranging from 4, = 2 A to A, = 20 A at incident angles 6, = 0.717° and
0, = 3.878°, corresponding to a Q-range from approximately 0.1 to 4
nm~!. In this context, O refers to the wave-vector transfer in air and it
can be calculated using » =1 and 6 =26, and 6 = 26, in Equation S1.
In the context of specular NR, the wave-vector transfer is parallel to the
normal direction to the interface, z, and therefore Q = Q,. The beam
footprint was maintained at 80 x 45 mm?. Reflected neutrons were de-
tected using a 2D >He detector, and the data were reduced to reflectivity
R(Q) using the COSMOS routine. Reflectivity curves can be displayed in
different scales, according to the features to be highlighted. In the case
of microgel monolayers, and as previously reported by us [39], the most
informative representation of the reflectivity data is obtained by plot-
ting R(Q) x Q? versus Q on a log-log scale. This approach enhances the
visibility of both low-Q features, which are sensitive to the overall thick-
ness of the microgel monolayer, and high-Q features, which reflect its
internal architecture.

3. Results
3.1. Phase behavior of the microgel monolayers

To unravel the influence of the microgel volume phase transition
on the stability of the interface, we probed the structure of monolayers

formed at the air-water interface by adsorbing: (i) collapsed microgels
above the VPTT, i.e. at 40 °C, that are then compressed laterally at the
desired surface pressure; (ii) swollen microgels that are first compressed
at the desired surface pressure and then collapsed at the interface by
raising the temperature above the VPTT.

A detailed account of the samples used and of the experiments per-
formed are provided in the Materials and methods section and in the
ESI, together with the description of the experimental techniques ex-
ploited. For all experiments, the same microgels (D7-pNIPAM) were
used; they were synthesized with a nominal 5mol% cross-linker con-
centration obtained starting from a partially deuterated monomer with
7 atoms of deuterium, C4D,H,NO. The VPTT for this microgel in solu-
tion is ~ 32 — 33 °C as confirmed by the dependence of the hydrody-
namic radius on temperature, determined by multi-angle dynamic light
scattering (DLS) (Figure S1). At 40 °C, the microgel hydrodynamic ra-
dius was 60.2+0.8 nm leading to a swelling ratio of 2.09+0.05 defined
as the ratio between the hydrodynamic radius of the swollen and the
collapsed microgel [8].

In analogy with the generalized volume fraction used to describe
the microgel concentration in bulk suspensions [47], we introduce the
two-dimensional compression parameter ¢, [26] to quantify the lateral
crowding of microgels at the interface:

= ﬂ (€9
D=
where Ap is the area occupied by an isolated, uncompressed micro-
gel at the interface, and Ajp is the area per microgel in the compressed
monolayer. Ap is determined from AFM phase images of single mi-
crogels and Ap from microgel deposited at different surface pressures
(see ESI, Section 2.4). {,, as a dimensionless parameter provides a di-
rect measure of the lateral compression experienced by the monolayer:
{op = 0.90 corresponds to the dilute limit of non-interacting particles,
describing the ratio between the area occupied by a particle with ra-
dius R and the area per particle for ideally hexagonally packed particles
with an interparticle distance of 2R. Higher values indicate increasing
particle crowding and overlap. Because {,;, is based on in-plane geo-
metrical considerations and it is independent of the vertical structure,
it serves as a convenient and reproducible control parameter for com-
paring different monolayer states. Notably, &, is not defined based on
the total nominal spread amount, as some particles can be lost to the
subphase, particularly in the collapsed state. This makes the definition
a reliable indicator of the actual interfacial compression. Further, while
the 2D-structure of a microgel monolayer can be affected by the depo-
sition process [30,32], the averaged area per particle Ap is independent
of local structural changes assuming no changes in concentration.
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The compression isotherms of D7-pNIPAM microgels at the air-
water interface exhibit the characteristic features to those previously
reported for fully hydrogenated microgels ([C¢H;;NO],) with a core-
corona structure (see Figs. 1 and S3) which are five distinct isotherm
regimes related to a structural transition of the microgels [44].

