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Abstract

Abstract

Core-shell microgels with rigid cores and soft, deformable hydrogel shells can assem-
ble at air/water interfaces forming 2D microstructures. Understanding their interfacial
behaviours is essential for controlling the monolayer structures and optimizing their
further applications. Two critical aspects of this behaviour remain to be elusive: the
impact of interfacial tension on monolayer evolution, and the accuracy of atomic
force microscopy (AFM) in representing real interfacial microstructures. In this study,
we systematically investigate these aspects through experimental and theoretical ap-
proaches, providing insights into both macroscopic and microscopic interfacial behav-

iours.

The strong adsorption of core-shell microgels at air/water interfaces is related to the
reduction in interfacial tension that also causes the microgels to laterally deform. The
degree of this deformation is typically controlled through the applied surface pressure.
The impact of interfacial tension imbalances between monolayer-covered and mi-
crogel-free areas on monolayer evolution is a crucial factor in understanding the mi-
crogel monolayer evolution. By the addition of SDS or linear PNIPAM to adjust ten-
sion in microgel-free regions, freely floating monolayers expand, compress, or remain
stable depending on the resulting tension imbalance, which can induce Marangoni
flow. The global evolution of the monolayer was tracked, while local structural
changes were analyzed using AFM. A comparison of core-shell microgels with iden-
tical silica cores but varying crosslinker densities reveals how deformability affects
interfacial behaviour. These findings provide valuable insights into controlling 2D

microstructures without relying on a Langmuir trough.

The study also addresses discrepancies between AFM imaging and the actual interfa-
cial arrangement of microgels. While AFM is widely used for ex-sifu analysis,
whether it accurately reflects in-situ structures remains uncertain. Under high com-
pression, AFM imaging suggests solid-solid phase transitions marked by abrupt re-
ductions in interparticle distance. However, simulations predict continuous hexagonal
ordering, indicating that these transitions are artefacts introduced during monolayer

transfer and drying. Additionally, substrate hydrophobicity is shown to influence the



Abstract

final AFM-observed structure: hydrophilic substrates promote clustering and void
formation, while hydrophobic substrates better preserve the native monolayer ar-
rangement. This discrepancy highlights potential limitations of ex-situ AFM imaging
in capturing true interfacial behaviour, which can be mitigated by using hydrophobic

substrates.

By investigating the interplay between interfacial tensions and monolayer microstruc-
ture at liquid interface, this study provides a deeper understanding of microgel assem-
bly at liquid interfaces. The findings offer valuable insights for designing and opti-
mizing microgel-based materials with tunable interfacial properties, highlighting the
limitations of AFM in capturing true interfacial structures and emphasize the impor-
tance of considering both intrinsic microgel properties and external conditions when

analyzing interfacial organization.



Zusammenfassung

Zusammenfassung

Kern-Schale-Mikrogele mit starren Kernen und weichen, deformierbaren Hydrogel-
Schalen konnen sich an Luft/Wasser-Grenzflichen zu 2D-Mikrostrukturen anordnen.
Das Verstindnis ihres Grenzflachenverhaltens ist entscheidend fiir die Kontrolle der
Monoschichtstrukturen und die Optimierung ihrer weiteren Anwendungen. Zwei
zentrale Aspekte dieses Verhaltens bleiben jedoch ungekldrt: der Einfluss der
Grenzflachenspannung auf die Monoschichtentwicklung sowie die Genauigkeit der
Rasterkraftmikroskopie (AFM) bei der Darstellung realer Grenzflichenmikrostruktu-
ren. In dieser Studie untersuchen wir diese Aspekte systematisch durch
experimentelle und theoretische Ansidtze und liefern Erkenntnisse sowohl iiber

makroskopische als auch mikroskopische Grenzflachenverhalten.

Die starke Adsorption von Kern-Schale-Mikrogelen an Luft/Wasser-Grenzfldchen
steht in Zusammenhang mit der Reduktion der Grenzflachenspannung, die auch eine
laterale Deformation der Mikrogele verursacht. Der Grad dieser Deformation wird
typischerweise durch den angelegten Oberflichendruck gesteuert. Das
Ungleichgewicht der Grenzflichenspannung zwischen mikrogelbedeckten und
mikrogel-freien Bereichen ist ein entscheidender Faktor fiir die Entwicklung der
Monoschicht. Durch die Zugabe von SDS oder linearer PNIPAM zur Anpassung der
Spannung in mikrogel-freien Regionen expandieren, komprimieren oder stabilisieren
sich frei schwimmende Monoschichten in Abhéngigkeit vom resultierenden
Spannungsungleichgewicht, das einen Marangoni-Fluss induzieren kann. Die globale
Entwicklung der Monoschicht wurde verfolgt, wéhrend lokale strukturelle
Veranderungen mittels AFM analysiert wurden. Der Vergleich von Kern-Schale-
Mikrogelen mit identischen Silicakernen, jedoch unterschiedlicher Vernetzungsdichte,
zeigt, wie die Deformierbarkeit das Grenzflichenverhalten beeinflusst. Diese
Erkenntnisse liefern wertvolle Ansétze zur Steuerung von 2D-Mikrostrukturen ohne

die Notwendigkeit einer Langmuir-Trog-Methode.

Dariiber hinaus behandelt die Studie Diskrepanzen zwischen AFM-Bildgebung und
der tatsdchlichen Grenzflichenanordnung von Mikrogelen. Obwohl AFM héufig fiir
ex-situ-Analysen verwendet wird, bleibt unklar, ob es in-situ-Strukturen korrekt

wiedergibt. Bei hoher Kompression suggerieren AFM-Aufnahmen feste-feste



Zusammenfassung

Phaseniibergidnge, die sich durch abrupte Verringerungen der interpartikuldren
Abstidnde auszeichnen. Simulationen hingegen prognostizieren eine kontinuierliche
hexagonale Anordnung, was darauf hinweist, dass diese Ubergiinge Artefakte sind,
die wihrend des Transfers und der Trocknung der Monoschicht entstehen. Zudem
beeinflusst die Substrathyrophobie die endgiiltige, durch AFM beobachtete Struktur:
Hydrophile Substrate begiinstigen Clusterbildung und Hohlraumbildung, wahrend
hydrophobe Substrate die native Monoschichtanordnung besser bewahren. Diese
Diskrepanz unterstreicht die potenziellen Einschrinkungen der ex-situ-AFM-
Bildgebung zur Erfassung des tatsdchlichen Grenzflachenverhaltens, die durch die

Verwendung hydrophober Substrate verringert werden konnen.

Durch die Untersuchung des Zusammenspiels zwischen Grenzfldchenspannungen und
Monoschichtmikrostruktur an Fliissigkeitsgrenzfldchen bietet diese Studie ein tieferes
Verstindnis der Mikrogelassemblierung an fliissigen Grenzflichen. Die Ergebnisse
liefern wertvolle Erkenntnisse flir die Gestaltung und Optimierung mikrogelbasierter
Materialien mit einstellbaren Grenzflicheneigenschaften, verdeutlichen die Grenzen
der AFM zur Erfassung realer Grenzfldchenstrukturen und betonen die Bedeutung der
Berticksichtigung sowohl intrinsischer Mikrogeleigenschaften als auch &duBerer

Bedingungen bei der Analyse der Grenzfldchenorganisation.



1. Introduction

1. Introduction

Microgels have garnered significant interest in recent years for their fascinating prop-
erties and wide-ranging applications in science and technology[1-4]. Compared to
rigid particles, soft, porous microgels are highly deformable, allowing them to con-
form to various environments, such as interfaces or confined spaces, providing en-
hanced surface coverage and utility in coatings and surface patterning[5-7]. Soft mi-
crogels are also often responsive to environmental stimuli—such as pH[8], tempera-
ture[9, 10], or ionic strength[11, 12]—enabling reversible changes in size or charge,
which are beneficial for controlled drug release[13], biosensing[14], and optical de-
vices[15]. Additionally, soft microgels exhibit favourable interfacial behaviour, form-
ing stable, well-ordered arrays that are ideal for surface patterning[16], structural col-

our[17], and plasmonics[18-20].

Among the microgels, those composed of PNIPAM microgels are well-known due to
their ease of synthesis and thermo-responsive properties[21-24]. Monodispersed mi-
crometre-size PNIPAM microgels can be prepared through free radical precipitation
polymerization of the monomer N-isopropylacrylamide (NIPAM) and N, N’-
methylenebisacrylamide (BIS) as a cross-linker[25-27]. PNIPAM microgels undergo
a volume phase transition (VPT) in water from a swollen state to a collapsed state at
around 32 °C[28, 29]. Furthermore, PNIPAM microgels can be easily modified and
functionalized with other molecules or embedded with inorganic cores, making them
suitable for creating core-shell particles with specific properties (Figure 1. 1f) [30-34].
Such core-shell microgels exhibit the combined properties of a hard core and a soft
shell, enabling them to assemble into complex patterns at solid and fluid interfaces

with tunable inter-particle distances[35-40].
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Figure 1. 1. Schematic description of SiO,-PNIPAM microgels in the bulk phase and at fluid
interfaces. Each microgel consists of a rigid silica core and a soft PNIPAM shell, which in-
cludes a highly cross-linked inner layer and a less cross-linked outer layer. (a). A swollen mi-
crogel dispersed in the bulk aqueous phase. (b, c). Microgels adsorbed at air/water or
oil/water interfaces, forming hexagonal lattices with larger interparticle distances under low
compression (b) and smaller interparticle distances under high compression (c). (d, e). Mi-
crogels at different compression states can be transferred to a solid substrate. The transferred
monolayer shows a non-close-packed (shell-shell contact) arrangement (d) or close-packed
(core-core contact) hexagonal clusters with voids in between (e).

The internal structure of microgels has already been studied by small-angle neutron
scattering (SANS) and nuclear magnetic resonance (NMR) approaches, revealing that
the microgels present a “core-shell” structure due to the density gradient from the cen-
tre to the periphery[41, 42]. These microgels consist of three structural regions (Fig-
ure 1. 1a): a dense, highly cross-linked “core” in the central region, a loosely cross-
linked “shell” surrounding the core, and, at the outer edge, a corona made up of even
more loosely cross-linked PNIPAM chains[43, 44]. The morphology of the microgel
is governed by the reactivity differences between the monomer and cross-linker. Dur-
ing batch synthesis, cross-linkers react faster than monomers, leading to a gradient in
cross-link density from the centre toward the periphery of the microgel[45]. By ad-

justing the relative concentrations of monomer and cross-linker or controlling the rate
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of monomer addition, the thickness and density of the “core” and “shell” regions can
be tuned[46, 47]. Correspondingly, a continuous monomer feeding approach can
promote a more homogeneous cross-linker distribution[48, 49]. In this work, uranyl
acetate staining combined with transmission electronic microscopy (TEM) imaging is
employed as an effective method to visualize the “core” and “shell” regions, offering
an intuitive way to compare the structural variations of microgels with different cross-

linking densities.

Microgels’ soft, deformable nature enables them to adapt to interfacial forces, spread-
ing and flattening at oil/water or air/water interfaces in response to surface tension
and capillary forces[50, 51]. This adaptable structure typically results in a "fried-egg"
morphology, where microgels exhibit a larger radius than in bulk solution (Figure 1.
1b, ¢), as observed using cryo-scanning electron microscopy (cryo-SEM)[7, 52-55].
The flattening of microgels is especially pronounced in those with lower cross-linking
densities, i.e. large softness[56], and hollow microgels with an internal cavity[57, 58].
At interparticle contacts, this leads to significantly larger interparticle distances com-
pared to the bulk diameter of the microgels measured in dispersion[59, 60]. These mi-
crogels assemble into hexagonal lattices with adjustable inter-particle distances at lig-
uid interfaces, forming structured 2D monolayers[61-66]. One of the common meth-
ods to fabricate the 2D structured monolayer is fluid interface-assisted (self-)assembly,
which offers low processing costs, fast speed, and repeatability while enabling the
formation of macroscopic assemblies with wafer-scale or even larger dimensions|7,
67, 68]. The fluid interface allows further manipulation of the obtained assemblies by,
for example, acoustic modulation[69, 70] or alterations in the accessible surface area
as it is typically achieved in a classical Langmuir trough[71, 72]. Monolayers of soft

and deformable microgels confined at fluid interfaces can be compressed to a certain
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degree, depending on the softness and shell-to-core size ratio. Large shell-to-core ra-
tios are achievable with precipitation and cross-linking of polymeric shells onto
cores[ 10, 73-75]. The resulting properties of the core-shell microgels are characterised

by the properties of both the cores and the shells[76].

The assembly at fluid interfaces is driven by a balance of attractive capillary forces,
van der Waals interactions, and short-range electrostatic or steric repulsions[68, 77-
79]. This behaviour can be used to prepare freely floating monolayers of hexagonally
packed microgels[19, 80]. A direct assembly method can form ordered 2D arrays by
floating microgels at interfaces, with surfactants like SDS acting as a soft barrier to
stabilize the formation of hexagonal arrays, and the assembly can be controlled by
varying SDS concentrations[81-86]. Interfacial tension imbalance at the available sur-
face area will further influence the monolayer behaviour due to Marangoni flow[87].
Compared to rigid spheres in the close-packed state, microgels can be compressed
over a broad range of surface pressures at fluid interfaces. Therefore, imbalances in
interfacial tension and the resulting Marangoni flow are expected to have a significant
impact on the monolayer evolution of soft microgels. Understanding the interplay be-
tween interfacial tension, microgel structure, and the self-assembly process will offer

valuable insights into the intricate dynamics governing interfacial assemblies.

The microgel monolayer at a distinct compression state (surface pressure) can be
transferred to a solid substrate for ex-situ microscopy analysis using techniques such
as atomic force microscopy (Figure 1. 1d, €)[37, 88, 89]. After transfer and drying on
solid substrates, the 2D structure of the monolayer can be imaged using AFM or
scanning electron microscopy (SEM). At low surface pressure, the monolayers form

non-close-packed hexagonal lattices, where the particles are in shell-shell contact
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(Figure 1.1d). As the surface pressure increases, the monolayers transition to close-
packed hexagonal lattices with voids in between, characterized by core—core contact
between particles (Figure 1.1e). This discontinuous transition, known as the
“isostructural phase transition”, is ascribed to the combination of attractive capillary
forces and local failures of the polymer shells of the microgel monolayer at the fluid
interface [90, 91]. However, whether ex-situ AFM observations can adequately eluci-
date the assembly and structure of microgel monolayers at fluid interfaces remains a
question. In 2021, Hoppe Lavarez et al. pointed out that the conformation of the mi-
crogels after the deposition strongly depended on the hydrophilicity of the surface,
which controls the adsorption strength[92]. Their finding revealed that the shape and
degree of spreading of soft microgels at interfaces are influenced not only by their in-
trinsic properties and the characteristics of the substrate but also by the deposition
methodology. Moreover, Keumkyung Kuk et al. compared the structural order of the
microgel monolayers in-situ at the interface during compression and ex-situ after
transfer to solid substrates. They found that “isostructural phase transition” did not
occur at the air/water interface[59]. The authors suggested that the deposition method
and the substrate govern the colloidal monolayers' microstructural phase transitions.
Despite these advancements, critical challenges persist. When and where the structure
transition occurred is still an open question and needs further investigation. Further-
more, the impact of internal microgel structures, such as cross-linking density and
core-shell morphology, on their interfacial behaviour remains inadequately under-
stood. This work addresses these questions by systematically exploring the relation-
ships between microgel structure, interfacial behaviour, and deposition outcomes

through a combination of experimental and simulation approaches.
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For this study, silica-core/PNIPAM-shell particles with varying cross-link densities
were synthesized, and their assembly behaviour at interfaces was systematically in-
vestigated. The first part of the work explores the effect of external interfacial tension
on the time-dependent evolution of freely floating monolayers of core-shell microgels.
By varying interfacial tension with SDS and using microgels of different cross-linker
densities, the role of softness in monolayer expansion driven by Marangoni flow was
investigated. This study provides key insights into the phase behaviour of soft colloids
at fluid interfaces, emphasizing the role of interfacial tension imbalance, and offers
practical approaches for tuning monolayer structures and interparticle distances using
accessible and cost-effective methods. In the second part of the work, the study fo-
cuses on the influence of substrate type and microgel softness on the results from ex-
situ AFM analysis coupled with Langmuir compression experiments. DPD simula-
tions provided in-situ insights into the structural evolution of microgel monolayers
under compression. The findings suggest that discrepancies between in-situ and ex-
situ observations, including the “isotropic phase transition”, may stem from drying-
induced structural rearrangements. This research offers valuable insights into the ef-
fects of substrate hydrophilicity and microgel shell architecture on the resulting struc-

tures.
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2. Theoretical Background

This section provides an overview of the synthesis of silica-core/PNIPAM-shell mi-
crogels, including a discussion of the mechanism of seeded precipitation polymeriza-
tion and the resulting cross-link distribution during shell synthesis. Moreover, we dis-
cuss the behaviour of these microgels in bulk and at the air/water interface, highlight-
ing their volume phase transition in response to temperature, shell deformation, self-
assembly at the air/water interface, and interactions with glass substrates. Lastly, it

presents various characterization methods employed to study these microgels.

2.1 Thermoresponsive microgels

This section presents the synthesis process and structural characteristics of SiO,-
PNIPAM microgels. The seeded precipitation polymerization of SiO,-PNIPAM mi-
crogels initiates with the silica core prepared through the Stober method, followed by
the encapsulation of these cores in PNIPAM shells. Due to the faster reactivity of the
cross-linker compared to the monomer, an inhomogeneous cross-link density gradient
is formed within the shell, as described by Stieger et al. in the SANS experiments[46].
This gradient in cross-link density impacts the microgel’s swelling behaviour and me-
chanical properties. The thermoresponsive behaviour, including the volume phase
transition and swelling capacity in response to temperature changes, can be analysed

using dynamic light scattering (DLS).

2.1.1 Core-shell microgels
Seeded precipitation polymerization is a versatile method for synthesizing core-shell
microgels, where a solid seed (e.g., silica particles) serves as the core, and a polymer

shell is formed around it via free radical polymerization[76]. The resulting shells can
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be tuned in thickness, ranging from tens to hundreds of nanometers. In the case of
Si0,-PNIPAM microgels, the silica core acts as a seed, while the PNIPAM shell
forms through the polymerization of N-isopropylacrylamide (NIPAM) monomers in
the presence of the cross-linker N,N'-methylenebisacrylamide (BIS). The silica cores
are prepared using the Stober method, which produces monodispersed silica particles
through the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in an alco-
hol-water mixture, catalyzed by ammonia[93-95]. The reaction between the surface
silanols and trimethoxysilane-based organics could modify the surface of the silica
particle. Functional groups such as aminopropyl, octadecyl and mercaptopropyl
groups could then be modified to the particle surface[96]. In this work, methacry-
loxypropyltrimethoxysilane (MPS)-modified silica particles with diameters around

100 nm were synthesized and subsequently used as cores for core-shell microgels.

The shell part of the core-shell microgel is constructed through the free radical po-
lymerization of NIPAM monomers (see Figure 2. 1). The reaction temperature is set
to be around 70 °C. On the one hand, the initiator potassium peroxodisulfate (PPS)
decomposes into free radicals at this temperature[97]. The free radicals from the ini-
tiator attack the NIPAM and BIS monomers, forming oligomer radicals (short poly-
mer chains). These oligomer radicals then grow into longer polymer chains, forming
polymer radicals. On the other hand, due to PNIPAM's Lower Critical Solution Tem-
perature (LCST) of around 32 °C, PNIPAM experiences poor solvent conditions at
70 °C, favouring the formation of microgels over macrogels[98]. As a result, the
polymer shell continues to grow around the inorganic cores until all the monomers are
consumed, which forms a core-shell structure with an inorganic core at the centre and
a surrounding PNIPAM layer. The polymer shell stabilizes the nanoparticles by pre-

venting aggregation through steric and electrical repulsions, in which the charges
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come from the initiator. Additionally, it serves as a spacer in two-dimensional arrays,
maintaining proper distance between particles. This process is adaptable and flexible,
enabling precisely tuning of shell thickness through a semi-batch process and modifi-
cation of properties by incorporating various comonomers into the polymer network,
such as BIS as a cross-linker or acrylic acid to introduce functional groups[99-104].
During the one-batch seeded precipitation polymerization, the cross-linker’s faster
reactivity compared to the NIPAM monomer leads to a falling cross-link density gra-
dient from the central to the periphery of the shell[43, 105]. Such inhomogeneity in
cross-link density is a characteristic feature of the microgel's structure and plays a
crucial role in determining its mechanical properties and swelling behaviour. The in-

ternal shell structure can be analyzed using techniques such as SANS and DLS.

C IO
o TEOS
VR
+ APS _/
_TAre | N
RITC APS@RITC Stober process APS@RITC
MPS
_"\o—;—/—\o 2
/-( ’ 6
NIPAM ' r
+ BIS

Seeded Precipitation
Polymerization

Figure 2. 1. Schematic illustration of the synthesis of core-shell microgels. The process be-
gins with the preparation of an RITC-labeled silica core via the Stober process. The silica
core is then surface-modified with MPS to introduce reactive methacrylate groups. In the next
step, seeded precipitation polymerization is carried out using NIPAM as the monomer and
BIS as the cross-linker, forming a PNIPAM shell around the silica core. The resulting core-
shell microgels consist of a rigid silica core and a soft PNIPAM hydrogel shell.
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In 2010, Karg et al. prepared well-defined thermoresponsive SiO-PNIPAM mi-
crogels, starting with MPS-functionalized silica cores (70—170 nm) and resulting in
core-shell microgels with diameters of 181-268 nm at 15 °C[38]. Here, MPS is
thought to provide the silica surfaces with terminal double bonds, facilitating the as-
sociation between the silica cores and the PNIPAM shells[106]. In 2016, Rauh et al.
further investigated how nanoparticle surface functionalization and concentration af-
fect core-shell microgel formation[107]. Using spherical gold nanoparticles as seeds
in the radical polymerization of NIPAM, they successfully synthesized core-shell mi-
crogels with single gold cores, and the hydrogel shell thickness could be precisely
controlled. They observed that encapsulation occurs through the precipitation of oli-

gomers/polymers onto the seed surface, regardless of polymerizable groups.

Volume phase transition behaviour. PNIPAM is a thermoresponsive polymer that
undergoes a coil-to-globule transition in water around 32 °C[108]. This reversible be-
haviour is particularly useful in applications such as drug delivery[109], nanoparticle
assembly[35, 110] and microfluidics[111]. Below the volume phase transition tem-
perature (VPTT), PNIPAM microgels are hydrated and swollen due to strong poly-
mer-solvent interactions, where the amide groups form hydrogen bonds with water.
Above the VPTT, polymer-polymer interactions are favoured, the hydrophobic inter-
actions between the isopropyl groups of PNIPAM become stronger than the interac-
tions with water, PNIPAM becomes hydrophobic. Therefore, microgels shrink into a
compact, less hydrated structure[112]. The swelling and deswelling behaviour can be

quantified using the swelling ratio (f) and the deswelling ratio (), as described below:

a = Vh—(T) (2 1)
Vh,swollen
Vr(T)
p=—r— 2. 2)
h,collapsed
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Here, V;,(T) corresponds to the hydrodynamic volume of the microgels at temperature
T, Vi swotten ad Vi coliapsea correspond to the hydrodynamic volume of the microgels
at the fully swollen and collapsed state. The VPT of PNIPAM microgels can be influ-
enced by several factors, such as cross-linker density, the choice of comonomer|[113],
the type of cross-link agent, etc. The volumes of PNIPAM microgels are typically
calculated based on the hydrodynamic radii obtained from DLS measurements, which

we will explain in detail in this section.

Swelling-deswelling behaviours of microgels. The thermodynamics of the swelling-
deswelling behaviour is commonly characterized using the Flory-Rehner theory[114,
115]. By applying the Flory-Rehner model to R, vs. T data, the key parameters, in-
cluding polymer-solvent interaction strength and the degree of cross-linking in the
network, can be quantitatively determined[116-118]. This theory combines the Flory-
Huggins solution theory, providing a comprehensive framework for understanding
how polymer networks swell by balancing the osmotic pressure contributions from
mixing (due to polymer-solvent interactions) and elastic forces (due to network de-
formation)[119]. Osmotic pressure promotes swelling by favouring polymer-solvent
mixing, while elastic pressure opposes it due to the stretching of chains between
cross-links. The elastic osmotic pressure I, is calculated as below:

_ NckpT | ¢
I, =——|—
vo  [2¢o

_ (%)1/ 3] 2. 3)

Here N, is the number of chains in the network, kg is Boltzmann constant, ¢ is poly-
mer volume fraction, which can be obtained from DLS measurements, v, and ¢ are
microgel volume and related volume fraction in the reference state. The mixing os-

motic pressure I1,,;, 1s given by[116]:
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Mpix = — 2581 [ 4+ In(1 — §) + xp?] 2. 4)

Vs

Here, N, is Avogadro’s number, v is the molar volume of the solvent, y is the Flory-

Huggins solubility parameter. y can be calculated as:

1 6
x=3-A(1-2)+Co+D¢? 2. 5)
AS 1
A=—22+3 2. 6)
2AH
T 2AS+kg 2. 7)

Here 6 is the theta temperature, AS is the non-combinatorial entropy change, which
refers to the entropy difference associated with transferring a polymer segment from a
bulk polymer (where it interacts primarily with other polymer segments) to a solvent
(where it interacts with solvent molecules). AH is the equivalent enthalpic contribu-
tion. C and D are empirical constants relating to volume fraction. The interplay of
these pressures determines the polymer's equilibrium size in the swollen state[120].
The net osmotic pressure inside the microgel is zero at equilibrium. The Flory-Rehner
theory provides the changes of the polymer network's volume or size in response to

environmental factors such as temperature. For thermoresponsive microgels like PNI-
PAM, these size changes can be directly linked to the swelling ratio (f = f). DLS is
0

an ideal experimental technique to measure these size changes, as it provides precise
hydrodynamic radius measurements across varying conditions, such as temperature or

solvent quality.
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Understanding the internal structure of microgels is crucial for linking their swelling
behaviours and interfacial properties to their performance in various applications. In
1986, Pelton et al. mentioned the gradually increasing polymer density from the outer
edge to the central part in PNIPAM microgels[25]. Then, in 1994, Wu et al. first ex-
amined the kinetics of PNIPAM microgel formation, discovering that the cross-linker
(BIS) is consumed faster than the monomer (NIPAM) during emulsion copolymeriza-
tion[43]. By measuring conversion rates over time, they systematically analyzed how
factors such as NIPAM, BIS, SDS, and temperature impact the synthesis process. This
work was instrumental in identifying the inhomogeneous spatial distribution of cross-
link density within PNIPAM microgels. Following this, in 2000, Guillermo ef al. em-
ployed nuclear magnetic resonance (NMR) to investigate the structure further, distin-
guishing different structural regions by observing variations in proton mobility
through magnetic relaxation rates[41]. Their work proposed a "core-shell" morphol-
ogy for PNIPAM microgels, highlighting distinct core and shell regions with differing
polymer density. Based on these studies, people recognized that a swollen PNIPAM
microgel has a significantly different internal structure compared to a homogeneous
sphere due to this density gradient. Such inhomogeneous structures were further char-
acterized by scattering techniques such as SANS, Small-Angle X-ray Scattering

(SAXS), and DLS, which will be discussed in the following sections [42, 44, 46, 121].

2.1.2 Small-angle scattering (SAS)

SANS and SAXS are a powerful techniques for probing the size, shape and internal
structure of microgels on the nanoscale[122]. In this thesis, SAXS was used to charac-
terize the silica cores, and previous SANS measurements of PNIPAM microgels pro-

vide information of density fluctuations within the polymer networks[123, 124].
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SAS experiments are typically conducted at small scattering angles because the scat-
tering is most sensitive to larger particles at low angles. In a SAXS experiment, the
sample is irradiated with X-rays and the scattered intensity / is recorded as a function
of the scattering vector g, which is related to the scattering angle and X-ray wave-
length. The data is collected using a 2D detector and then azimuthally averaged to ob-
tain the 1D I(q) curve. The scattering intensity /(q) is measured as a function of the
momentum transfer q. The intensity of the radiation (X-rays or neutrons) is measured

as a function of the scattering angle, 6.

q=|q| = =sin= 2. 8)

Where q is the scattering vector, a vector quantity that describes the difference be-
tween the wave vectors of the incident wave and the scattered wave. Its magnitude, q,
is known as the momentum transfer. 6 is the scattering angle, and A is the wavelength
of the radiation. The momentum transfer q is inversely proportional to the characteris-
tic length scale d, given by the relationship d = 2rm/q. This inverse relationship
makes q a critical parameter for interpreting the spatial distribution and size of fea-
tures in scattering experiments. The shape of 1(q) provides information about the size
and internal structure of the microgel. The scattering intensity /(q) of an individual
nanoparticle is related to the form factor P(q), which describes the internal structure
of individual particles, and structure factor S(q), which accounts for inter-particle in-

teractions.

I(q) = np*V*P(q)S(q) 2.9

Here, n is the number density of the particles, p is the electron density of the particle,
and V is the volume of the particle. For dilute solutions of microgels, S(q) =1. For
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SANS measurements, I(q) depends on the contrast in scattering length density (SLD)
between the microgel and the solvent. In 2004, Stieger ef al. introduced a direct mod-
elling approach to analyse the scattering intensity distribution of PNIPAM microgels.
In this method, they define the scattering cross-section (da(q)/df2), which is inde-
pendent of the transmission and the form of the sample, to represent I(q). For a
monodisperse suspension of spherical particles, according to equation 2. 2, the differ-

ential scattering cross section is given as below:

d
1) = 22 = nApZ p V4, P(9)S(q) (2. 10)

Where 7 is the number density of the particles, V), is the volume of polymer in a par-
ticle, P(q) is the normalized form factor, and S(q) is the interference of scattering
from different particles. It is important to note that p in equation (2. 2) represents the
electron density of the particle, while in SANS SLD is used to describe how strongly
a material scatters neutrons, and it varies for different isotopes of the same element.
Apsyp is the difference in SLD between the polymer and solvent, given by Apg;p =

Ppolymer — Psolvent- 1he SLD of the particle or the solvent is calculated as below:

Pa
Psip = M_I:’NA 2?11 b; (2. 11)

Here, pgpp 1s the apparent specific density, defined as the ratio of the material's mass
to its apparent volume, which includes both the polymer network and the porous
within. M,, is the molecular weight, N, is Avogardo’s number, and b; is a nucleus's

bound coherent scattering length.
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In SANS, the form factor describes the scattering contribution of an individual parti-
cle. For monodispersed homogeneous spherical particles, the distribution of scattering
length density within the particle is uniform. Therefore, Py, (g) depends on the size
and shape of the particle, which can be described by a radial box function:

] sin(qR)—qR-cos(qR) 2
(qR)?

Prom(q) = [3 2. 12)

Where R is the radius of the particles. The box function models a sharp boundary be-
tween the particle and its surrounding medium. However, microgels typically have a
fuzzy surface due to the polymer network structure and inhomogeneous cross-linking
density distribution[42, 125]. To account for the fuzziness in the model, Stieger et al.
convoluted the radial box profile with a Gaussian[126]. The form factor then can be

expressed as:

2

in(qR)—qR-cos(qR) (0surra)’
P = [ e o

Where 0g,,r is the width of the smeared particle surface, the smeared surface de-
scribes the gradual transition from the compact core to the more expanded and less
densely cross-linked surface. Figure 2. 2 shows the SANS scattering profile of the
PNIPAM microgel. In the central region of the microgel is a highly cross-linked “core”
characterized by a radial box profile. Within this core region, the cross-linking density
is relatively uniform and remains constant up to a specific radius, denoted as Ry, =
R — 204,57, Where 0g,,f represents the width of the smeared particle surface. Beyond
the core region, the cross-linking density starts to decrease gradually. The decrease in
cross-linking density is described by 04, f, and the profile decreases to half the core

density at R. The overall size of the microgel determined from the SANS data is ap-
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proximately given by Rgans = R + 204,,¢. At this effective radius Rgypys, the scatter-
ing profile approaches zero, indicating the outer boundary of the microgel. The size
obtained from SANS, Rgans, 1s typically slightly smaller than the hydrodynamic ra-
dius measured by DLS. This discrepancy occurs because SANS measures the size of
the dense core and the immediately surrounding structure, while DLS includes contri-
butions from the entire hydrated shell, including any extended polymer chains. In the
case of hybrid particles with silica cores and PNIPAM shells, TEM and AFM images
show a single silica core centrally positioned within the microgels, which display

swelling behaviours similar to pure PNIPAM microgels[34, 127].
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Figure 2. 2. Schematic illustration of a PNIPAM microgel. The central region of the microgel
consists of a highly cross-linked “core”, which is modelled using a radial box profile. The
radius of the “core” is denoted as Rp,,. The cross-linking density gradually decreases from
the centre towards the periphery. The outer, fuzzy region of the microgel is characterized by a
surface thickness gg,,-¢. The overall size of the microgel is represented by Rg4ys, which is
slightly smaller than the hydrodynamic radius R, obtained from DLS. Adapted from ref. [46].
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2.1.3 Dynamic Light Scattering (DLS)

DLS is a widely used technique for measuring the hydrodynamic radius (R;) and
monodispersity of nanoparticle and macromolecule suspensions. It measures fluctua-
tions in scattered light intensity caused by the Brownian motion of particles in a lig-
uid[128]. These fluctuations reveal particle diffusion, which is linked to their hydro-

dynamic size via the Stokes-Einstein equation.

A DLS instrument’s components are shown in Figure 2. 3. A monochromatic laser
beam passes through a suspension contained in a cuvette, interacting with particles
undergoing random motion, known as Brownian motion. The speed of this motion
depends on particle size, temperature, and solvent viscosity. When photons interact
with a suspension, they induce oscillations in the electron cloud of the particles, creat-
ing dipoles that radiate scattered light in all directions[129]. A detector captures this
scattered light at a specific angle. If the particles were stationary, the scattering inten-
sity would remain constant. However, due to Brownian motion, the intensity fluctu-
ates over time[130]. These fluctuations are analyzed to calculate an autocorrelation
function, which measures the similarity between the intensity at a given time and at a
later time. The rate at which the autocorrelation function decays reflects the speed of
Brownian motion: smaller particles cause a faster decay, while larger particles result
in a slower decay. This relationship allows DLS to determine the particle size distri-

bution in the suspension.
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Figure 2. 3. Schematic diagram of the components of a dynamic light scattering instrument
and the hypothetical dynamic light scattering of large and small particles. The laser beam
used in this work is a He-Ne laser with a wavelength of 633 nm. The photon-counting device
is to measure the intensity of the scattering light. The intensity vs. time plots show fluctua-
tions for large and small particles. Larger particles exhibit slower intensity fluctuations due to
slower Brownian motion, while smaller particles show faster fluctuations.

The speed of Brownian motion is characterized by the translational diffusion coeffi-
cient D. The Stokes-Einstein equation relates D to the hydrodynamic radius Ry, of the

particles:

_ kT
= Souk, (2. 14)

Here, kg 1s the Boltzmann constant, 7"is the absolute temperature, and # is the dy-
namic viscosity of the medium. The calculated R;, assumes that the particles behave as
hard spheres diffusing at the same speed[131]. However, microgels often feature a

fuzzy or diffuse surface layer, thus R, includes contributions from this diffuse outer
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region. Additionally, for charged microgels, the surface-associated electric double

layer, formed by counterions, also contributes to the measured R;,.

The intensity autocorrelation function of scattered light g2 () is used to get the trans-
lational diffusion coefficient D. g?(T) quantifies the degree of similarity between the
scattered light intensity at a given time (£) and the intensity at a time lag (). g2(T) is

generated from the scattering intensity (I(q)) as follows:

20 _ @I(t+7))

Here, I(t + 7) is the time-averaged product of scattered intensities at time t and t + .
At short delay times, particles move only slightly from their initial positions. As the
delay time increases, they move farther, leading to a decrease in correlation. In mono-
dispersed system, g2(T) is related to the field autocorrelation function g'(7) by the

Siegert relation[132]:

g%(t) =1+ Blg*(D)? 2. 16)

Where f8 is a coherence factor that depends on the particle’s geometry and scattering
properties. For a uniform (or monodisperse) system, the first-order autocorrelation

function g*(t) can be regarded as a single exponential function[133]:
g*(r) = exp (-I'7) (2. 17
I = Dg? (2. 18)

Here, I is the decay rate, D is the diffusion coefficient, and q is the magnitude of the

wave vector. Furthermore, for polydisperse particles, the autocorrelation function
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g1 (t) is the sum of a series of the exponential decays. They represent the contribution

of each size population to the overall scattering intensity:
g'(® = [, G(I) exp(—IT)dr (2. 19)

From the average decay rate I', the average diffusion coefficient D and hence the hy-
drodynamic size R;, can be calculated. Furthermore, the particles’ mean size and

polydispersity index (PDI) can be determined using Cumulant analysis[134].

DLS can be effectively employed to measure the swelling ratio of PNIPAM mi-
crogels[125, 135, 136]. The measurement is conducted at different temperatures or
solvent compositions, capturing the hydrodynamic diameter of the PNIPAM mi-
crogels as a function of these variables[137, 138]. DLS measurements at various tem-
peratures yield hydrodynamic diameter data corresponding to the microgel's different
states. By comparing the hydrodynamic diameters before and after the VPTT, the

swelling ratio (a), can be calculated by equation (2. 7).