Compression isotherms performed at 40 °C show a surface pressure
evolution qualitatively similar to that observed at 20 °C (see Fig. S3),
but the onset of monolayer formation, marked by the rise in surface pres-
sure, occurs at a slightly higher particle density. This shift is attributed
to the reduced lateral spreading of the microgels when they are adsorbed
in a collapsed state [26]. This is not surprising, as each collapsed particle
occupies a smaller interfacial area, requiring a higher surface concen-
tration to achieve full coverage, delaying the formation of a contiguous
monolayer (see Fig. S5) [44]. Thus, when surface pressure r is plotted
against ¢, the isotherms recorded below and above the VPTT super-
impose at low surface pressure as ¢,p, accounts for the lower interfacial
coverage of the microgels above the VPTT. Unlike in the swollen state,
since the microgel core is already collapsed, no second plateau at ¢, > 7
in the surface pressure is observed upon further compression (see red tri-
angles and blue circles in Fig. 1). The second plateau is originated from
the compression of the soft corona surrounding a more rigid core [44].
Indeed, small-angle X-ray scattering measurements of the microgel form
factor in diluted suspensions shows that, above the VPTT, the particles
are completely collapsed and exhibit homogeneous, compact structure,
eliminating this compressibility contrast (Fig. S2). As a result, the sur-
face pressure increases steadily until the monolayer ultimately collapses
at high compression.

3.2. Collapsed microgels adsorbed above the VPTT

In NR experiments, collapsed microgels were spread at the air-water
interface kept at 40 °C and the resulting monolayer was then compressed
to the target ¢, ;, values of 1.35, 2.21, 3.06, 6.12 and 17.6, corresponding
to surface pressure r values of 15.3, 25.5, 28.8, and 30.0 mN m'!. The
corresponding NR data are shown in Fig. 2. As described in the Materials
and Methods section, for an optimal representation, reflectivity data are
plotted as R(Q) x Q2.

Notably, as ¢, increases, the reflectivity curves exhibit progres-
sively higher and higher intensity in the intermediate Q-range (2 x
107" nm~! 5 0 $6x 107! nm™!). This is due to a greater average poly-
mer content within the illuminated region. The variations in the reflec-
tivity fringes for O < 2 x 10~! nm~! are instead caused by differences in
the film structure across the different states of compression.

The reflectivity curves in Fig. 2A at ¢, = 3.06 (@) and & = 6.12
(%), both corresponding to compression states shortly after the onset of
the plateau in the (&, ) isotherm (Figs. 1 and S3B), deviate from the
trend observed at lower concentrations, as they appear nearly identical.
This suggests a temporary saturation in the structural response of the
monolayer under compression.

At the highest surface concentration (¢, = 17.6), the reflectivity in-
creases again at low Q (compare O and @ in Fig. 2A) more directly
reflecting the significantly larger microgel density located at the inter-
face. Moreover, the appearance of a larger number of more pronounced
fringes in the R(Q) at this concentration indicates an increase in the
overall thickness of the interfacial film. These variations in reflectivity
are quantitatively captured by the fitted polymer volume fraction pro-
files ¢(z) (Fig. 2B), which offer structural insight into the monolayer
organization across compression states.

All volume fraction profiles (VFPs) share characteristic structural
features: a well-defined, polymer-rich region onto the air-water interface
(peaking at z = 0 nm), a limited protrusion into the air phase (z < 0), and
a more extended tail into the aqueous subphase (z > 0). This asymme-
try is consistent with the hydrophilic nature of pNIPAM, which swells in
water but collapses in the poor-solvent environment of the air, and with
the opposing influence of interfacial tension, which penalizes protrusion
into the air.
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Fig. 2. Collapsed microgels adsorbed and then compressed. (A) Neutron
reflectivity data (symbols) for monolayers formed from collapsed microgels ad-
sorbed and compressed at 40 °C. Product of the reflectivity R with the square
of the wavevector Q plotted against Q. The different compression states corre-
spond to the &,, values indicated in the legend. Model fits to the data are shown
as solid black lines. (B) Polymer volume fraction profiles ¢(z) corresponding to
the fits shown in panel A, obtained by inverting Equation S5. The profiles are
plotted as a function of z, the distance from the air-water interface (defined as
z = 0 nm). Each ¢(z) curve shares the same color as the corresponding experi-
mental dataset (symbols) in panel A.