2.2 Interfacial behaviour and assembly of microgels at fluid interfaces

Microgels exhibit unique interfacial behaviours due to their deformability and respon-
siveness to environmental conditions. Unlike traditional hard-sphere particles, mi-
crogels exhibit softness, deformability, and environmental responsiveness, which al-
low them to transition between different states depending on external stimuli. These
unique properties make the interactions between particles more complex, influencing
their phase behaviour, rheological properties, and ability to self-assemble. In this sec-

tion, the hard-sphere model will first be discussed to understand basic colloidal inter-
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actions, followed by exploring how microgels behave differently due to their deform-

ability.

2.2.1 Forces acting on colloidal particles in suspensions

Before delving into the behaviour of microgels at fluid interfaces, it is essential to un-
derstand the fundamental forces acting on colloidal particles in bulk suspensions. The
stability of colloidal particles is typically described by the DLVO theory (Derjaguin-
Landau-Verwey-Overbeek theory), which combines van der Waals attractive forces
and electrostatic repulsive forces[139, 140]. It considers two main components: (1)
Repulsive forces between two or more particles, such as electric forces, come into
play when particles carry surface charges, prevent the aggregation and flocculation of
the colloidal dispersion; (2) Attractive forces, such as Van der Waals forces, arising
from temporary fluctuations in electron distribution, can induce attractive interactions
between particles and counteract the repulsive forces (Figure 2. 4). The electric dou-
ble layer is formed when charged particles are dispersed in a medium, and it consists
of a charged layer surrounding the particle, which can be described using the Gouy-
Chapman-Stern model. The repulsive electrostatic force can be calculated using the
Poisson-Boltzmann equation, which describes how the surface potential exponentially
decays with distance from the surface. The Van der Waals forces and the electric re-
pulsive forces together determine the dispersion stability and can be approximated as
the sum of their contributions. The DLVO force for two spheres, Fpryo, can be ex-

pressed as:
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2. Theoretical Background

Here, o is the surface charge density, D is the separation distance, R is the radii of the
particle, A4 is the Hamaker constant. « is the inverse Debye length, e is the elementary
charge, ¢ and g are the dielectric constant and permittivity of the suspending medium.
It's important to note that the Poisson-Boltzmann equation and the electrostatic force
calculation are based on several assumptions, such as the particles being small com-
pared to the Debye length, the system being in thermal equilibrium, and the particles
being uniformly charged. In more complex systems, additional factors such as surface
roughness, surface heterogeneity, and ion-specific effects may need to be considered

for a more accurate estimation of the electrostatic interactions.
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Figure 2. 4 Schematic representation of the DLVO interaction potential as a function of in-
terparticle distance (left). The total interaction potential (magenta) results from the sum of
electrostatic repulsion (green) and van der Waals attraction (orange). At short distances, van
der Waals forces dominate, leading to strong attraction. At intermediate distances, an energy
barrier appears due to electrostatic repulsion, which prevents particle aggregation. Beyond
this barrier, the interaction potential asymptotically approaches zero. The right diagram illus-
trates the competition between electrostatic repulsion (green arrows) and van der Waals at-
traction (orange arrows) for two charged colloidal particles. Adapted from ref. [141].
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While DLVO theory successfully explains the stability and aggregation of many col-
loidal systems, it has limitations when applied to microgels due to their soft and de-
formable nature. Unlike the rigid boundaries assumed in DLVO theory, microgels ex-
hibit significant overlap and deformation, particularly at higher concentrations. Rich-
tering et al. investigated PNIPAM microgels as an ideal model for exploring soft-
sphere colloidal behaviour and rheological phenomena. Their findings indicate that
microgels behave similarly to hard spheres at effective volume fractions below 0.494
because of the immobilized solvent within the polymer network[142]. However, mi-
crogels' inherent softness and compressibility become apparent at higher concentra-
tions, resulting in deviations from hard-sphere behaviour[143, 144]. Consequently, the
soft-sphere effective interparticle potential (u), which accounts for particle overlap, is
more appropriate for modelling microgel behaviour[145]:

u(d) = & (‘eminat)’ 2. 22)

Where d... is the distance between particle centres, d,omina: 18 the nominal particle
diameter, 7 is the exponent that controls the stiffness of the potential (or the softness
of the microgel particle), and ¢ is a scaling factor. Microgels resist compression due to
their cross-linked polymer network, contributing to elastic repulsion at short distances.
Core-shell microgels exhibit a combination of hard-sphere-like core interactions and
soft, deformable shell interactions. The soft shell allows for overlap, while the rigid

core prevents complete deformation.

The equilibrium behaviour of microgels in bulk suspensions provides a foundational
understanding of their intrinsic softness and responsiveness. However, when confined

to fluid interfaces, the symmetry of forces acting on microgels is fundamentally dis-
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rupted. The transition from a homogeneous bulk environment to an asymmetric inter-
facial system introduces additional complexities, such as capillary forces and interfa-
cial tension gradients, which dominate their assembly dynamics. This shift necessi-
tates an examination of how microgels adapt to interfacial constraints and how their

deformability mediates interactions in two-dimensional (2D) confinement.

2.2.2 Forces acting on colloidal particles at interfaces

When microgels transition from bulk suspensions to fluid interfaces, their force land-
scape changes dramatically. At fluid interfaces, microgels are subjected not only to
van der Waals and electrostatic forces but also to interfacial tension and capillary
forces. The asymmetry of these forces results in behaviours that is fundamentally dif-
ferent from that in bulk suspensions. The adsorption energy, interfacial deformation,
and capillary-driven long-range ordering of microgels become key factors in under-

standing their interfacial behaviour.

The deformation of microgels at fluid interfaces is a critical aspect of their interfacial
behaviour. Unlike rigid particles, microgels can deform to minimize interfacial free
energy, often adopting a "fried-egg" morphology. These phenomena are not merely
extensions of bulk behaviour but represent emergent properties unique to interfacial
confinement. In the previous section, interactions between microgels in bulk systems
were discussed. At fluid interfaces, however, the two-dimensional nature of the sys-
tem and the deformable interface create unique phenomena. The stabilization effi-
ciency of colloidal particles originates from the thermodynamics of their adsorption at

a fluid interface. The energy gain upon adsorption is given by[146]:

E = mR?*y(1 + cos 8)? (2. 23)
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2.2 Interfacial behaviour and assembly of microgels at fluid interfaces

Where R is the radius of the particle, y is the interfacial tension, and 6 is the contact
angle at the interface. The sign of the cos 8 term depends on whether the particle is
being desorbed into the oil/air phase (+) or into the water phase (—). For particles with
sizes of a few tens of nanometers, this energy is on the order of 10°kz7. Due to this
high energy barrier, the adsorption of colloidal particles at the interface is effectively

irreversible.

When colloidal particles move from a bulk aqueous phase to a liquid-liquid interface
(e.g., water-oil), their electronic interactions change due to the formation of an asym-
metric double layer (Figure 2. 5). The portion in the polar phase (e.g., water) retains
its charge due to stable surface ionization, while the part in the non-polar phase (e.g.,
oil) re-neutralizes its surface groups for energetic stability. This creates a charged re-

gion in the polar phase and little to no charge on the non-polar side.
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Figure 2. 5. Schematic representation of the charge distribution around a colloidal particle at
the oil/water interface. The particle, adsorbed at the interface between decane (&;) and water
(&), carries a negative surface charge (black dashes). To compensate for this charge, posi-
tively charged counterions condense near the surface, forming a stern layer with thickness dsr
and dielectric constant ¢s7. Beyond this region, additional counterions and coions (negatively
charged ions) are distributed in the aqueous phase, forming a diffuse electric double layer
with characteristic thickness x'. The dashed lines indicate the approximate extent of charge
distribution in the water phase. Reprinted from Ref.[147].

30



2. Theoretical Background

Van der Waals interactions are more complicated to compute than in bulk phases be-
cause the particles are partially immersed in two different fluids. However, due to the
complexity of calculating these interactions in such environments and the dominance
of repulsive forces, their contribution is often negligible in practical systems. They
become relevant only under specific conditions where particles can come into very

close proximity, which is usually prevented by strong repulsions.

Capillary forces are the most significant interaction forces for particles at interfaces,
driving their clustering and organization. Particles at an interface cause local deforma-
tions due to their weight, shape, or surface wettability (contact angle)[78, 148]. These
deformations create gradients in the interfacial energy, leading to capillary interac-
tions between particles. The extent and type of deformation depend on the particle’s
size, contact angle, and density relative to the surrounding fluids. The lateral capillary
forces can be either attractive or repulsive[78, 79]. For large particles, the balance of
gravitational and buoyancy forces together with the wetting properties of the particle
causes deformations in the interface (Figure 2. 6a). This deformation results in parti-
cles attracting or repelling each other based on the curvature of the interface[149]. For
smaller particles, gravitational forces are negligible, so interface deformation is not
caused by particle weight. In this case, if the particle's surface is rough or chemically
heterogeneous, the interface deformation arising from the contact line where the inter-
face meets the particle becomes irregular[150]. Or from the anisotropy of the parti-
cles[151]. In the case of particles immersed in a liquid film supported by a solid sub-
strate, the deformation of the surface is attributed to the wetting ability of the particles

(Figure 2. 6b)[79].
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air

water

Figure 2. 6. Schematic illustration of lateral capillary forces acting on particles at a fluid in-
terface. (a). Flotation forces: The interplay between particle weight and buoyancy induces
interface deformation, leading to an attractive capillary interaction between adjacent particles.
(b). Immersion forces: Due to particle wettability, the interface deforms around the particles,
generating capillary interactions. The immersion depth L and the interparticle distance L in-
fluence the magnitude of the force. The arrows indicate the direction of the resulting attractive
interactions.

It is worth noting that the interactions for microgels at fluid interfaces are fundamen-
tally different from those of hard particles. Unlike hard particles, which create signifi-
cant interfacial deformation due to their rigid structure and fixed wetting properties,
microgels adapt to the interface by deforming and spreading. When positioned at an
interface, microgels exhibit a typical “fried-egg” or “core-corona” morphology, as
shown by Cryo-SEM images of microgels at water/oil interfaces (Figure 2. 7a). At
water/oil interfaces, the loosely cross-linked outer part of the microgel is more de-
formable than the densely cross-linked “core”, allowing the microgel to conform to
the interface. The outer part spreads out on flat interfaces, forming a flat “corona”,
while the core remains mostly in the water phase[52]. This deformation at fluid inter-
faces is caused by the combined effects of interfacial tension and their elastic proper-
ties, enabling microgels to cover a much larger interfacial area than rigid particles.
Microgels with a larger shell-to-core ratio demonstrate more substantial absolute
stretching[ 152, 153]. The capillary attraction for microgels is stronger due to the lar-
ger wetting radius and their surfaces being much rougher and more heterogeneous

than those of rigid particles[154, 155]. Furthermore, the ability of microgels to deform
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enhances their interfacial coverage, which can increase their overall stability and clus-
tering potential under certain conditions. In the case of hybrid microgels that contain
rigid cores, such as SiO,-PNIPAM microgels, also present very similar “fried-egg”
morphology[7, 89]. The rigid silica core remains unchanged, while the soft PNIPAM
shell undergoes stretching at the air/water or oil/water interface, as illustrated in Fig-
ure 2. 7b. Interestingly, researchers point out that the interfacial behaviour of core-
shell microgel particles is primarily governed by the properties of the shell, regardless

of the presence of the core[156, 157].

Air/oil

Stretched Stretched

Dangling
chains

Water

Figure 2. 7 The microgel deformations at interfaces. (a). FreSCa cryo-SEM images and re-
lated schematic representation of microgels at water/n-heptane interfaces imaged from the oil
side. The microgel undergoes lateral spreading due to interfacial tension, forming a flattened
conformation. Reprinted from ref. [158]. (b). Schematic diagram of a rigid-core/soft-shell mi-
crogels absorbed at the air/water interface. The microgel exhibits deformation at the interface
with the soft outer part being stretched due to surface tension.

The lateral deformation of microgels reduces the system's free energy by minimizing
interfacial tension more effectively than rigid particles. Consequently, the adsorption
energy of soft particles can exceed that of rigid particles by several orders of magni-
tude[50]. Therefore, the adsorption process for soft particles cannot be fully captured
by
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2.2 Interfacial behaviour and assembly of microgels at fluid interfaces

E = mR?*y(1 =+ cos 8)? (2. 24)

The total adsorption energy should include contributions from both interfacial tension
reduction and the elastic energy of deformation. As a result, the deformability of mi-
crogels, which is significantly affected by the cross-link density, plays a crucial role in
determining their adsorption efficiency, interfacial behaviour, and potential to form

stable, close-packed assemblies at fluid interfaces[57].

The dynamic balance between interfacial energy minimization and elastic resistance
defines the microgels' ability to form stable monolayers. Harnessing this balance en-
ables precise control over interparticle spacing and lattice symmetry. The next step
lies in translating these interfacial interactions into programmable strategies for con-
structing ordered 2D architectures, where external stimuli or geometric constraints can

modulate assembly pathways.

2.2.3 Monolayer transfer onto solid substrates

Transferring the ordered microgel monolayers from flat interfaces to solid substrates
and adjusting their arrays enables the creation of large-area nanopatterned monolayers.
There are various methods for generating 2D ordered colloidal monolayers, including
controlled evaporation[159-163], sedimentation[164], horizontal deposition[165, 166].
One common approach to generate 2D ordered microgel monolayer is by compressing
or expanding a microgel monolayer in a Langmuir trough (Figure 2. 8) [68, 152]. The
process begins with the formation of a microgel monolayer at the air-water interface,
where the surface tension is measured using a Wilhelmy plate. As the barriers of the
trough are moved inward, the interfacial area is systematically reduced, leading to a
series of phase transitions that are theoretically predictable based on the microgels'

softness, cross-linking density, and internal architecture[167, 168]. To transfer the
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monolayer onto a solid substrate, the substrate is immersed into the liquid phase of the
trough and lifted up during the compression process. This continuous transfer results
in a well-defined monolayer on the solid substrate, ready for further characterization
or analysis, such as AFM imaging[77]. This method allows for precise control of
interparticle distances, regardless of charges or variations in microgel morphology,

enabling the fabrication of tailored and highly ordered microgel arrays[88, 169, 170].
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Figure 2. 8. Schematic representation of the Langmuir—Blodgett trough setup for controlling
microgel monolayers at the water/oil interface. (a). Microgels are lifted by adjusting the sur-
face tension with trough barriers. (b). AFM image of the resulting transferred monolayers at
different compression states. (c). A compression isotherm demonstrates interparticle interac-
tions from a non-contact state to a close-packed state during the compression process.
Adapted from ref. [152].

Theoretical studies by Ciarella ef al. have further elucidated the role of particle archi-
tecture in interfacial behavior. Using coarse-grained simulations, they demonstrated
that microgels with inhomogeneous cross-linking densities or core-shell architectures
exhibit distinct phase transitions during compression. These transitions are driven by
the interplay between the microgels' compressibility and the many-body correlations
that arise during compression. The theoretical framework developed in these studies
provides a predictive understanding of how microgel architecture influences interfa-

cial ordering and phase behavior.
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2.2 Interfacial behaviour and assembly of microgels at fluid interfaces

Despite using a Langmuir trough, there is a simpler method for preparing microgel
monolayers in simple vessels like a crystallization dish. This "freely floating" method ,
first introduced by Retsch et al. in 2009, eliminates the need for specialized equip-
ment and instead leverages the intrinsic tendency of microgels to form ordered
monolayers at fluid interfaces (Figure 2. 9a)[171]. Furthermore, the addition of sur-
factants, such as SDS, introduces a soft barrier that modulates the interfacial energy
landscape, enabling the formation of hexagonally ordered monolayers with tunable
interparticle spacing. Theoretical models predict that the spacing between microgels is
inversely proportional to the surfactant concentration, providing a means to control
the lattice parameters of the resulting arrays. This theoretical insight has been experi-
mentally validated by Vogel and Ponomareva et al., who demonstrated the formation
of large-area, non-close-packed monolayers with tailored plasmonic properties (Fig-
ure 2. 9b)[19, 172]. Their work shows the potential of such method to create cm’-

scale samples with customized plasmonic properties.
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Figure 2. 9. Schematic illustration of the "free-floating" method for constructing a microgel
2D structure. (a). The microgels are first spin-coated onto a solid substrate to achieve a uni-
form distribution. The coated substrate is then inverted onto a liquid interface, allowing the
microgels to transfer and assemble into an ordered monolayer at the interface. Once the struc-
ture is formed, the substrate is withdrawn at a certain tilt angle, transferring the monolayer
onto the substrate. Adapted from ref. [171]. (b). The microgels are first dispersed in an etha-
nol/water mixture and then deposited onto the interface of an aqueous 0.05 mM SDS solution
by flowing the dispersion along a glass substrate. The microgels self-assemble into a floating
microgel monolayer at the interface. Finally, a glass substrate is used to lift the monolayer
from the water surface, transferring it onto the substrate. Adapted from ref. [19].
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2.3 Characterization techniques and image analysis

This chapter focuses on methods for studying microgels. In the bulk phase, microgels'
dimensions and internal structural information are studied through SAXS and DLS.
TEM is instrumental in visualizing the internal architecture of microgels. On the other
hand, in the context of microgel monolayers transferred to solid substrates, AFM is
employed to systematically investigate the interparticle spacing and lattice parameters

under diverse experimental conditions.

2.3.1 Transmission electron microscopy (TEM)

TEM is an essential tool for analyzing nanomaterials due to its ability to achieve high-
resolution images[173]. TEM operates by transmitting a beam of electrons through an
ultra-thin specimen, producing detailed images of the material’s internal structure, and
even allowing the characterization of materials and dynamic processes such as
nanoparticle growth, etching, and diffusion, at nanometric resolution in liquids[174,
175]. The short wavelength of electrons relative to visible light allows TEM to resolve
features at the atomic level. This high resolving power enables TEM to distinguish
between different components of complex structures, such as core-shell microgels
with PNIPAM shell and different cores, by detecting variations in electron density
(Figure 2. 10a, b). In these microgels, the cores are highly electron-dense compared

to the surrounding PNIPAM shells, making it prominently visible in TEM images.
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Figure 2. 10. TEM images of PNIPAM and SiO,-PNIPAM microgels. (a). The left and right
are TEM images of pure PNIPAM and SiO,-PNIPAM particles. The scale bar is 100 nm. Re-
printed from ref. [38]. (b). Cryo-TEM image of PS—core-PNIPAM-shell microgels stained
with AuNPs. The scale bar is 200 nm. Reprinted from ref. [176]. (¢). Schematic illustration of
the internal structure of a SiO,-PNIPAM particle. (d). TEM image of a SiO,-PNIPAM particle
stained with uranyl acetate. The inner shell structure is highlighted with red and green circles.
(e). TEM image of an unstained SiO,-PNIPAM particle, provided as a reference for compari-
son with the stained particle shown in (d).

Staining with heavy metal salts, such as uranyl acetate, significantly improves the
contrast in TEM 1mages by selectively binding to the polymer shell and increasing its
electron density[177]. As depicted in Figure 2. 10c, d and e, the stained SiO,-
PNIPAM microgels exhibit a distinct contrast between the silica core and the polymer
shell. The improved contrast achieved through staining is crucial for accurate struc-
tural characterization of the microgels. The red and green dashed lines indicate the
boundaries of the inner and outer layers, respectively, enabling precise quantification

of the shell’s thickness and the core-shell interface.
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2.3.2 Microstructure analysis by atomic force microscopy (AFM)

AFM is a high-resolution scanning probe technique that produces detailed topog-
raphical images even down to the atomic scale for various materials[178, 179]. A
typical AFM setup consists of a cantilever with a sharp tip at its end, a laser source
positioned above the cantilever, and a 2D photon detector that collects the reflected
laser beam (Figure 2. 11). As the cantilever tip approaches and interacts with the
sample surface, forces such as van der Waals, capillary, and electrostatic interactions
cause the cantilever to bend. This bending alters the angle of the reflected laser, which
is captured by the 2D photon detector, enabling precise measurement of the cantilever
deflection. By scanning the probe across the sample surface, AFM records height
variations and reconstructs them into a high-resolution grayscale digital image, where
the brightness at each pixel corresponds to the local surface height. This technique
provides a detailed visualization of the microgel monolayer arrangement on the sub-
strate. Additionally, AFM phase imaging, which measures the phase shift between the
oscillating probe and the sample surface, offers further insights into mechanical prop-

erties such as stiffness and adhesion.
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Figure 2. 11. Schematic diagram of the monolayer transferred to a solid substrate. The topog-
raphy of the monolayer is imaged by AFM. A sharp cantilever tip scans the sample surface,
while a laser beam is reflected onto a 2D photon detector to monitor cantilever deflection with
high precision. This setup enables high-resolution topographical imaging of particle assem-
blies and surface morphology.

AFM is useful for analyzing microgel monolayer structures due to its capability to
capture detailed spatial information at the nanoscale[68, 77, 180, 181]. Combining
topographical and phase images enables a comprehensive understanding of the struc-
tural and mechanical characteristics of microgel monolayers. In this study, the AFM
images were analyzed using Fast Fourier Transformation (FFT) and pair correlation
function g(r) to determine the positional information of the microgels in a transferred
monolayer. These analyses offer valuable insights into the structural and spatial char-

acteristics of the microgels.

The Fast Fourier Transform (FFT) is a powerful mathematical technique widely em-
ployed in image analysis, particularly within software tools like ImagelJ. It is essential
for image analysis and feature detection. It helps identify periodic interferences by
transforming images from the spatial domain (real space) into power spectra in the
reciprocal space (frequency domain)[182]. This transformation allows the topographi-
cal images obtained from AFM scanning to be decomposed into their spatial fre-
quency components. Peaks in the FFT plot indicate orientation and periodicity infor-

mation, enabling detailed surface morphology and defects analysis.
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Figure 2. 12. AFM images and structural analysis of a SiO,-PNIPAM microgel monolayer.
(a). AFM height profile over a 10 x 10 pm? area, showing the topography of the microgel
monolayer. (b). AFM phase image of the same region, highlighting variations in material
properties and microgel interactions. (c). FFT analysis, presenting a zoomed-in cutout to re-
veal the periodicity and ordering of the microgel arrangement. (d). Schematic representation
of the pair correlation function g(7), illustrating the spatial distribution of microgels. Peaks in
g(r) correspond to preferred interparticle distances, indicating the degree of ordering within
the monolayer. Reprinted from ref. [183].

The Continuous Fourier Transform (CFT) requires integrating over the entire con-
tinuous plane, which is not feasible for digital images. Therefore, for digital images
like those produced by AFM, the Discrete Fourier Transform (DFT) is used to handle
the discrete data. Once a height image is obtained from an AFM measurement, the
FFT can be applied to transform this 2D schematic diagram into the frequency domain.
The process begins by converting the height image into a grayscale format f (1, 7;),

where (14, 1,) is the positional coordinate in the real 2D space. The power spectrum of
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this grayscale image in the frequency domain is denoted as P(kq, k,). Here, (kq, k)

is the spatial frequency coordinate in the reciprocal space[184].
P(ky, ky) = |F(k1,k2)|2 (2. 25)

Where F (kq, k) is the Fourier Transform of f(ry,7;), the resulting power spectrum
reveals important characteristics of the surface being analyzed. Peaks in the power
spectrum correspond to regular patterns or periodic structures on the surface, provid-
ing insight into the material's surface roughness, texture, and periodic features. The
2D FFT transform of an image with N x N pixels is defined as:

2T
F(ky kz) = ~SNATNL f(ry,mp)e I tamithars) (2. 26)

The DFT allows for the analysis of frequency components within a dataset. However,
directly computing the DFT can be computationally intensive, especially for large
datasets. To address this, the Fast Fourier Transform (FFT) is developed as an effi-
cient algorithm to compute the DFT, significantly reducing the computational
burden[185]. In this work, we use the FFT tool to analyze the frequency components
of an image. By transforming the image data into the frequency domain, we can iden-
tify and study periodic structures, noise, and other significant features that are not eas-

ily discernible in the spatial domain.

In addition to the FFT, the Pair Correlation Function is another valuable tool for ana-
lyzing AFM images. It helps determine the spatial distribution and ordering of fea-
tures in an image, making it particularly effective for assessing lattice structures and
long-range order[186]. The pair correlation function g(r) is defined as the ratio of the

local particle density at a distance » from a reference particle to the average particle
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density of the entire system (Figure 2. 12d)[187]. Mathematically, for particles in lig-
uids, it is expressed as[ 188]:

g =22 (2. 27)

0

Here, p, is the bulk number density, representing the average number of molecules
per unit volume in the system. p(r) is the local number density, defined as the aver-
age number of molecules found at a distance » from a reference (central) molecule,
normalized over all molecules and configurations. The radial distribution function
g(r) describes how the local density at a distance » compares to the bulk density. If
g(r) > 1, it indicates that molecules are more likely to be found at that distance than
in a completely uniform distribution, suggesting structural ordering. Conversely, if
g(r)< 1, it suggests a lower probability of finding molecules at that distance com-

pared to the bulk density, indicating a depletion zone.

The pair correlation function enables a quantitative analysis of the spatial distribution
of microgels within the monolayer. For instance, in Figure 2. 12, in the AFM images,
areas of regular or hexagonal ordering can be visually observed, while the g(r) func-
tion quantifies this order through peaks at regular intervals, indicating typical dis-
tances between neighbouring microgels. The first peak in g(r) represents the average
nearest-neighbour spacing, with its height and sharpness reflecting the degree of
short-range order; a high and sharp first peak suggests a well-ordered and closely
packed arrangement, whereas a lower, broader peak indicates a more disordered struc-
ture. The FFT image further identifies periodicities and symmetries in the spatial dis-
tribution, corresponding directly to the g(r) peaks, and helps to reveal the extent of

periodicity, deviations, or defects within the lattice. This combined analysis offers
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valuable insights into the structure and uniformity of the material, complementing

each other effectively.
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3. Contributions to joint publications

The following parts (Chapter 4, 5 and 6) of this thesis are adapted from the works
that have been published previously or is in preparation for submission. The contribu-

tions of all involved authors are listed below.
Chapter 4: Experimental Section

The experimental parts are adapted from the joint publications presented in Chapter 5

and Chapter 6.
Chapter 5: Tension-Driven Monolayer Evolution

The whole chapter is adapted from the published work: Core—Shell Microgels at

Air/Water Interfaces: Role of Interfacial Tension in Monolayer Evolution
Author: Yichu Zhou, Jérome J. Crassous, and Matthias Karg
Published in Langmuir, 2025, DOI: 10.1021/acs.langmuir.4c05050

Contribution: I performed the synthesis and characterization of the CS microgels, per-
formed all experiments at liquid and solid interfaces, developed the methodology for
time-dependent measurements, analyzed the data and wrote the initial manuscript
draft. J. J. C. guided data analysis, provided physical explanations and interpretations,
helped through fruitful discussions and edited the manuscript draft. M. K. conceptual-
ized and supervised the project, was responsible for project administration and fund-
ing acquisition, guided data analysis and graphical representation and edited the

manuscript draft.
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Chapter 6: Monolayer Structural Discrepancies between in-situ and ex-situ Ob-

servations

The whole chapter is adapted from the manuscript in preparation for submission:
New insights into the assembly of core-shell microgels at air/water interfaces: Do

we see what we are looking at?

Author: Yichu Zhou, Andrey A. Rudov, Julia Fink, Igor I. Potemkin, and Matthias

Karg

In preparation for submission.

Contribution: I performed the synthesis and characterization of the CSs, CSjy and
CSs microgels, conducted all experiments at liquid and solid interfaces, analyzed the
data, and drafted the initial manuscript. A.R. performed the computer simulations,
analyzed the data, and co-wrote the initial manuscript. J.F. performed the synthesis
and characterization of CS, s and CS7 s microgels. I.P. supervised the project, oversaw
data analysis and presentation, and provided project funding. M.K. conceptualized
and led the project, managed administration and funding acquisition, supervised data

analysis and presentation, and edited the manuscript draft.
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4. Experimental Section

4.1 Materials

Tetraethylorthosilicate (TEOS; Sigma-Aldrich, 98%), ammonium hydroxide solution

(NH3(aq.); Sigma-Aldrich, 30-33%), ethanol (EtOH; Chemsolute, =99.9%), rhoda-

mine B isothiocyanate (RITC; Sigma-Aldrich, mixed isomers), (3-aminopropyl)
trimethoxysilane (APS; Sigma-Aldrich, 97%), 3-(trimethoxysilyl) propyl methacry-
late (MPS; Sigma-Aldrich, 98%), sodium dodecyl sulfate (SDS; Merck; Ph. Eur.), N-
isopropylacrylamide (NIPAM; Tokyo Chemical Industry, >98.0%), N,N'-
methylenebisacrylamide (BIS; Sigma-Aldrich, 99%), potassium peroxodisulfate (PPS;

Fluka, =99%), hydrogen peroxide (Fisher Chemical, >30%), methanol (MeOH;
Chemsolute, =99.9%), and Hellmanex III (Hellma) were used as received. Water

(H,0) was purified using a Milli-Q system (Millipore), which resulted in a final resis-

tivity of 18 MQcm.

4.2 Synthesis

4.2.1 Synthesis of CS microgels

Synthesis and functionalization of silica cores. Dye-labeled silica (Si0;) nanoparti-
cles were synthesized on the basis of a protocol reported in the literature[30]. First,
the functionalization of the RITC dye molecules was performed. Therefore, the re-
spective amount of APS was added dropwise to an ethanolic solution containing
RITC (10 mM) and stirred in the dark for at least two hours. The amount of APS was

10-fold excess to ensure covalent binding to the dye molecule. The functionalized dye
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solution was diluted with ethanol in a ratio of 1:5. The silica particle synthesis was
performed according to the Stober method[31]. First, a solution of 125 mL of EtOH
and 10 mL of NHj(aq., 30-33%) was heated to 50 °C in a 250 mL three-neck round-
bottom flask and then equilibrated for 20 min. The flask was equipped with a reflux
condenser and a thermometer. Second, a mixture of 5 mL TEOS and 20 mL EtOH
was equilibrated at 50 °C and then rapidly added to the solvent mixture in the flask.
When the mixture became slightly turbid, indicating nucleation of silica, 2 mL of a
dilute solution of functionalized RITC was added dropwise. After more than 12 h of
stirring at 50 °C (overnight), the final dispersion was cooled to room temperature. The
nanoparticles were purified by centrifugation at 2599 rcf for 90 min. The supernatant
was removed, and redispersion was performed in EtOH. In the last step, the surface of
the nanoparticles was modified with MPS to render the nanoparticles suitable for
seeded precipitation polymerization and enable covalent binding between the shell
and the cores. To do so the pH of the dispersion was adjusted to 9-10 by adding NHj
(aq., 30-33%). Then 62 pL of MPS were added to the dispersion considering the re-
sulting surface density of MPS of 1 molecule per 40 A”. To guarantee the covalent
binding of the MPS molecules, the mixture was stirred for 24 h at room temperature
and subsequently refluxed for 1 h. In the meantime, SDS dissolved in 1 mL EtOH
was added dropwise to the mixture during cooling to stabilize the slightly hydropho-
bic, MPS-functionalized SiO, cores. The amount of SDS was adapted to obtain a final
concentration of 0.2 mM. The stabilized silica particles were purified using centrifu-
gation at 2599 rcf for 90 min and redispersion in ethanol. The purification step was
repeated three times. 100 puL of the particle dispersion was transferred to a pre-
weighed container and dried thoroughly. The mass of the remaining solvent was then

measured, and the weight fraction of particles was calculated to be 0.155 g/mL. Ac-
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cording to previous research conducted by Masalov et al., the density of silica, as ob-
served in Stober silica particles, is determined to be 2.2 g/cm’[189]. The size of the
silica cores was measured using SAXS, and the resulting diameter of the silica parti-
cles was found to be 105 + 26 nm. The final number concentration of functionalized

Si0, particles within the dispersion was calculated to be 0.193 pM.

Seeded precipitation polymerization. Free radical seeded precipitation polymeriza-
tion was used to prepare SiO,-PNIPAM CS microgels. The respective amounts of NI-
PAM, BIS, and SDS (1.4 mg) were dissolved in 20 mL of H,O in a three-neck flask
equipped with a reflux condenser. The reaction mixture was heated to 70 °C and de-
gassed using nitrogen for 20 min. Next, the respective volume of the dispersion of
functionalized SiO; particles was added. The reaction mixture was equilibrated for 15
min. Finally, 2 mg of PPS dissolved in 1 mL of H,O was added to the mixture to start
the polymerization. The reactions were allowed to proceed for 2 h and then cooled to

room temperature.

Table 4. 1 lists the respective amounts of chemicals needed for the encapsulation of
the Si0O, particles in cross-linked PNIPAM shells. In the following, we will use CSy as
a label for all microgels, where CS stands for core-shell, and the index x corresponds
to the nominal cross-linker content used in the synthesis. All synthesized CS mi-
crogels were purified by centrifugation (CS, 5 — CSjo for 90 min at 2599 rcf; CS;s for
180 min at 2599 rcf) and redispersion of the residue with H,O. Centrifugation and re-
dispersion in H,O after removal of the supernatant were repeated three times for each
sample. Finally, the purified CS microgels were frozen in liquid nitrogen through

rapid cooling and vacuum-dried for three days.
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Table 4. 1. Masses of NIPAM monomer, BIS cross-linker, and volumes of the core stock dis-
persion employed in seeded precipitation polymerizations.

amples " PNIPAM) — m (BIS)  V/(Si0y)

[mg] [mg] [nL]
CSy5 113 3.9 480
CSs* 800 54.6 5682
CSys 113 11.5 333
CSyo 113 15.4 480
CSis 113 23.1 333

*CS,5, CSy5, CSyp, and CS,5 microgels were synthesized through a one-batch process. To produce a
large quantity of CSs microgels, NIPAM and BIS monomers were fed twice to achieve the desired size,
and were dissolved in 150 mL of H,O. The two-batch synthesized CSs microgels present very similar
shell morphology and swelling/de-swelling properties compared to one-batch synthesized CS;

microgels (see Appendix A.2).

4.2.2 Synthesis of linear PNIPAM

Linear PNIPAM homopolymers were synthesized using free radical polymerization.
Firstly, 9.41 mL DMF and 4.526 g NIPAM were added into a three-neck flask and
heated in a silicon oil bath to 70 °C. The mixture was then degassed for 30 min with
argon. Then, 0.005 g AIBN was solved in 0.5 mL DMF and added into the mixture.
After 3 h of polymerization, the reaction was stopped by immersing the mixture in an
ice bath and exposing it to air. The products were precipitated in diethyl ether and re-
dissolved in acetone for three times. In the end, the final precipitated products were
collected by centrifugation and dried under vacuum. According to the protocol, the

nominal molecular weight of the synthesized linear PNIPAM is 82 kg/mol.
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4.3 Sample preparation and characterization methods

4.3.1 Substrates for monolayer transfer

Hydrophilic substrates. The 76 x 26 x 1 mm glass slides (Epredia, The Netherlands)
were first immersed into 2 vol% Hellmanex III in Milli-Q water and ultrasonically
cleaned for 20 min. After rinsing with Milli-Q water seven to eight times to com-
pletely remove Hellmanex III, the glass slides were cleaned in an ultrasonic bath for
20 min in Milli-Q water and then for 20 min in ethanol. The glass slides were dried
with nitrogen every time before using. The contact angle for water on the hydrophilic

substrate is smaller than 5°.

Hydrophobic substrates. The glass slides were first cleaned according to the RCA
cleaning process. The mixture of five parts H,O and one part of NHj (aq., 30-33%)
was heated to 80 °C. After adding one part of hydrogen peroxide (30%), the slides
were immersed into the mixture for 15-20 mins, then rinsed with Milli-Q water and
dried with nitrogen. The glass surface was then functionalized. The cleaned glass
slides were immersed into MPS and then placed in a vacuum desiccator. The pressure
was reduced to 20-30 mbar. After overnight reaction under vacuum, the glass slides
were heated in the oven at 60 °C for 2 h. In the last step, the glass slides were soni-
cated in ethanol for 10 minutes and dried with nitrogen. The contact angle for water

on the hydrophobic glass substrate is 85 -100°.

4.3.2 Monolayer preparation via freely floating methods

The spreading solution used for the monolayer preparation consisted of 1 wt% of
microgels, 64 wt% of ethanol and 35 wt% of water. A crystallizing dish with an inner
diameter of 70 mm and a PTFE ring with an inner diameter of 36.5 mm (40.5 mm

outer diameter, 2.0 mm thickness) were used to prepare freely floating monolayers.
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First, the crystallizing dish was filled with 85 mL of water. Then, the PTFE ring was
positioned at the air/water interface and left there floating. A 3D-printed support
frame is used to fix the ring in position (Figure 4. 1). Afterwards, 3 pL of the
microgel dispersion was directly injected to the interface in the centre of the PTFE
ring. The microgels self-assembled at the air/water interface, forming a homogeneous

monolayer restricted by the ring.

Figure 4. 1. A 3D-printed frame with multiple hooks designed for suspending the PTFE ring.
The frame is placed on the table (a) and a crystallizing dish (b). The frame can be easily lifted
by holding the circular part of the frame.

Monolayer manipulation by SDS. After forming a microgel monolayer in the ring,
an SDS solution (16 mM) was carefully injected outside the PTFE ring with volumes
adjusted to yield the final concentrations of 0.1 mM, 0.2 mM, 0.5 mM or 1.0 mM, re-
spectively. The 16 mM stock concentration was chosen to enable uniform dropwise
addition while minimizing premature SDS migration into the bulk phase, ensuring
precise control of interfacial tension. Concentrations given throughout the manuscript
refer to these final concentrations considering the total volume of the respective aque-
ous subphase. The PTFE ring was manually removed by vertically lifting the support

frame with minimal lateral motion to avoid interface agitation. For systems with SDS
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concentrations =0.5 mM, where stronger adhesion between the hydrophobic PTFE

and interface occurred, a clean fine needle was gently inserted at the ring-interface
contact point to assist detachment. At this time (¢ = #y), the monolayer was no longer
confined and is considered a “freely floating monolayer” throughout this work. To
transfer the monolayer, a hydrophilic glass slide (1 x 1 cm?) was held at its edge with
tweezers and gently submerged into the water from the edge of the dish. The slide
then was carefully moved proximal to the centre of the monolayer to ensure that the
monolayer’s centre would align approximately with the centre of the slide upon trans-
fer. The slide then was lifted vertically out of the water and kept upright while excess
water was removed from its surface using a paper towel. Finally, the monolayer was
rapidly dried with a heat gun by directing airflow onto the back of the slide[190]. The
transfer was performed at different times after the removal of the PTFE ring. For each
time point, the transfer procedure was repeated for at least three times, and every

transfer was done using different, individually prepared monolayers.