At the lowest surface concentration (=), the VFP differs markedly
from those at higher compression. Their vertical extension (along z)
and the narrow width of the interfacial peak suggest that microgels are
laterally spread and vertically compressed, and, very likely, adopting the
characteristic “fried-egg” morphology observed in earlier studies of mi-
crogel monolayers at interfaces [48,49]. In this configuration, despite
being at a temperature higher than the VPTT, the loosely crosslinked
outer corona flattens at the interface to reduce interfacial energy, while
the denser core remains compact and contributes modestly to the over-
all profile. Therefore, in the dilute regime the in-plane spreading of the
microgel is maximized causing a contraction of the microgels in the out-
of-plane direction. Quantitatively, the model suggests that the Gaussian
component of ¢(z), which captures the laterally diffuse chain layer at
the interface, covers roughly 60% of the total interface, while the denser
core contributes approximately 12% (equation S6). This reflects a struc-
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ture dominated by adsorbed corona chains rather than by the compact
microgel core. This ratio is slightly higher in the AFM data where the
total area coverage of the microgel core is approximately 30% (compare
Fig. S7). However, this can be attributed to greater lateral spreading of
the microgel core due to a more pronounced vertical deformation on
the solid substrate as compared to the gaseous phase as well as the dif-
ference in the adsorption kinetics. Attempts to model reflectivity using
a solid-sphere approach, as applied for rigid particles at interfaces [37],
failed to reproduce the data (see Fig. S9). This underscores the need for
a model that accounts for microgel deformability, vertical gradients in
polymer density, and corona spreading at the interface.

As &, increases to 2.21, 3.06, and 5.51, the VFP undergoes progres-
sive restructuring. Starting from the air phase, the protrusion into the air
phase (z,) increases from 4.5 nm to 6.4 nm (Fig. 4A). Simultaneously,
the peak height decreases by about 25%, while the interfacial width (w;,
Fig. 4B), that is the layer of polymer sitting directly onto the interface,
increases from 6.5 nm to 9.5 nm. For what concern the protrusion into
the aqueous subphase, z,, increases from 100 nm to 140 nm (Fig. 4C).
This reflects a redistribution of the polymer from a narrow, high-density
interface to a more diffuse, vertically extended structure. The decrease
in peak amplitude is thus not due to loss of polymer but to redistribution
of the same material over a broader vertical range.

These changes likely arise from increased interparticle repulsion and
steric constraints at higher surface coverage. Since the microgels are al-
ready collapsed, further deswelling is not expected; instead, the mono-
layer accommodates compression through vertical expansion and inter-
penetration of neighboring corona regions. This out-of-plane deforma-
tion relieves lateral stress and increases the effective thickness of the in-
terfacial layer, as also evidenced by the increased number and contrast
of the fringes observed in the reflectivity at higher ¢, (see Fig. 2A).

Going to the highest surface concentration (¢, = 17.6), the reshap-
ing becomes even more pronounced. The interfacial width exceeds
10nm, and both z, and z,, reach their maximum observed values for
the monolayer formed by adsorbing collapsed microgels (Fig. 4). As
supported by AFM images (Fig. S6) this behavior suggests the onset of
core-core interactions and possible deformation of the inner microgel
polymeric network.

The structural evolution of the microgel monolayer is closely re-
flected in the corresponding changes in surface pressure, particularly
at higher surface concentrations. For instance, increasing ¢, from 1.35
to 2.21 leads to a substantial rise in surface pressure from 15.3 mN m'!
to 25.5 mN m™! (see Fig. 1). This coincides with a pronounced increase
in the microgel protrusion into the air phase (z,), as revealed by the
VFP analysis and in Fig. 4A. Such vertical expansion into air suggests
a change in the microgel contact angle at the interface, likely driven
by compression-induced reorganization of the corona. The increased in-
teraction between microgels may force a greater portion of the core to
reside closer to the interface or even partially enter the air phase, con-
tributing to the observed increase in surface pressure.