Monolayer manipulation by PNIPAM homopolymer. After forming a microgel
monolayer in the ring, 170 pL PNIPAM aqueous solution (0.001 wt%) was carefully
injected outside the PTFE ring. After equilibrium for 10 min, the ring was carefully
removed from the interface. From this time (¢ = 7)), the resulting “freely floating
monolayer” was filmed, and later, the monolayer area was calculated based on the
film. Then, for every stage of compression, 170 uLL PNIPAM solution was added out-
side the monolayer and equilibrium for 10 min. After adding 510 pL PNIPAM solu-
tion (in total), the centre part of the monolayer was transferred to a clean glass sub-

strate and dried with a heat gun.
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4.3.3 SAXS

Transmission electron microscopy (TEM) was used to image the structure of the core-
shell microgels. The measurements were performed on a JEOL JEM-2100Plus operat-
ing in bright-field mode at 200 kV acceleration voltage. Freeze-dried microgels were
dispersed in 0.05 wt% ~ 0.06 wt % aqueous uranyl acetate solution. Then, the mi-
crogel solution was drop-casted on carbon-coated copper grids (200 mesh, Science

Services) and dried for at least 1 h at room temperature before imaging.

4.3.4 DLS

A Zetasizer Nano S (Malvern) was used for measuring the hydrodynamic particle di-
mensions as a function of temperature. A 4 mW HeNe laser with 633 nm wavelength
was used as the light source. The scattering angle of the device was 173°. The tem-
perature range was set between 10 and 55 °C in intervals of 1 °C. The samples were
measured for three times at each temperature. The data were analyzed using the cu-
mulant method with the software provided by the instrument. Hydrodynamic diame-

ters reported are z-averaged values.

43.5 TEM

Transmission electron microscopy (TEM) was used to image the structure of the core-
shell microgels. The measurements were performed on a JEOL JEM-2100Plus operat-
ing in bright-field mode at 200 kV acceleration voltage. Freeze-dried microgels were
dispersed in 0.05 wt% ~ 0.06 wt % aqueous uranyl acetate solution. Then, the mi-
crogel solution was drop-casted on carbon-coated copper grids (200 mesh, Science

Services) and dried for at least 1 h at room temperature before imaging.

4.3.6 Pendant drop
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A drop shape analyzer DSA25 (Kriiss, Germany) was used to measure the interfacial
tension of aqueous dispersions of the CS microgels. A drop of microgel solution was
formed inside a rectangular, transparent cuvette (1 x 1 x 4 cm’) to slow down the
evaporation of the droplet. The volume of the droplet was set around 15 pL. The in-
terfacial tension was measured until the microgels fully absorbed and reached a satu-

rated state at the interface.

4.3.7 Interfacial tension measurements

The tensiometer mode of the Langmuir-Blodgett trough G2 (Kibron Inc., Finland)
was used to measure the interfacial tension of the floating microgel monolayer and the
microgel-free areas. A Wilhelmy plate (5 x 5 mm?) was mounted in the centre of the
monolayer or the microgel-free areas. The interfacial tension was measured every 0.2

s during the time-dependent monolayer experiments.

4.3.8 Determination of monolayer area

The time-dependent evolution of the freely floating monolayers was monitored by the
camera of a mobile phone leading to videos with a resolution of 1080 pixels x 2240
pixels. The camera was fixed right above the monolayer. The pixel-to-real ratio was
calibrated by the inner diameter of the crystallizing dish. The processing of the videos
and the determination of the monolayer area at certain time points were performed

using the program ImageJ.

4.3.9 LB trough

A Langmuir-Blodgett trough G2 (Kibron Inc., Finland) was used for the compression
and deposition of the monolayers at room temperature. The area range of the trough is
between 28000 mm?2 to 4000 mm?2. Before the experiment, the Langmuir trough and

barriers were cleaned with EtOH and Milli-Q water. A 76 mm glass slide was
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mounted vertically to the horizontal interface. After opening the barriers, the trough
was filled with Milli-Q water until the water surface touched the barriers. The spread-
ing solution consisted of 1 wt% of CS microgels, 64 wt% of ethanol and 35 wt% of
water. The prepared spreading solution was injected directly to the air/water interface
and equilibrated for 20 min before compression. Subsequently, the substrate was
mounted on the dipper arm and the Wilhelmy plate (5 x 5 mm?) was mounted in the
centre of the trough. During compression, the moving speed of the barriers was kept
constant at 0.77 mm/min. The monolayers were transferred to either the hydrophilic
or the hydrophobic substrates by raising the slides for 55 mm at a rate of 0.14
mm/min. The transferred monolayers were dried at room temperature and then im-

aged ex-situ by AFM.

4.3.10 AFM

The dried, substrate-supported monolayers were analyzed by AFM NanoWizard 4
(JPK Instruments, Germany). The height profile of the central part of the monolayer
was scanned in intermittent-contact mode with a scan rate of 0.5 Hz. 10 x 10 pm?* im-
ages were recorded, acquiring 1024 x 1024 or 512 x 512 pixels’. The measured height
profiles were flattened (1st order) using the Dataprocess Analysis to exclude the tilt of
the sample. We used ImageJ and WSxM 4.0 Beta 9.2 software to analyze the micro-

structure of the monolayers using the recorded height profiles.
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S. Surface Tension-Driven Monolayer Evolu-

tion

Core-shell microgels can assemble at air/water interfaces, forming freely floating
monolayers. However, the impact of interfacial tension imbalances between the mi-
crogel-covered and microgel-free areas remains underexplored. This chapter system-
atically examines monolayer evolution under tension gradients introduced by SDS or
linear PNIPAM in surrounding areas. The study follows three key steps: (1) Synthesis
and characterization of SiO,-PNIPAM microgels with controlled cross-linker densi-
ties (CSs, CSj9, CS;s), ensuring identical core sizes while varying shell softness; (2)
Interfacial tension manipulation via SDS or linear PNIPAM homopolymer additions
to create tension imbalances between microgel-covered and free regions; (3) Multis-
cale analysis: Real-time tracking of macroscopic monolayer area changes combined
with microscopic AFM imaging to track monolayer structural (e.g., interparticle dis-
tance d...) changes. By comparing expansion/compression kinetics across microgel
types, this part of the work investigates the impact of interfacial tension on the behav-
iour of microgel monolayers at liquid interfaces and offers a robust alternative to
Langmuir trough compression for tailoring 2D microstructures. The content of this

chapter is adapted from ref. [191].

5.1 Swelling capacity of the CS microgels

Three different Si0,-PNIPAM CS microgels were prepared by seeded precipitation
polymerization using SiO, cores from the same batch. This means that all CS mi-
crogels have the same average core size and size distribution (105 £ 6 nm as deter-
mined by SAXS). To facilitate comparison, this work aims at CS microgels that fea-

57



5.1 Swelling capacity of the CS microgels

ture similar shell thicknesses in the swollen state, i.e. at 25 °C (see Table 5. 1), but
differ in cross-linker density, i.e. softness of the shell. The difference in cross-linking
can be confirmed by studying the volume phase transition (VPT) of the CS
microgels[192]. Figure 5. 1a shows swelling curves in terms of hydrodynamic diame-
ters, dj, as a function of temperature obtained from DLS. All three CS microgels show
the typical VPT behaviour known from PNIPAM microgels in water. In the studied
temperature window, there is a continuous decrease in dj, with increasing temperature
with the strongest decrease at the VPT temperature that is approximately 34-35 °C for
the three microgels. The difference in swelling capacity can be best expressed when
comparing the relative change in hydrodynamic volume with respect to a reference
state. Figure 5. 1b shows the temperature evolution of the swelling ratio 5. To calcu-

late S, the volume of the non-swellable SiO, cores was subtracted:

B = Ves(T) — Veore) /(VCS(SS °C) - Vcore) S. D

Here, V.(T) corresponds to the hydrodynamic volume of the CS microgels at tem-
perature 7, V.. 1s the volume of the SiO, core based on the diameter from SAXS
measurements, Ve (55 °C) is the volume of the CS microgel in its fully collapsed state
at 55 °C. The swelling ratios f show that, starting from the collapsed as the reference
state, the CSs microgels increase in volume by a factor of approximately 14 when the
temperature is reduced below the VPTT. In contrast, the highest cross-linked CS;s
microgels show an increase in volume by a factor of only approximately 4. Now the
results obtained from the CS;y microgels are set as representative microgels with in-
termediate cross-linking. The difference in swelling capacity will be relevant later on

in the manuscript when directly comparing monolayers of the three CS microgels.
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Figure 5. 1. Results from temperature-dependent DLS measurements for the different cross-
linked microgels: CSs (grey), CSyo (red) and CS;5 (blue). (a). Hydrodynamic diameters, d;, as
a function of temperature. The error bars correspond to the standard deviation from three
measurements. (b). Corresponding swelling ratios /.

5.2 Freely floating monolayers at flat air/water interfaces

Freely floating monolayers of CS microgels can be prepared by simply injecting a
spreading solution containing the microgels directly onto the air/water interface[19].
In the present case, our spreading solution consists of a mixture of 64 wt% of ethanol
and 35 wt% of water and 1 wt% of microgels, which acts as a solvent for the mi-
crogels and facilitates their smooth spreading at the air/water interface due to Maran-
goni flow[193]. To study the time-dependent evolution of such monolayers, defining
reference conditions at the start of the experiment (¢ = #;). A simple protocol was de-
veloped to achieve this: (1) define the monolayer area in the reference state and (2)

define ¢+ = . This procedure is schematically depicted in Figure 5. 2.
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Figure 5. 2. Schematic diagram illustrating the preparation of a floating monolayer of CS mi-
crogels with core diameter, d,,.., and overall hydrodynamic diameter, d;, at air/water inter-
faces. A crystallizing dish was filled with water and a PTFE ring was positioned at the
air/water interface (1). Upon injection of the microgel dispersion directly to the interface us-
ing a pipette, the forming monolayer was first restricted by the PTFE ring (2). Then SDS was
injected to adjust the interfacial tension outside the PTFE ring (3). Finally, the PTFE ring was
removed immediately (4') or after some equilibration time (4).

Upon filling a crystallizing dish with the desired volume of water (bulk subphase), a
PTFE ring was placed at the air/water interface (1) with the help of a 3D-printed sup-
port frame (shown in Figure 4. 1). The spreading solution containing the CS mi-
crogels was then injected directly at the interface inside the PTFE ring (2). During the
injection a monolayer of microgels is formed immediately filling up the available in-
terfacial area. This strategy for confinement of a colloidal monolayer at fluid inter-
faces is similar to the one reported by Lotito et al.[194]. Depending on the volume of
the injected solution, the area inside the ring could be completely filled with the
monolayer. After the microgel deposition to the interface, 16 mM SDS stock solution

was injected outside the ring dropwise. All SDS concentrations in this work (0.1-1.0

mM) are below the critical micelle concentration (CMC = 8 mM), ensuring that inter-
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facial tension reduction arises solely from monomer adsorption[195]. This avoids
confounding effects from micelle formation, which could alter the dynamics of Ma-
rangoni flow. This way, the interfacial tension outside the PTFE ring could be ad-
justed by adjusting the amount of injected SDS solution. After removing the PTFE
ring, a freely floating monolayer is obtained. The time of the removal of the ring de-
fined the start of the experiment, i.e. ¢ = ¢). The following part will discuss two differ-
ent sets of experiments performed this way: (1) Equilibrium experiments, which I
waited for long enough until a constant interfacial tension was measured outside the
PTFE ring, and (2) Non-equilibrium experiments, where the ring was removed imme-
diately after the SDS injection. First, the equilibrium experiments will be discussed.
Figure 5. 3 shows the time-dependent evolution of the interfacial tension, y, measured
within the microgel monolayer for different SDS concentrations, i.e. values of y out-

side the monolayer.

For each of these individual experiments, the same volume of microgel dispersion
was injected to the interface available inside the PTFE ring. Thereby, it is sure that
experiments are comparable. Each of the individual experiments start with very simi-
lar numbers of microgels per area, N,/4. The corresponding targeted initial interfacial
tensions were approximately 49.0 mN/m. To guarantee that equilibrium was reached
and stable values of y were obtained outside the monolayer, let the dish stand and
waited for 60 min (#y.it = 60 min) after injection of SDS to the outside of the PTFE
ring prior to its removal. The stability of the monolayer within the ring is challenging
to sustain beyond 60 min when the SDS concentration is higher than 0.5 mM. This
suggests that at higher SDS concentrations, a small amount of SDS might migrate into
the ring through the subphase, disrupting the integrity of the monolayer. Figure 5. 3a

shows that, starting from ¢ = - 5 min, i.e. prior to removal of the PTFE ring, initial
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5.2 Freely floating monolayers at flat air/water interfaces

values of y decrease with increasing SDS concentration. For 0 mM SDS, the interfa-
cial tension remained at the constant value of 49 mN/m, which corresponds to the ini-
tially targeted value. For the highest SDS concentration of 1.0 mM, y within the
monolayer-covered area was measured as 43.2 mN/m. This decrease by almost 6
mN/m is related to SDS adsorption to the interface within the microgel monolayer-
covered area during the equilibration time. Since this adsorption happened already
before the removal of the ring, some mass transport must have occurred via the bulk

subphase.
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Figure 5. 3. Time-dependent evolution of the interfacial tension, y, measured within the
monolayer-covered (CS;y microgels) area for different SDS concentrations. (a) Interfacial
tension as a function of time prior to (grey background) and after removal of the PTFE ring at
¢t = 0 min. The SDS concentrations used to adjust y outside the monolayer-covered areas were
0 mM, 0.1 mM, 0.2 mM, 0.5 mM and 1.0 mM, respectively. Photographs of the freely float-
ing monolayer right after removal of the PTFE ring for 0 mM (b) and for 0.1 mM SDS (c).

Since the ring largely blocked mass transport to the monolayer, this procedure allows

to adjust a difference of interfacial tension Ay inside and outside of the monolayer.

62



5. Surface Tension-Driven Monolayer Evolution

After removal of the ring, depending on the sign of Ay observed either expansion or
shrinkage of the monolayer until Ay = 0 mN/m. When the SDS concentration was 0
mM, 0.1 mM, or 0.2 mM, the interfacial tension values outside the monolayer were
larger than 49.0 mN/m and monolayers expanded outward after removing the ring.
These changes of the monolayer area happened instantaneously. In consequence of
the expansion, the interfacial tension within the monolayer increased abruptly to 73.9
mN/m, 60.7 mN/m and 58.0 mN/m, respectively. These values remained nearly con-
stant during the course of the experiments. In comparison, the expansion measured in
a Langmuir-Blodgett trough occurs within an interfacial tension range of 43.0 mN/m
to 70.5 mN/m (Figure 5. 4). When the SDS concentration was 0.5 mM, correspond-
ing to a small Ay, the value of y abruptly increased to 52.6 mN/m after removal of the
PTFE ring, and then slowly decreased to 47.4 mN/m. For 1.0 mM SDS, the initial
equilibrium interfacial tension outside the monolayer is lower than within the
monolayer. In this case, upon removal of the PTFE ring, y first abruptly increased to
46.7 mN/m and then slowly decreased to a final equilibrium value of 38.0 mN/m. The
first abrupt increase in interfacial tension for 0.5 and 1.0 mM SDS is attributed to the
removal of the PTFE ring and the newly generated air/water interface with large inter-
facial tension in the area initially covered by the ring. In contrast to the monolayer
expansion for lower SDS concentrations, the reported monolayer compression is time
dependent involving slow relaxation processes probably related to local rearrange-

ments.
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Figure 5. 4. Expansion isotherm of CS;, monolayer at the air/water interface in a Langmuir-
Blodgett trough.

The freely floating monolayers were monitored with a digital camera placed above the
experimental setup during these experiments. Figure 5. 4b, ¢ shows photographs of
the monolayer right after removal of the PTFE ring for 0 mM and 0.1 mM SDS, ex-
emplarily. The monolayer is clearly visible due to the iridescence caused by the peri-
odic arrangement of microgels with interparticle distances on the order of the visible
wavelength. Comparing the two photographs, there is a difference in the iridescence
colour with a reddish/green colouration for the experiment at 0 mM SDS and a green-
ish/blue colouration for 0.1 mM SDS. This difference in colouration is attributed to
the different overall monolayer dimensions and, due to the very similar particle num-
bers in the monolayers, the difference in interparticle spacing. In the absence of SDS,
the monolayer uniformly spreads across the entire available area in the crystallizing
dish. However, when a concentration of 0.1 mM SDS is present, the monolayer cov-
ers a reduced area, resulting in shorter interparticle distances and consequently a more

pronounced, blue-shifted iridescence. It can be concluded from the data of Figure 5. 3
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that imbalances between the interfacial tension outside and inside the monolayer-
covered area induce expansion or compression of the freely floating monolayer. Ta-
ble 5.1 summarizes the observations from these experiments and the relevant interfa-

cial tension values.

Table 5. 1. Parameters and observations for CS;y monolayer experiments in dependence of
SDS concentration, ¢(SDS). Initial interfacial tension at equilibrium measured outside the
PTFE ring, y-o (SDS), initial interfacial tension of the monolayer at 1 = 0 min, y-o(ML), and
interfacial tension values of the monolayer, y.3, (ML) measured after 32 min.

¢(SDS) ¥—-0(SDS)* ¥=0(ML)" Observation %=32(ML)
[mM] [mN/m] [mN/m] [mN/m]

0.0 72.9 50.0 Expansion 72.8

0.1 64.1 48.2 Expansion 61.0

0.2 60.4 48.8 Expansion 57.7

0.5 56.8 45.8 Stagnation 474

1.0 50.4 43.2 Compression 38

*Values were measured using a Wilhelmy plate after 60 min of equilibration time after the
addition of SDS to the outside of the PTFE ring.

In the case of 0.5 mM SDS, Ay is small and it is possible to hypothesize that in this
case the monolayer remains rather unchanged after removal of the PTFE ring. To con-
firm this hypothesis, the time-dependent evolution of the monolayer area for 0.5 mM
SDS and direct AFM-based d... quantification were followed (Figure 5. Sc-d). Fig-
ure 5. 5a shows snapshots recorded at different times of the experiment. Again, the
monolayer and its area can be distinguished due to its iridescence. Within the PTFE
ring the confined CS microgel monolayer shows a purple-bluish colour that is more
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5.2 Freely floating monolayers at flat air/water interfaces

difficult to see. In this starting scenario, the diffraction colour as captured by the cam-
era is at the lower wavelength end of the visible spectrum, indicating relatively small
interparticle distances at the initial stage of the experiments. At # = 0 min, i.e. imme-
diately after removal of the PTFE ring, the monolayer could be easily identified with
a green/blue structural colour. Critically, while the colour shift (e.g., purple to green)
qualitatively reflects an increase in interparticle spacing over time, optical diffraction
was not used to calculate d. . values. Photographs taken at later times, i.e., at 5 and 15
min after removal of the PTFE ring, reveal freely floating monolayers of similar total
dimensions and structural colours. To ensure measurement reliability, the experimen-
tal duration was limited to 15 minutes, as the central region remained stable within
this timeframe, whereas peripheral instability—characterized by increased inter-
particle distances and reduced ordering, as reported by Volk et al. [19] —led to partial
edge detachment beyond it (Figure 5. 5). Figure 5. 5b shows the detected total
monolayer area, 4, as a function of time starting right after removal of the PTFE ring.
Over the course of the experiment, 4 was found to exhibit only a slight decrease that

could relate to the slight decrease of the interfacial tension observed in Figure 5. 3a.
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Figure 5. 5. Time-dependent evolution of the CS;¢ microgel monolayer for 0.5 mM SDS at
equilibrium state (120 min equilibration time after SDS addition). (a). Photographs of the
monolayer before and after different times of removal of the PTFE ring. (b). Time-dependent
evolution of the monolayer area, 4. The horizontal, red dotted line indicates the initial avail-
able area defined by the PTFE ring (based on outer radius). AFM height profile micrographs
recorded from substrate-supported samples (ex-situ) withdrawn after 0 min (¢) and 15 min (d).

Figure 5. 5¢, d shows AFM height images recorded from monolayer samples that
were collected at the beginning and end of the experiment. The microstructure in both
images is very similar, and the nearest neighbour center-to-center distances, d..., were
determined at 469 + 28 nm and 496 + 31 nm for 0 min and 15 min, respectively. Note
that these distances are largely greater than the hydrodynamic diameter of the CS mi-
crogels pointing to a “corona-corona” interaction throughout the whole expansion

process. The initial d... of the monolayer (before removing the ring) was 438 + 12 nm.
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5.2 Freely floating monolayers at flat air/water interfaces

This slight increase in d... (approximately 10%) is in the order of the diameter that
was initially occupied by the PTFE ring. i.e. the difference in the area of the ring was
calculated using its inner and outer radius. That is to say, the microgels immediately
filled the free interface formerly occupied by the ring. Worthwhile noting, the AFM
micrographs capture only very small areas and thus small numbers of CS microgels
representing the local microstructure. The differences in d,.. at the beginning and end
of the experiment might point to local variations in microstructure (e.g. degree of or-
der). Nevertheless, the combined data of Figure S. 5 reveal either stagnation or a very
slight compression of the freely floating monolayer when interfacial tension imbal-
ances are very small. In summary, the equilibrium procedure allows for the creation
of a stable monolayer with a desired area by adjusting the SDS addition. However,
when aiming to investigate the mechanism of monolayer expansion, an alternative
procedure is necessary—one that is slow enough to facilitate the monitoring of the

expansion process.

5.3 Equilibrium vs. non-equilibrium starting conditions

Figure 5. 6 shows photographs of freely floating CS;o monolayers after different
times of the removal of the PTFE ring for 0.1 mM SDS, i.e., conditions where the
monolayer is expected to expand. The photographs in the top row correspond to the
case where the ring was removed 60 min after SDS addition. After removing the ring,
the monolayer instantaneously expanded at the interface and then remained basically
unchanged for a long period of time (Figure 5. 6 top row). Under such conditions, the
initial expansion of the freely floating monolayers caused by the significant interfacial

tension imbalance occurred very fast — too fast to be monitored in our experiment.
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5. Surface Tension-Driven Monolayer Evolution

The interfacial tension of the monolayer within the ring was measured to be 49 mN/m,
with a corresponding monolayer area of 10.5 cm?, as determined by the inner radius
of the ring. Subsequently, upon removal of the ring, the monolayer area expanded to
17.8 cm?, and this expanded area remained constant for a duration of 15 min (Figure
5. 6, top row). The area of the monolayer is not trackable after 15 min. The associated

interfacial tension of the expanded monolayer was measured at 66 mN/m.

Equilibrium i

Non- g
equilibrium g8

Figure 5. 6. Digital photographs of freely-floating CS;, monolayers taken at different times
after removal of the PTFE ring. The concentration of SDS was 0.1 mM in these experiments.
The images in the top row correspond to the equilibrium state after 60 min of equilibration, i.e.
when the interfacial tension outside the monolayer had stabilized after addition of SDS. The
images in the bottom row correspond to a non-equilibrium experiment, where the PTFE ring
was removed right after the addition of the SDS. The photographs show the change of the
monolayer area with SDS equilibrated for 60 min (top row) and immediately after SDS addi-
tion (non-equilibrium, bottom row).

In stark contrast, when the PTFE ring was removed right after the addition of SDS to
the outside of the PTFE ring (non-equilibrium), the monolayer first rapidly com-
pressed to a smaller size in the beginning (¢ = 0 min) and then expanded with increas-
ing time (Figure 5. 6, bottom row). The corresponding quantitative evolution of the
monolayer area over time is plotted in Figure 5. 8a, with images at each time point

aligned to their respective data points. To track the evolution of the monolayer micro-
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5.3 Equilibrium vs. non-equilibrium starting conditions

structure during expansion under non-equilibrium conditions, the monolayers were
transferred onto solid substrates at various times after the ring was removed. The re-

sulting substrate-supported monolayer samples were then investigated by AFM.
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Figure 5. 7. Structural characterization of CS;y monolayers after transfer to glass substrates
for an expansion experiment at 0.1 mM SDS. (a). AFM height profiles of the monolayers
transferred from the air/water interface when confined inside the PTFE ring as well as 5 and
11 min after removal of the PTFE ring. (b). Fast Fourier transformations (FFT) computed
from the corresponding AFM images shown in (a). (c). Radial distribution functions, g(r),
computed from the point maps of the AFM images. (d). Radial distribution functions normal-
ized to the nearest neighbour center-to-center distance of the monolayers.
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5. Surface Tension-Driven Monolayer Evolution

Figure 5. 7 shows AFM height profiles of monolayers transferred from inside the
PTFE ring as well as 5 min and 11 min after the addition of 0.1 mM SDS and subse-
quent removal of the ring. The images reveal that the monolayer consists of microgels
self-assembled into a homogeneous hexagonal lattice with a d.. of 418 nm. With in-
creasing time after removal of the PTFE ring, d... increased to 509 nm after 5 min and
548 nm after 11 min. At the same time the hexagonal order of the arranged microgels
was maintained as shown by the large number of Bragg peaks in the fast Fourier
transformations (FFTs) shown in Figure 5. 7b. The hexagonal order and the pro-
nounced spatial correlation over several microgel diameters are further confirmed by
the computed pair correlation functions (g(r)) in Figure 5. 7¢, d. The g(r)s normalized
in respect to their position of the first peak shown in Figure 5. 7d further indicate that
the structural arrangement during the expansion is accompanied by a slight loss of
structural ordering that is recovered after 11 min. In summary, the non-equilibrium
procedure enables us to transfer the monolayer at different time points, allowing for
the observation and investigation of the expansion process and the subsequent rear-

rangement of the monolayer microstructure.

5.4  Monolayer expansion at different external interfacial tensions

To further investigate the expansion behaviour of monolayers for different SDS con-
centrations under non-equilibrium conditions, the change of the monolayer area was
monitored macroscopically by video recording from the top. Figure 5. 8a-¢ show the
time evolution of the total monolayer areas obtained from image analysis. For all
three SDS concentrations the monolayer areas at = 0 min are on the order of 7-8 cm®.

This value is significantly lower than the initial monolayer area (10.5 cm?) defined by
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5.4 Monolayer expansion at different external interfacial tensions

the area inside of the PTFE ring prior to the start of the time-dependent experiment.
The immediate shrinkage observed in non-equilibrium experiments (e.g., 0.1 mM
SDS, Figure 5. 6, bottom row) is attributed to a rapid imbalance in interfacial tension
upon the removal of the PTFE ring. Before SDS reaches equilibrium, the surrounding
interface exhibits a higher tension compared to the monolayer-covered region, induc-
ing a transient compressive Marangoni flow. This compression, occurring on time
scales too short to be directly monitored, leads to an initial decrease in monolayer area.
Since the SDS stock solution was added onto the surface, and its subsequent diffusion
throughout the bulk phase is a time-dependent process, there was a large surface ex-
cess concentration right at the beginning of the experiments. Desorption of the SDS
excess takes place during the experiments leading to an increase of interfacial tension
in the monolayer-free area and an increase in SDS concentration in the bulk subphase.
This is accompanied by a continuous increase in monolayer area, A(¢), with time until
approaching nearly constant values at the end of the experiments (15 min). The final
value for 0.5 mM closely matches the values reported in Figure 5. 3b, indicating that
a similar final equilibrium state is reached. The final values of A4(¢) for 0.1 and 0.2
mM SDS are larger than the area initially defined by the PTFE ring. This means that
both monolayers, at these low SDS concentrations, expanded with respect to the ini-

tial state. The solid lines in Figure S. 8a-c correspond to fits according to:

A(t) = Ay + AA(1 — e~ t/7) (5. 2)

Here, A is the monolayer area, ¢ is the expansion time, 4y is 4 at ¢t = 0 min, 7 is the re-
laxation time, A4 is the area difference between A4y and A4 at £ = 15 min. This model
closely resembles the viscoelastic relaxation of a Kelvin-Voigt material subjected to a

sudden stress. In particular, for the lowest and highest SDS concentration the agree-
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ment between data and fit is very good. Table 5. 2 lists the results from the fits to the

data.
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Figure 5. 8. Expansion kinetics of monolayers of CS;, microgels at the air/water interface for
SDS concentrations of 0.1 mM (red), 0.2 mM (blue) and 0.5 mM (green). (a-c) The measured
monolayer area 4 (symbol) and fits to the data according to equation (5.2) as solid lines. (d)
Evolution of d..as a function of time obtained from ex-situ analysis by AFM of monolayers
transferred to glass substrates.

Table 5. 2. Results from fits to time-dependent data (Figure 7) using equation (5.2).

c(SDS) [mM] Agfem’] AA [em’] T [min]
0.1 7.04 10.85 + 0.04 2.54 + 0.04
0.2 8.11 8.41 £ 0.08 2.18+0.19
0.5 6.84 8.33+0.16 3.28+0.18
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5.4 Monolayer expansion at different external interfacial tensions

As expected, the total change in monolayer area, A4, is increasing with decreasing
SDS concentration, i.e. increasing Ay. The relaxation time, 7, is largest for 0.5 mM
SDS and significantly decreased for the lower SDS concentrations indicating faster
expansion of the monolayers for higher Ay that enhances the Marangoni flow. The
trend in relaxation times, however, is not that clear, which might attribute to the less
good fit to the data for 0.2 mM, which leads to the most unreliable value of 7 (2.18

min).

To get a connection to local length scales, the central parts of the monolayers were
transferred to glass substrates and imaged by AFM after drying. The time-dependent
evolution of d... was extracted from image analysis. Figure 5. 8d shows a continuous
increase in d,.. for all three SDS concentrations starting with values of approximately
410 nm. Due to the relatively large standard deviations in the values at each time
point, extracting a clear correlation between local microstructural changes and SDS
concentration is not possible. It is worth highlighting that rather small monolayer ar-
eas were probed by AFM leading to larger uncertainties. In addition, the transfer pro-
tocol to the solid substrates and the monolayer drying may have affected the micro-
structure in terms of degree of order and spatial arrangement — at least locally, as
compared to much larger CS microgels where significant changes were observed de-
pending on microgel softness and substrate wettability[196]. In addition, it is also
possible that the kinetics of the monolayer expansion vary in the periphery of the
monolayer as compared to its centre. To conclude, the expansion of the monolayer
was observed from a macroscopic (A(¢)) as well as local viewpoint (d...(f)) for all
three non-equilibrium experiments. To further support this correlation, the time-
dependent evolution of d... was plotted in direct comparison to the theoretically calcu-

lated values based on the change in A(¢) in Figure 5. 9. The theoretical values were
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5. Surface Tension-Driven Monolayer Evolution

calculated under the assumption that the monolayer with its area A(¢) contains a con-
stant number of microgels during the expansion and maintains a perfect hexagonal
arrangement with an area fraction of 0.91. The following equations were used to cal-
culate the theoretical nearest neighbor distances:

A(£)0.91

2 [ (5. 3)

Ter

de(t)

Np = np . Aring 5. 4

Here, d.() is the theoretical d...(¢), A(f) is the monolayer area, N, is the number of mi-
crogels in the monolayer, and 0.91 corresponds to the maximum area fraction for hex-
agonal packing of circles in 2D. Note that this calculation does not account for the
possible microgel faceting at high monolayer compression. The number of microgels
in the monolayer was calculated by equation (4. 4). Here, n, is the number of mi-
crogels in a 10 x 10 um” area of the monolayer in the ring, which was determined by

AFM analysis, 4, 1s the area of the PTFE ring calculated using the inner radius.

Figure 5. 9 shows that the experimental values closely follow the theoretical expecta-
tion and significant deviations are only observed for 0.1 and 0.2 mM SDS at longer
times. In these two cases, the experimental values are smaller than the ones derived
from the local microstructures. This might point to 1) lower degrees of order in the
monolayer samples and/or 2) potential drying effects where immersion capillary
forces reduce d.... Specifically, drying effects during substrate transfer—such as cap-
illary-driven isostructural phase transitions and localized shell deformations—can dis-

tort interfacial microstructures, as demonstrated in our prior study[196, 197].
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Figure 5. 9. Development of d... of CS;; monolayers over time for three different SDS con-
centrations of 0.1 mM (a), 0.2 mM (b) and 0.5 mM (c). The filled symbols correspond to ex-
perimentally measured values from microstructural analysis by AFM at given points in time.
The open symbols and the corresponding guide-to-the-eye lines correspond to theoretically
calculated values from measured total monolayer areas, A(¢), assuming hexagonal packing of
the microgels in the monolayer.

Furthermore, since the expansion of the monolayer is driven from the outside of the
monolayer, local changes in d...are expected to be larger in the outside region of the
monolayer than in its central region. This would imply a radial gradient in d... values
with smaller ones in the centre of the monolayer and larger ones at the periphery. In
addition, the shape of the monolayer, the perturbation of the interface when removing
the ring, and the drifting of the monolayer could also induce variations in the micro-
structure, which would result in different values of d... at different positions. Never-
theless, it can be clearly seen that the macroscopic expansion of the total monolayer is
reflected by local changes in interparticle spacing. This means that it is possible to
simply use interfacial tension to tailor the lattice parameter in crystalline microgel

monolayers which is interesting e.g. for photonic and lasing applications.

5.5  Influence of cross-linker density on monolayer expansion
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Next is to compare the time-dependent evolution of freely floating monolayer of CS
microgels in dependence of the cross-linker density, i.e., the softness of the
microgels[198]. To do so, monolayers of CS microgels with 5, 10 and 15 mol %
cross-linker density (nominal) were prepared aiming at similar N,/4 by injecting the
same volume of CS microgel stock dispersion with the same solid content. Initially,
these monolayers were confined by the PTFE ring that also defines the monolayer
area, Ay, at time ¢ = 0 min. Upon injection of SDS (0.1 mM) outside of the PTFE ring,
the PTFE ring was removed and the monolayer evolution was monitored (see Figure

5.2).
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Figure 5. 10. Influence of cross-linker density on monolayer expansion for an SDS concen-
tration of 0.1 mM. Black symbols correspond to 5 mol% (CSs), red symbols to 10 mol%
(CSyp) and blue symbols to 15 mol% (CS;s) cross-linking. (a). The measured monolayer area
A (symbol) and fittings to the data according to equation (4.2) as solid lines. (b). Evolution of
d... as a function of time.
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Figure 5. 10 shows that for all cross-linker densities, the monolayer area, 4, increased
during approximately 10 min of the experiments and afterwards reached rather con-
stant values. The extent of expansion, however, strongly depends on the cross-linking.
With respect to the initial area (¢ = 0 min), the monolayers increased in area by 243%
(CSs), 164% (CSjp) and 76% (CS;s) within 15 min. The time-dependent evolution of
the local microstructure was monitored by transferring samples from the central re-
gion of the monolayer to solid substrates and then imaging the dried monolayers by
AFM. Figure 5. 10d shows the resulting time-dependent evolution of d... for the three
CS microgels. A clear and significant increase is showed in d.. with time for the me-
dium and highest cross-linked microgels albeit the trend not being as clear as in Fig-
ure 5. 10a, b and ¢, and the standard deviations being large. For the lowest cross-
linked CSs microgels the values of d... do not show a clear trend with time. This un-
expected result might be related to the previously mentioned changes during
monolayer drying, the rather poor statistics of the applied analysis of d... — at least in
comparison to the large, macroscopic size of the total monolayer — and the potential
distribution of interparticle spacings from the centre towards the outside of the
monolayer. However, our findings point also to a difference between low and high
cross-linked microgels. To further elaborate on this potential influence, further ex-
periments and in particular support from theoretical simulations will be needed in a

future study.

Once again, the data could be successfully fitted using the model depicted by equation
(4.2). The fit results are summarized in Table 5. 3. Considering that all three experi-
ments were done with the same amount of SDS and assuming that the desorption ki-
netics should be comparable, the differences in 7might attribute to be mostly related
to the different moduli £ of the microgels. And the largest value of t for the lowest
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cross-linked microgels points to the lowest value of E. However, it is noteworthy that
the 7 value for CS;s is unexpectedly larger than the value for CS;y. The total changes
in monolayer area, A4, however confirm the expected differences in microgel softness,
with the minimum change in area for the CS;s microgels, i.e. the microgels with the

least deformable shell, i.e. the lowest swelling ratio 8 (see Figure 5. 1b).

Table 5. 3. Parameters obtained from fits (equation (4.2)) to the data shown in Figure 5. 10
for the CSs, CS)o and CS,5s monolayers for 0.1 mM SDS.

Microgel “Ao Jem’] AA [em’] T [min]
CSs 7.32 17.95+£0.15 3.68+0.10
CS1 7.04 10.85 +0.04 2.54+£0.04
CSis 474 +0.55 6.41 +0.52 3.07+0.24

*For the fits, 4, values of CSs and CS;, monolayers were fixed using the experimental values measured
at ¢ = 0 min, while the 4, of CS;s monolayer is the result obtained by fitting with 4, as variable due to
the lower visibility of this monolayer in the early stages and thus larger uncertainties in the experimen-
tally measured monolayer areas at shortest times.