Beyond this point, from {,, = 2.21 to 5.51, the structural changes
primarily involve increased protrusion into the aqueous subphase (z,,
in Fig. 4C), while the interfacial peak remain nearly constant. Despite
the increase in microgel surface concentration, the surface pressure rises
only from 25.5 to 28.5 mN m'! (see Fig. 1). This plateau-like behavior in
the isotherm suggests that further lateral compression is accommodated
through vertical expansion into the water phase, without significant ad-
ditional mechanical resistance at the interface.

3.3. Swollen microgels adsorbed below the VPTT and then collapsed at the
interface

Swollen microgels were spread at the air-water interface at 20 °C
and the resulting interfacial film was then compressed to the target ¢,
values of 1.25, 2.26, 3.78, and 10.5, corresponding to surface pressure
7 values of 15.5, 25.5, 27.0, and 28.6 mN m'!. Before starting the NR
measurements and only after compression, the temperature of the inter-
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Fig. 3. Swollen microgels adsorbed, compressed, and then collapsed. (A)
Neutron reflectivity data (symbols) for monolayers formed from swollen mi-
crogels adsorbed at 20 °C, compressed to the surface pressure of interest, and
then heated to 40 °C prior to the measurement. The different compression states
correspond to the ¢, values indicated in the legend. Model fits to the data are
shown as solid black lines. (B) Polymer volume fraction profiles ¢(z) correspond-
ing to the fits shown in panel A, obtained by inverting equation S5. The profiles
are plotted as a function of z, the distance from the air-water interface (defined
as z = 0 nm). Each ®(z) curve shares the same color as the corresponding ex-
perimental dataset (symbols) in panel A.

face was raised to 40 °C promoting the collapse of the microgels portion
in the water subphase. The positions of the barriers were however kept
constant, so that the particle density did not change. The corresponding
NR data are shown in Fig. 3A.

At first glance, the reflectivity curves for the microgels adsorbed at
20 °C, compressed, and subsequently collapsed appear similar to those
recorded for the monolayers formed by microgels adsorbed in their col-
lapsed state and then compressed. However, while both systems show
comparable reflectivity values at very low Q in the lowest compression
states, R(Q — 0) increases more significantly for the originally swollen
microgels than for their collapsed counterparts. Given that R(Q — 0) is
directly related to the total scattering length per unit area, when using
air-contrast matched water in the subphase, this trend indicates a higher
total polymer content in the interfacial region [50].
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Fig. 4. Monolayer reorganization. Structural parameters extracted from the analysis of neutron reflectivity data for monolayers composed of collapsed microgels
(brown squares) and swollen-then-collapsed microgels (yellow triangles). All measurements were performed at 40 °C. Plotted as a function of the compression
parameter {y;, are: (A) the protrusion into the air phase, z,; (B) the width of the monolayer at the interface w; calculated from z, and the width of the amplitude W,;
and (C) the protrusion into the aqueous subphase, z,,. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

In addition to the increased microgel protrusion into the aqueous
subphase, the polymer VFPs in Fig. 3B reveal significant structural
changes in the immediate vicinity of the interface as a function of com-
pression. For the swollen-then-collapsed microgels, the protrusion into
the air phase increases with ¢,: z, ~ 4 nm at the lowest surface concen-
tration, reaching approximately z, ~11 nm at the highest.

Concurrently, the extension of the interfacial polymer-rich region,
quantified by W,, the width of the Gaussian component in Equation S6,
also increases with compression. While W, is relatively narrow at low
{op, it broadens substantially as the microgels are compressed, indi-
cating progressive reorganization of polymer chains at the interface.
This behavior reflects the enhanced lateral crowding experienced during
compression.

3.4. Comparison of the collapsed microgel structures

While all the measured monolayers ultimately contain collapsed mi-
crogels at the interface, the route taken to achieve this final state has a
pronounced impact on the molecular organization, vertical distribution,
and surface excess of the polymer. These differences are evident in the
extracted volume fraction profiles, in the compression isotherms, and
in the AFM images taken on dry deposited monolayers. They reflect the
interplay between thermoresponsive collapse, interfacial deformation,
and lateral interactions during film formation. Some of the parameters
directly obtained from the modeling of NR data are compared in Fig. 4
for the two cases reported here (see also Table S3 for the full list of
NR-derived parameters).

For both adsorption pathways, the protrusion of the microgels into
the air (z,) and the width of the interfacial polymer-rich region (w;)
increase with lateral compression (Fig. 4A, and B). At low surface con-
centration, both parameters are small and comparable between the two
systems. However, in the intermediate compression regime (&, > 3), a
clear divergence emerges: for adsorbed-swollen-then-collapsed micro-
gels (triangles), both z, and w; increase more rapidly with compres-
sion than in the monolayer formed by adsorbing collapsed microgels
(squares).

Interestingly, this divergence seems to be correlated with the dif-
ferences observed for ¢, > 2 in the compression isotherms measured
below and above the VPTT (Fig. S3). This might indicate a different
packing of the microgel corona under compression.

Furthermore, this difference indicates distinct interactions between
polymer chains within the microgel coronas adsorbed at the interface.
When microgels are adsorbed in the swollen state, microgel coronas are
extended and can interpenetrate, leading to variations in the structure at
the interface at sufficiently high microgel concentrations. The inflection
observed in the compression isotherm can be interpreted as the onset
of a two-dimensional phase transition within the Langmuir film that
might be accompanied by a progressive clustering process. AFM images
of transferred films formed from swollen microgels (Fig. 1) support this

scenario, revealing microdomains in the deposited dry film indicative of
local aggregation driven by corona interpenetration and chain entangle-
ment. Whether these clusters are also present at the air-water interface
is still debated as they might be a consequence of the monolayer depo-
sition onto a solid substrate [30,51].

Upon temperature-induced collapse, the presence of interpenetrated
coronas leads to a higher total polymer content at the interface com-
pared to the case of the monolayer formed by collapsed microgels, as
evidenced by the more pronounced increase in R(Q — 0) with compres-
sion. By contrast, despite clear deformation and chain spreading at the
interface, adsorbed collapsed microgels exhibit a steric repulsion be-
tween particles, consistent with hard-sphere-like behavior. This is con-
firmed by the ordering seen in AFM images of the dry monolayer, which
reflects lateral exclusion and, therefore, the absence of interpenetration
and of the attractive term during deposition that leads to the pronounced
clustering in the case of the monolayer formed by swollen microgels that
are then collapsed.

Above the VPTT, the surface tension is slightly lower than at 20 °C
leading to reduced capillary interactions, and, as the microgel cores col-
lapse during drying, their adhesion to the substrate is likewise expected
to decrease [52]. As a lower adhesion to the substrate would promote
clustering of the microgels [53], a reduction in capillary interactions
would likewise inhibit the formation of clusters during the drying pro-
cess. However, the divergence in the polymer structure at higher micro-
gel concentrations indicates, that the delayed cluster formation might
be related to a difference in the lateral microgel-microgel interactions.
These observations suggest that, in the collapsed state, polymer chains
preferentially reorganize to maximize interaction with the hydropho-
bic phase (air) [54], while swollen coronas promote local bridging or
entanglement, ultimately altering the compression response of the film.

For microgels adsorbed at 40 °C, the width of the monolayer at
the interface w; is smaller at high microgel concentration than in the
adsorbed-swollen-then-collapsed case (Fig. 4B W), suggesting that the
polymer directly adsorbed to the interface adopts a broader profile if
the microgel is collapsed after the compression of the interface. This be-
havior indicates a different reorganization of the polymer content within
the polymer rich interface, caused by the difference in the structure of
the swollen and collapsed monolayer during the compression and prior
to the NR experiments.