5.6  Manipulation of monolayers through linear PNIPAM homopolymer

The previous sections have shown how the interfacial tension imbalance influences
the behaviour of microgel monolayers, i.e. expansion and compression depending on
the sign of the interfacial tension difference. It can be controlled through addition of
SDS that has a significantly different adsorption energy as compared to the used CS
microgels. However, there was a strong desorption from the interface when an excess
of SDS was purposely added to the surrounding interface. And there’s indication that
SDS can migrate into the microgel monolayer via diffusion from the bulk subphase.
Thus it is necessary to address whether I can manipulate the monolayer extension and
thus internal microstructure by adding linear PNIPAM homopolymer that is expected
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to show similar adsorption energy at the air/water interface. Notably, while complete
avoidance of contamination is challenging, the chemical identity between linear PNI-
PAM and the microgel shells ensures that any residual PNIPAM on substrates or in

monolayers does not introduce extrinsic impurities.
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Figure 5. 11. Time-dependent evolution of interfacial tension y of the air/water interface
measured by a tensiometer after adding linear PNIPAM homopolymer. The concentrations of
linear PNIPAM are 0.02 pg/mL, 0.04 pg/mL, 0.05 pg/mL, and 0.10 pg/mL, respectively.

Furthermore, due to the much larger steric hindrance of polymer chains as compared
to the much smaller SDS molecules, it was expected that the migration of linear PNI-
PAM chains into the microgel monolayer will be hindered — if the PNIPAM chains
leave the exterior interface at all. The results shown in Figure 5. 11 reveal very stable
and constant interfacial tension values for different amounts of linear PNIPAM upon a
very short equilibration time of a few minutes. Critically, no spreading agent is re-
quired, as PNIPAM’s intrinsic interfacial activity drives spontaneous adsorption and

monolayer stabilization. These findings also confirm that desorption from the inter-
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face is not occurring at these concentrations after a few minutes of equilibration time,

eliminating bulk migration concerns.

a water b linear | C core-shell
PNIPAM microgels
0 =72.8 mN/m 0 =42.5 mN/m 0 =42.3 mN/m

Figure 5. 12. Digital photographs of pendant droplets (aqueous) against air in the steady-state.
(a). Droplet of pure water. (b). Droplet of a 0.001 wt% aqueous solution of linear PNIPAM
homopolymer. (c). Droplet of a 2 wt% aqueous dispersion of CS;, microgels.

Firstly, pendant drop experiments were performed to compare the steady state interfa-
cial tension upon self-adsorption to the air/water interface. Figure 5. 12 shows snap-
shots of the pendant droplets with pure water in (a), an aqueous dispersion of linear
PNIPAM homopolymer (0.001 wt%) in (b) and the CS;¢ microgels in water (2 wt%)
in (¢). Drop shape analysis revealed a interfacial tension for pure water of 72.8 mN/m
in very good agreement to literature values for purified water[199]. In case of the dis-
persions containing either linear PNIPAM or CS microgels, constant values were
achieved after approximately 10 min, indicating that equilibrium states were reached
and that the interface was saturated. In both cases, similar final interfacial tensions of
42.5 mN/m (Figure 5. 12 linear PNIPAM) and 42.3 mN/m (Figure 5. 12¢, CS mi-
crogels) were measured. The similarity of these values shows that the reduction of
interfacial tension by PNIPAM is independent of the exact morphology. This points to

a similar volume fraction of PNIPAM in the interface volume at equilibrium. Simi-
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larly, Zhang and Pelton reported values of approximately 43 mN/m for PNIPAM mi-
crogels independent of their cross-linker density[200]. Thus, it is also safe to assume
that the adsorption energy is the same for linear PNIPAM and our CS microgels. Next
is to study whether the linear PNIPAM homopolymer when added to the surrounding
interface is suitable to compress a CS microgel monolayer when normalized to the
respective total dimensions. Based on the results from the self-adsorption experiment
(Figure 5. 12), the interfacial tension range suitable for manipulating the monolayer is
determined to be 42.5 to 72.8 mN/m. This broad tunability, achieved by adjusting lin-
ear PNIPAM amounts (Figure 5. 11), validates its equivalence to SDS in tension

modulation within overlapping regimes.
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Figure 5. 13. Time-dependent evolution of the CS;, microgel monolayer area by adding lin-
ear PNIPAM solution outside the monolayer. (a). Stepwise compression of a CS;y microgel
monolayer through sequential additions of linear PNIPAM (0.001 wt%, 170 pL per injection)
to the surrounding interface. The amount of the linear PNIPAM solution added to the inter-
face are showed above the captions; (b). Time-dependent evolution of the monolayer area, 4.
The red arrows aim to highlight the observed trends in changes of monolayer area. The red
point (A4,:,;) indicates area defined by the PTFE ring (calculated by the outer radius of the
ring). (c). The AFM height image of the monolayer transferred at the final time point (32 min).

Figure 5. 13 shows how to manipulate a CS microgel monolayer through the subse-
quent addition of linear PNIPAM to the surrounding interface. The area defined by
the PTFE (4,i,g) was 12.87 mm?, which was calculated by the outer radius of the ring.
170 pL of a solution of linear PNIPAM (0.001 wt%) was added outside the PTFE ring
and equilibrated for 10 min. Before removing the ring, the interfacial tension within
the monolayer was 49 mN/m, and in the surrounding region containing the linear
PNIPAM 61 mN/m. After removing the ring (# = 0 min), the monolayer area immedi-
ately expanded to 15.85 mm®. In the next 10 min, the monolayer area slowly in-
creased to 16.26 mm” driven by the higher interfacial tension outside the monolayer
until the interfacial tension imbalance is vanished. Then at # = 11 min started a second
addition of linear PNIPAM to the monolayer-free area by injection of another 170 pL
of the 0.001 wt% solution. This initiated the compression of the monolayer from a
total area of 16.98 mm? to 16.18 mm? within 10 min. In this case, it is needed to start
with a lower interfacial tension in the surrounding leading to the compression of the
monolayer. Lastly, a third addition of linear PNIPAM was performed, this time with
another 170 pL injected at # = 21 min. This leads to another compression until reach-
ing a final monolayer area of 14.21 mm” over the course of 10 min. The central part
of the monolayer was transferred onto a solid substrate at the final state (# = 32 min)
in order to study its microstructure by microscopy in the dried state (ex-situ). The

monolayer exhibits a hexagonal order at the final state with d...= 469 nm (Figure 5.
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13), which is very close to the value of the equilibrium starting condition (Figure 5.
5). These experiments confirm that the imbalance in interfacial tension is crucial for
the behaviour of the monolayer of soft microgels and that the observed effects are
rather independent on the architecture and size of the molecules influencing the inter-

facial tension outside the microgel monolayer.

84



6.1 CS microgels in the bulk phase

6. Monolayer Structural Discrepancies between

in-situ and ex-situ Observations

Understanding microgel assembly at air/water interfaces is crucial for designing 2D
microstructures. Conventional methods rely on ex-situ AFM analysis of transferred
monolayers, but whether these images accurately reflect true interfacial dynamics re-
mains uncertain. This chapter integrates experiment results and DPD simulations to
systematically investigate the interfacial assembly of SiO,-PNIPAM microgels with
varying crosslinker densities (2.5-15 mol%). Compression isotherms measured using
a Langmuir-Blodgett trough reveal how shell architecture governs interfacial response.
Monolayers at defined compression states were transferred for AFM imaging, ena-
bling structural analysis. Experimental results are directly compared with DPD simu-
lations, which model both compression and in-sifu dynamics. Finally, by contrasting
AFM data from hydrophilic and hydrophobic substrates, this work examines how sub-
strate interactions induce ex-sifu imaging artifacts. By integrating these approaches, it
explores how cross-linker density influences microgel compressibility, interfacial or-

dering, and discrepancies between in-situ dynamics and ex-situ analysis.

6.1 CS microgels in the bulk phase

A series of CS microgels with same-sized, rigid silica nanoparticle cores and soft, de-
formable PNIPAM shells with nominal cross-linker densities between 2.5 - 15 mol %
were used to investigate the role of the shell composition and softness on the behav-
iour of the microgels at the air/water interface. The diameter of the spherical silica
cores is 105 + 6 nm as determined by small angle X-ray scattering (SAXS) measure-

ment and the form factor analysis (Figure 6. 1).
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Figure 6. 1. Scattering curves obtained from SAXS measurements on SiO, particles. The
black dots are the measured scattering profile, while the red curve is obtained from the model
of a spherical silica particle. After fitting and adjusting various parameters, the obtained aver-
age radius is 105 = 26 nm, with a polydispersity index (PDI) of 0.06.

The TEM images of the bare silica particles and uranyl acetate-stained microgels
CS,5, CSs, CS75, CSyo, and CS;s are depicted in Figure 6. 2a and b-f respectively.
The application of uranyl acetate staining enhances the visualization of the PNIPAM
shell of the CS microgels. Unstained samples exhibit limited visibility of the shell
(Figure A. 3b, ¢). TEM images reveal the structural features of CS microgels, with
silica cores (depicted in yellow) positioned at the centre, surrounded by PNIPAM
shells exhibiting visible inhomogeneity, evident through contrast colour variations.
Interestingly, the inhomogeneity differs among the CS microgels. In the case of lower
cross-linked microgels like CS,s and CSs, the silica core is surrounded by a fuzzy
shell. Conversely, higher cross-linked microgels, CS7s, CSjo, and CS;s, present a sig-

nificant inner layer, which is primarily shown in a lighter shade of purple, between the
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6.1 CS microgels in the bulk phase

silica core (yellow) and the outer fuzzy shell (darker purple colour). The boundary
between the inner and outer layer appears as an orange halo, where the concentrated
stain, having a higher electron density than the polymer, creates a contrast distinct
from the PNIPAM shell. The double-layer structure is more prominent in higher

cross-linked microgels.

Figure 6. 2. TEM images of silica cores (a) and stained CS, s, CSs, CS;sand CS;s microgels
with different cross-link densities (from b to f, the cross-linker densities are 2.5, 5, 7.5, 10 and
15 mol%, respectively). An inverted inferno-scale colour scheme was used.

The clear distinction between the silica core, inner shell, and outer fuzzy shell is dem-
onstrated in Figure 6. 2. This phenomenon is related to the inhomogeneity of the
cross-linker distribution within the polymeric shell. The fuzzy shell character is
known for purely PNIPAM microgels and confirmed by the small angle neutron scat-
tering (SANS) experiments[42]. For one-batch synthesized PNIPAM microgels via

precipitation polymerisation, a higher degree of cross-linking density is expected in-
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side the microgel than outside. Furthermore, Ponomareva et al. reported that the Au-
PNIPAM microgels, which contain small gold nanoparticle cores with PNIPAM
shells, also possess a fuzzy-sphere-like morphology with a higher cross-linked core
and a loosely cross-linked fuzzy shell[10]. Such cross-linking gradient is explained by
the higher reactivity of the BIS compared to the NIPAM monomer during one-batch
synthesis, resulting in a cross-linker gradient from the centre to the periphery[43]. The
average dimensions of the inner highly cross-linked microgel region can be deter-
mined from the images. The average dimensions of the inhomogeneities (diameters,
including silica core and inner shell), d;, are 146, 190, and 261 nm for the CS; 5, CSjy,

and CS,s microgels, respectively.

Temperature-dependent DLS measurements were used to analyze the dimensions and
the swelling/deswelling abilities of the CS microgels. DLS measurements conducted
at 25 °C show that the microgels exhibit an overall hydrodynamic diameter ranging
from 300 to 320 nm (see Figure 6. 3a). Notably, all samples demonstrate a nearly
uniform shell thickness in the swollen state, irrespective of the cross-linker density.
The evolution of the R, with temperature is shown in Figure 6. 3a. PNIPAM CS mi-
crogels show the typical VPT behaviour known from PNIPAM-based microgels, i.e.,
the radius decreases continuously starting from the swollen state at low temperatures
until reaching the collapsed state dimensions at temperatures of approximately 40 °C
and higher. The swelling curves were analyzed to assess the VPT temperatures
(VPTT). The determined VPTTs, in the range of 33.3 °C and 34.6 °C, demonstrate a
slight increase with increasing cross-linker content, as also reported in the literature
for purely organic PNIPAM microgels[201] and also reported for CS microgels with

gold nanoparticle cores and different cross-linker densities[202].
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6.1 CS microgels in the bulk phase

Table 6. 1. The table includes data on the size of the silica core (d...) obtained from TEM,
hydrodynamic diameter in the swollen state (d;), polydispersity (PDI) from DLS, volume-
phase transition temperature (VPTT), and deswelling ratio (o) at 55 °C for various CS mi-
crogels.

Nominal
S / cross-linker deore dp PDI VPTT a
ampte density [nm] [nm]* [°C] (55 °C)
[mol"/o]
2.5 105+3 308+3 0.048 333+0.1 0.081
CS:s
5 105+3 305+ 4 0.021 344+ 0.1 0.085
CS;5
7.5 105+3 306 +4 0.009 33.8+02 0.155
CS;;
10 105+3 316 £ 5 0.016 34.44+0.2 0.183
CSio
CSis 15 105+ 3 305+7 0.004 344+0.5 0.257

* d, was recorded at 25 °C

As the cross-linker content increases, the hydrodynamic diameter of the microgels in
the collapsed state also increases, which suggests a decrease in swelling capacity with
the increasing cross-linker content. To demonstrate the difference in the swelling ca-

pacity, the de-swelling ratio a can be calculated:

— VCS(T)_VCOTE
(1) = 5 15O Veore @b

Where Vis(T) and Veg(15 °C) are the hydrodynamic volumes of the microgel at a re-
spective temperature 7 and in the swollen state (15 °C), respectively. V,,. corre-

sponds to tbhe volume of the rigid core.
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6. Monolayer Structural Discrepancies between in-situ and ex-situ Observations

As the cross-linker content rises from 2.5 % to 7.5 %, a increases from 0.081 to 0.257,
indicating that the microgels become more rigid[40]. Interestingly, the swelling and
de-swelling curves of CS,s and CSs almost overlap, indicating similarities between
the internal shell structures, which agrees with the observation from the TEM images
where the lower cross-linked (CS; s and CSs) microgels do not possess the inner shell
structure present in highly cross-linked ones (CS75, CSjpand CS;s). This observation
suggests that the formation of the highly cross-linked inner part might occur only

when the concentration of the cross-linkers reaches a critical value.

Based on the experimental observation, to simulate the shell with similar composition
swelling/de-swelling behaviour and interfacial behaviour, a series of CS microgels
(CSs, CSp and CS;5) were designed and created, detailed information can be found in
the Appendix A.6 and A.7. All samples contain identical solid cores represented by a

spherical nanoparticle of radius, R... = 6.5 + 0.2r.. Here, r. is the effective size of a

simulation bead corresponding to a cluster of four water molecules. The microgels'
internal structures were systematically adjusted, including the size of inner and outer
shell regions and cross-linker distribution. This optimization process enabled the rep-

lication of the experimental swelling curves accurately.

Figure 6. 3d-e illustrates the equilibrium structure of final microgels used in the pre-
sent work in a swollen state in bulk water, showcasing their morphology. The colour
of the shell beads indicates the distribution of polymer density. The inferno colour
scheme is employed, where the transition from orange (representing the area with the
highest polymer density) to red and purple (indicating areas with lower polymer den-
sities) signifies the decrease in polymer densities. CSs exhibits an almost homogene-

ous internal structure with a slight increase in cross-linkers near the solid core, as con-
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6.1 CS microgels in the bulk phase

firmed by the radial density profile in Figure A. 7a. CS;y and CS;s showcase pro-
nounced double-shell structures, featuring a highly cross-linked inner part and a

gradually decreasing cross-linking density towards the outer periphery (Figure A. 7b,

c).
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Figure 6. 3. Results from both temperature-dependent DLS measurements and corresponding
simulations. (a). The hydrodynamic radius (R,) is plotted as a function of 7 in the range be-
tween 10 °C to 55 °C. Error bars represent standard deviations from three independent meas-
urements. (b). The de-swelling ratio, o, as a function of 7. (c), (d) and (¢) are snapshots of the
simulated CSs, CSyy, and CS;s microgels based on the DLS results, respectively, shown in the
swollen state in bulk phase (side view, crosssections of the thickness of 4r.. Polymeric density
is colour-coded using an inferno scheme, with orange signifying higher density and purple
indicating lower density. The yellow sphere at the centre represents the hard silica core. In-
sets provide additional detail, recolouring the core, inner shell, and outer shell beads in black,
blue, and white, respectively. (f) and (g) show computer simulation results of R, and & pre-
sented as functions of the interaction parameter, a,.
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To evaluate the swelling behaviour of the microgels in the simulation, temperature
variations were introduced by modifying the interaction parameter (o) between the
shell (S) and water (W) beads. When the difference between the interaction parameter
for the polymer-water (SW) and the polymer-polymer interaction (SS), Ads, = gy -
ass 1s almost zero, the polymeric shell swells. In that case, polymer-water interactions
are favoured. As the parameter Ao, increases, the repulsion between S and W beads
becomes stronger, provoking the release of water from the microgel and the collapse
of the shell. Hydrodynamic radii, R, and de-swelling ratios a of the simulated CS

microgels as a function of o, are shown in Figure 6. 3c-d.

In the swollen state, the microgels have approximately the same hydrodynamic radius
of approximately Ry swoiren = 207, (Figure 6. 3c¢). The ratio Ry swoien/Reore 1 3.0 £ 0.1,
3.1 £0.1 and 2.9 £ 0.1 for CSs, CSjp and CSis, respectively. These ratios coincide
with the mean ratio found for the experimental samples (2.9 = 0.1). Analyzing the
swelling curves using a sigmoidal fit, the following interaction parameters at which
the volume phase transition occurs were obtained: a,,(VPT) = 109.3 = 0.2 kgT/r.,
109.4 + 0.1 kgT/r., and 110.4 £ 0.1 kpT/r. for CSs, CSo, and CS;s, respectively. Sam-
ples with a low cross-linking density reveal minimum swelling capacity (Figure 6.
3d). Microgels with 5, 10 and 15 % of cross-linker content achieve average values of
maximum de-swelling ratios a around 0.097 = 0.02, 0.177 £ 0.03, and 0.29258 + 0.03,
respectively. Not only is a similar tendency observed: a(CSs) < a(CSjo) < a(CS;s), but
there is also a close correlation with the experimental values of 0.085, 0.183, and

0.257.