At 20 °C, microgels adsorb in a swollen state and flatten at the inter-
face to minimize interfacial energy. This spreading is limited by network
elasticity, leading to the characteristic “fried-egg" morphology [48,49].
When the temperature is increased after adsorption, the corona cannot
fully desorb due to a combination of interfacial tension and poor solvent
conditions, effectively freezing in place part of the extended polymer
network. This behavior contrasts with the case of monolayer formed
by adsorbed collapsed microgels, where spreading is hindered already
at the adsorption stage due to both elastic resistance and limited chain
mobility in the collapsed state. Thus more of the microgel denser core
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is exposed to the interface to achieve a higher interfacial coverage. This
explains the variances in the maximum protrusion in air z, that depends
on the adsorption path, while the width of the polymer film w; in both
experiments remains similar at low values of ¢,p,.

3.5. Comparison of the swollen and collapsed microgel structures

NR measurement series recorded at 20 °C for microgels adsorbed at
20 °Cor 40 °C (Fig. S12) show a reduction of the protrusion in air z, with
increasing ¢,), in agreement with recent studies [39]. This behavior is
opposite compared to the case of the collapsed monolayers for which
z, increases. Further, there exists a sudden increase in z, at the highest
value for ¢, suggesting that z, passes through a minimum before it
increases again close to the fourth compression regime (Fig. S12 A and
B, compare Fig. S3).

Unlike for the collapsed microgels, the protrusion of the microgels
in water z,, further increases for the swollen monolayers above z,, ~ 3
as the microgel core is further laterally compressed (Fig. S12 D). This
indicates a higher deformability of the microgels due to the swollen
microgel core and a softer network response [24,35].

These results emphasize that both the structure of the microgels
corona adsorbed to the interface and the microgel core in the water
subphase change as function of microgel concentration, temperature
and thermal history.

4. Conclusion

The results presented here offer new mechanistic insight into how
the thermal history of responsive microgels govern the interfacial archi-
tecture of soft particle monolayers. This has direct implications for the
rational design of stimuli-responsive Pickering emulsions, where stabil-
ity and destabilization must be precisely controlled.

Our findings demonstrate that microgels which are adsorbed to
the interface in a swollen state and subsequently collapsed undergo
a markedly different interfacial reorganization compared to microgels
that adsorb in a collapsed form. Specifically, we show that swollen-
then-collapsed microgels retain an extended corona structure upon col-
lapse due to the kinetic trapping of chains at the interface. This leads
to stronger particle-particle interactions, potentially forming interfacial
clusters or networks that enhance mechanical integrity.

In contrast, collapsed microgels behave more like deformable soft
spheres with steric repulsion and less interfacial entanglement, resulting
in monolayers that are more compressible and less cohesive under stress.

These differences are not just structural but functionally significant:
they determine the ability of the monolayer to resist coalescence, re-
spond to environmental changes, and ultimately control emulsion sta-
bility.

In practical terms, the results suggest that emulsions stabilized by
microgels adsorbed below the VPTT could be engineered to remain sta-
ble under mild conditions but break upon heating, as thermal collapse
modifies both the individual particle structure and their lateral inter-
actions. Conversely, if microgels are collapsed prior to adsorption, they
form films that are less prone to network formation and thus more sus-
ceptible to rupture under external triggers such as pH, ionic strength, or
mechanical shear.

The structural changes of the monolayers for the different spreading
conditions underscore the need for additional studies investigating dif-
ferences in microgel-microgel interactions to be measured e.g. by optical
tweezers, AFM or interfacial rheology, in order to gain a comprehensive
understanding of how these structural changes impact emulsion stabil-
ity.

These insights contribute to a growing body of work that seeks to
move beyond empirical emulsion stabilization toward predictive con-
trol based on interfacial microstructure. In particular, the ability to tune
the interfacial connectivity and cohesion via the adsorption-collapse se-
quence offers a new design lever for developing emulsions that are ro-
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bust under storage but breakable on demand, a feature central to appli-
cations in drug delivery, food science, and smart formulations.

Furthermore, the in-situ structural information can help in further
developing computer simulations able to finally measure the stresses
rising between microgels due to the collapse. For instance, similarly to
what has been done in bulk [55], one can think to use two in silico mi-
crogels confined to the interface [49,56,57] to measure the force acting
between them once the portion of the particle in the water subphase is
collapsed and also varying the curvature of the interface where they are
confined to finally measure the stress rising at the interface deriving by
the structural variation of the monolayer.
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