6.2  Compression isotherms of CS microgel monolayers
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In order to study the phase behaviour of the CS microgels at air/water interfaces as a
function of packing density, compression experiments were performed in a Lang-
muir-Blodgett trough. The experimentally determined surface pressure isotherms for
the different CS microgels are shown in Figure 6. 4. The surface pressure is plotted
against the number of microgels per unit area, (N,/Area). N, was estimated by count-
ing microgels per area from AFM images obtained through ex-situ analysis, the calcu-
lation process is shown in the Appendix (Figure A. 4). It is worth noting that, at high
compression states, the estimated N, is higher than the value obtained directly from
AFM images, which might attribute to the migration of microgels from interface to
the bulk phase at the high compression state, so the higher compression regions (IV
and V) of the isotherm undergo stretching along the x-axis. The raw data of the com-
pression isotherms are shown in Figure A. 5. This also involved transferring microgel
monolayers onto glass substrates at specified surface pressures, followed by drying at
room temperature and subsequent imaging using AFM, i.e., ex-situ analysis. These
analyses are based on the assumption that transferred monolayers exhibit similar
characteristics to those at the air/water interface, a topic will later be discussed for its
validity. Since it is very hard to know the exact number of microgels on the interface
and their changes, the value of N,/Area here is only used as a reference. For the raw
data of the compression isotherm, please refer to Appendix A.5. TEM and DLS re-
sults classify CS microgels into two groups: lower cross-linked CS,s and CSs mi-
crogels lacking the inner shell structure and higher cross-linked CS7 5, CSjo, and CS;5s
microgels with the inner shell. Notably, these differences also appear in their com-
pression isotherms. The isotherms of monolayers of CS,sand CSs, go through a one-

stage surface pressure increase and then reach a plateau at approximately 30 mN/m
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and higher, see Figure 6. 4a. In contrast, the higher cross-linked microgels, CS -

CSis follow a two-step increase, see Figure 6. 4b.
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Figure 6. 4. Compression isotherms of loosely (a) and highly (b) cross-linked microgels at
air/water interfaces. The surface pressure is plotted as a function of the number of microgels
per unit area (N,/Area).

According to the trend of isotherm variation, it can be roughly divided into states I-V,
with the approximate ranges of surface pressures for each part provided in Table 6. 2.
Compression state I begins with a low N,/Area and nearly 0 mN/m surface pressure,
while compression state II shows a rapid increase in /7 despite a slight increase in
Ny/Area. A comparison between the samples shows that the surface pressure increases
at higher N,/Area in the case of microgels with higher cross-linker content[203]. Then,
the flattening of the surface pressure is referred to as compression state III. For CS s,
CS10, and CS;5 samples, it is reached at /7 around 25 mN/m, 24 mN/m, and 23 mN/m,
respectively. This is followed by the second increase in surface pressure, compression
state IV, until reaching a final plateau, compression state V. The transition region be-
tween the first and second rises (compression state IIl) narrows with higher cross-

linking density. Microgels with more cross-links start the second stage with a lower /1.
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6.2 Compression isotherms of CS microgel monolayers

In compression state V, /71 reaches maximum values of 31.9 mN/m, 31.2 mN/m, and
32.4 mN/m for CS55, CSjo, and CS;s, respectively. In the case of CS;sand CSs, com-
pression states (III-V) become one. /7 reaches a plateau at approximately 31 mN/m
and 30 mN/m. The values are close to the maximum surface pressure measured for

the linear PNIPAM using a pendant drop tensiometer (See Figure 5. 12).

Table 6. 2. The nearest d... distribution and related surface tension for each compression state

(I1-V).
II [mN/m] Nearest d... distribution [nm]
I 11 I -1v \% 1 11 I -1v \'%

CS,s| 07-14 1.4-29.2 29.2-314 >626 208 ~ 626 104
CS; 0.4-0.7 0.7-283 28.3-29.8 >652 261 ~ 652 104
CS;5| 04-09 0.9-21.1 21.1-28.0 | 28.0-31.9 | 574 ~600 365 ~ 600 143 ~ 235 235
CSyp | 0.6-1.0 1.0-20.8 | 20.8-27.6 | 27.6-31.2 548 391 ~496 157 ~ 235 209
CS;s | 04-1.0 1.0 -18.7 18.7-26.5 | 26.5-324 470 444 ~ 470 | 209 ~235 209

6.3 Microstructure of transferred CS microgel monolayers

The surface pressure isotherms are correlated to the internal microgel structure and
the microstructure of the resulting monolayers. Hence, an ex-situ morphological
analysis of the monolayers was conducted after transfer from the air/water interface to
glass substrates. AFM imaging of dried monolayers was used to examine the ar-

rangement and symmetry of the microgel monolayer at different compression states.

The AFM height images of the monolayers transferred to hydrophilic glass substrates

at different compression states are shown in Figure 6. 5. The focus was on studying
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morphological changes during compression in low cross-linked CSs microgels and

higher cross-linked CS;y and CS;s microgels.

I Il -1V \Y%

Figure 6. 5. AFM height images of CSs, CS;o and CS;s monolayers deposited to hydrophilic
glass substrates at varying surface pressures reveal distinct compression states. The colour
scheme corresponds to the colours of the curves in the compression isotherms: ochre, blue,
and pink. The scales of the images are 10 x10 um®.

In compression state I, where /7 is nearly 0 mN/m, there are pronounced differences
between the samples in Figure 6. 5 (first column). The distribution of the CSs mi-
crogels is more or less random, referred to as an isotropic liquid-like phase, with the
transferred microgels non-contact with each other. In contrast, the higher cross-linked
CS1o and CS;5 microgels formed local non-close packed hexagonal aggregates sepa-
rated by the voids. This behaviour might be attributed to attractive capillary forces at
the interface, driving the CS microgels together into clusters at a defined inter-particle
distance[52]. As the surface pressure increases, the voids between the clusters vanish

at the beginning of compression state II. Meanwhile the microgels formed a loosely-

96



6.3 Microstructure of transferred CS microgel monolayers

packed hexagonal lattice (see the second column of Figure 6. 5). During state Il com-
pression, the nearest d. . gradually and uniformly decreased. In compression states I11
- IV, some of the CS;( and CS;5 microgels underwent a sudden transition to a close-
packed hexagonal lattice with dramatically smaller d... values, while others in the
monolayer maintained the loosely-packed hexagonal lattice configuration. This phe-
nomenon is typically described in the literature as a solid-solid isostructural phase
transition[90]. Notably, the low-cross-linked CSs microgels started “aggregation” at
the end of State II. Compared to the "close-packed hexagonal lattice" observed in
CSjo and CS;s, the “aggregation” of the CSs monolayer is less ordered. Finally, at
higher surface pressures (state V), all the microgels transitioned to the close-packed
hexagonal lattice or “aggregations”. Remarkably, the monolayer is not uniform and

shows voids between the clusters.

Figure 6. 6 depicts AFM images of transferred CS microgels monolayers obtained at
Il = 25.8 £ 0.2 mN/m. The compression isotherms show a rightward shift with in-
creasing cross-linker density in CS microgels, signifying a larger N,/Area to attain
equivalent surface pressure. This fact can be attributed to changes in the nearest d...
and the morphological transitions. Indeed, CS; s microgels form a monolayer with an
average nearest d.. of 521 nm, lacking long-range order. In contrast, CSs microgel
monolayers exhibit a loosely-packed hexagonal lattice with an average nearest d,.. of
483 nm. CS7 5 microgels are beginning the solid-solid isostructure transition from a
loosely-packed hexagonal lattice to a close-packed hexagonal lattice (average nearest
d... of 365 nm). At the same time, the CS;p monolayer is in an intermediate state, with
part of the microgels forming close-packed clusters, while CS;s microgels completed
the transition and assembled into a close-packed hexagonal lattice with the nearest d_..

=234 nm.
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CS10 CS75 CSs.0 CS2s

CS15

Figure 6. 6. AFM images (a), corresponding Fast Fourier Transformations (b) and corre-
sponding representative average 2D radial distribution functions g(»), normalized by the posi-
tion of the first maximum (c) for the monolayer of CS, s, CSs, CS;5, CS;o and CS;5 microgels
deposited to glass substrates at 25.8 £ 0.2 mN/m.

To explore the relationships between the compression behaviour and monolayer mor-
phology, the change of the nearest d... was plotted over N,/Area (Figure 6. 7a). It is
worth noting that the N,/4Area obtained here, which is derived from the first peak of
the g(r) functions computed from AFM images, is lower in high compression states
compared to the estimated N,/4rea used to plot the compression isotherms. The varia-

tion of the nearest d... over N,/Area was also superimposed on the distribution of the
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6.3 Microstructure of transferred CS microgel monolayers

inner shell diameter of (d;) those measured from TEM images. In the case of the CS; s
and CSs microgels, d; represents the inside diameter of the fuzzy shell. The distribu-
tion of d .. splits into two distinguishable groups of points. Points on the right-hand
side refer to the loosely packed hexagonal structure in the monolayer at compression
states I and II, while those on the left relate to the close-packed hexagonal structure
observed in compression states III-V. The gaps between these groups widen with in-
creasing cross-linker density of the microgels. For the points on the right-hand side,
all the samples demonstrate a continuous decrease of d... as N,/Area increased. It indi-
cates the reduction of microgel-free voids in the monolayer and the gradual shrinkage
of the microgels induced by the deformation of their outer fuzzy shells. For points on
the left-hand side, N,/Area increases while the d... undergoes minimal change. The d..
¢ values closely match the diameter of the inner shell, d; (Figure 6. 7b). In the case of
the CS,s and CSs microgels, values of d.. in the left segments approach 104 nm,
closely matching the average diameter of the silica cores (105 £ 3 nm). This result
highlights three important observations: firstly, the microgels started the “solid-solid
isostructural transition” or “aggregation” before the complete collapsing of the outer
fuzzy shell, resulting in the voids between the clusters and the gaps in the d... distribu-
tions; secondly, after this transition, the outer fuzzy shell is likely to be entirely col-
lapsed, as indicated by d,... values closely approaching the values of d; or d,..; thirdly,
the narrow distributions of d... indicate limited compressibility of the microgels, con-

firming the high cross-linker density of the inner shell.
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Figure 6. 7. (a). Evolution of inter-particle distance d... for increasing microgel packing den-
sities (N,/Area). Values of d... were obtained from the first peak of the g(r) functions com-
puted from AFM images. The grey-shaded area on the left corresponds to the size of the silica
core. (b). The evolution of d,.. in a selected range of packing densities and the distribution of
the inner diameter that calculated from TEM images. The inner shell size histogram (dia-
grams on the very right) was fitted with Gaussian distribution. Red, ochre, green, blue, and
pink colours correspond to the CS, 5, CSs, CS75, CS;p and CS;5 microgels.

6.4 Simulated CS microgel monolayers at air/water interfaces

Snapshots of individual CSs, CSjp and CS;s microgels in uncompressed state ad-
sorbed from the bulk to the air/water interface at N,/drea = 1.5 r.” after equilibration
are shown in Figure 6. 8. Microgel networks undergo lateral deformation during ad-
sorption, expanding to minimize interfacial free energy until internal elasticity offsets

the energetic gain. Compared to the more cross-linked central part, the flexibility of
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peripheral dangling chains results in a kind of "fried egg" morphology, as observed in

techniques like cryo-scanning electron microscopy (cryo-SEM)[52, 204].
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Figure 6. 8. Snapshots of CSs, CS,y, and CS;s microgels at the air/water interface. (a-c).
Snapshots of the top view. The height profile is colour-coded using a green-white gradient,
with green denoting beads near the interface; (d-e). Side-view cross-sections with a thickness
of 4r. through the microgel's center of mass, along with volume fraction profiles along the z-
axis (normal to the air/water interface) for microgel monolayers. Grey, orange, blue, and
green curves represent fractions of S (shell), C(core), W(water) and A(air) beads, respectively.
Gradient colour scheme and line styles (dashed to dotted) indicate the cases low, N,/Area 1.5%,
8.2, medium, 13.2 and high, 17.7 [ 10™*7,], compressions, respectively. * indicate the case of
the single microgel at the interface. Ryp, Rs;p, Rycr denote the radii of the contact areas of
various parts of the microgels at the interface when z=0.

Three distinct parts within the microgels are recognized: (1) The region where the mi-
crogel extends into the air, defined by the protrusion height, 4,;; (2) A thin 2D poly-
meric layer adsorbed at the interface, referred to as the corona, with a characteristic
size Ryp; (3) The 3D bulky swollen part of the microgel extends into the aqueous
phase, characterized by the protrusion height 4, and size R;p. Specifically, Rzp, Rsp,

Rycr represent the radii of contact areas of different parts of microgels at the interface

101



6. Monolayer Structural Discrepancies between in-situ and ex-situ Observations

(Z = 0). R,p is the radius of the peripheral adsorbed part of the microgel, R;p is the
radius of the swollen part of the microgels extending into the aqueous phase, while
Rpcg represents the radius of the contact spot for the inner shell of the microgels. The

dimensions of the samples are summarized in Table 6. 3.

Table 6. 3. Dimensions of single microgels at the air/water interface in an uncompressed state.

hir [rc] hyater [rc] Rp [r] Rycr 7] R;p [r]
CS;5 1.5+0.2 149 +0.1 32.7+0.3 142 +0.1 16.2+0.3
CSpn 1.7+£0.2 17.6 £ 0.1 31.7+0.3 16.6 £ 0.1 21.2+0.1
CS;s 2.0+0.1 19.6 £ 0.1 27.6+0.2 12.4+0.1 204 +0.1

* Rop, Rsp, Rycr have been determined by the analysis of the radial density distribution
functions within a lateral slice of the microgels with a thickness of 4 = 4r...

* Nywaer and h,;, were determined by the analysis of the density distribution functions of
the polymer in the normal direction to the interface, see Figure 6. 8d-f.

CSs has the smallest 3D part and the largest 2D part. The low average cross-link den-
sity in the microgel shell encourages extensive lateral deformation, maximizing inter-
face coverage. Despite significant lateral deformation, the presence of the solid core
may also limit the subchain deformation. It is also possible that covalent bonds be-
tween the core and shell induce an effective force, which could push the solid core
into the air phase and deform the interface. The area of microgel protrusion into the
air phase is relatively small. The higher cross-linked microgels CS;¢ and CS;s exhibit
a decreased adsorbed polymeric layer size while displaying an enlarged swollen part
in water. The highly cross-linked inner part surrounding the solid core restricts the
lateral stretching of the outer periphery of the microgels. At the same time, the rela-
tive position of the solid core shifts towards the water phase. The protrusion and de-
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6.4 Simulated CS microgel monolayers at air/water interfaces

formation of the interface increase, leading to attractive capillary inter-particle inter-

actions observed in experiments with low surface coverage.

The significant difference between the structure of the 3D part and the 2D part of the
microgel is worth noting. The 3D part resembles the microgel structure away from the
interface, featuring a fuzzy double-shell polymeric network with subchains in a swol-
len state. In contrast, the 2D part exhibits condensed chains forming a dense, almost
monomolecular film. The polymer volume fraction of the system (the dimensionless
concentration) is plotted as a function of distance from the interface, z, measured in .
units, see Figure 6. 8 (N,/Area =1.5%). It displays a sharp peak of shell beads near the
interfacial boundary, gradually decreasing with distance far away. In the contact re-
gion beneath the 3D part, a portion of the 2D layer is formed by subchains from both
the outer and inner shells. Beyond the 3D part, the 2D layer consists of outer shell
subchains only, see Figure 6. 8 (a-c). The divergence in the compression response of

2D and 3D parts would affect the monolayer behaviour.

Next, ensembles of CS microgels at the air/water interface were compressed (see Ap-
pendix A.7 and A.8). The surface pressures of the microgel monolayers as a function
of N,/Area are plotted in Figure 6. 9a. Similar to the experiment, the isotherms of
monolayers of loosely cross-linked microgels, CSs, go through a one-stage surface
pressure increase. In contrast, highly cross-linked microgels, CS;y and CS;s follow a

two-step increase.

Let us follow the terminology of compression states I to V discussed in the experi-
mental section. Figure 6. 9d provides an overview of the interfacial microstructures
formed in CSs, CSjp and CS;s microgel monolayers at different compression states.

The monolayer morphology was analyzed by measuring the evolution of the nearest
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d... (Figure 6. 9a) and the hexagonal order parameter ¥ (Figure 6. 9¢) based on the
central positions of the solid cores of the CS microgels (Figure 6. 9d first row, Fig-

ure A. 11, Figure A. 13).
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Figure 6. 9. Simulated microgel interfacial behaviours. (a). Simulated compression isotherms
of microgels; (b) and (c) are nearest d,._. and the hexagonal bond-order parameter ¥6 (equation
A. 6) plotted as functions of N,/Area. Values of minimum d... were obtained by Gaussian fits
of the first peak of the computed g(7) functions; (d). The first row is the side and top view
(from the water phase) of the position of the cores of the CS5; monolayers. Water and poly-
meric beads are not shown. For clarity, the cores of different microgels are marked by rain-
bow colours. Snapshots are combined with the Voronoi diagram, where each Voronoi cell is
coloured by the value of the local orientational order parameter corresponding to the relevant
cell, [k (r,)|, see Appendix equation (A.6). The darker the colour the closer the | ()] to
0. The second and third rows are the snapshots of CS;y and CS;s microgel monolayers at dif-
ferent compression degrees. Waterside view, with the 2D “corona” area marked by rainbow
colours and the water-swollen 3D part shown in a green-to-yellow gradient. After full com-
pression of the “corona,” all microgels are marked by rainbow colours.
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6.4 Simulated CS microgel monolayers at air/water interfaces

In compression state I (regime of low /7 at N,/Area < 2.4 [10'4rc'2]), the CSs microgels
are randomly distributed through the interface (Figure 6. 9), similar to the experimen-
tal observations. An increase in number density is accompanied by a decrease of d...
(Figure 6. 9b). In the case of CS;s microgels with a highly cross-linked shell, the for-
mation of small aggregates at the interface is observed. In support of this, the nearest
d...remains nearly constant at N,/Area < 2.8 [10™*7.%]. Computed g(r) functions reveal
a wide distribution of distances between microgels, indicating cluster formation likely
induced by the protrusion of microgels into the air phase, reducing interface curvature.
AFM images show non-close-packed hexagonal lattices interspersed with microgel-
free voids on a glass substrate. Nevertheless, simulations do not directly indicate the
presence of strong, attractive forces at the air/water interface. This discrepancy may
stem from finite-size constraints in microgel modelling or underscore the impact of

substrate and drying procedures on monolayer ordering in experiments.

In the compression state II (the first /7 rise), where N,/Area (CSs) ~ (2.8-4) [1077.7]
and N,/Area (CSio, CSs) ~ (3.0-4.5) [10™*7.*] the microgels tend to form a regular,
space-filling hexagonal lattice. The hexagonal bond-order parameter ¥s (equation A.5)
rises (Figure 6. 9b). A continuous reduction of void space is observed with an in-
creasing number of "corona-corona" contacts. Consistent with experimental observa-
tions, CSjo and CS;s exhibit an increase in surface pressure at a higher N,/Area (Fig-
ure 6. 4a), which is related to the different lateral dimensions of the microgels at the
interface. Microgels with higher cross-linker content exhibit less deformation at the
interface, resulting in a smaller area per microgel compared to lower cross-linked CS
microgels. The voids between the microgels gradually disappear and the CS microgels

fully occupy the interface. In the range between N,/Area ~ (4.9-8.2) [107*7.2], the
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morphology of the monolayers of CSs to CS;sbecomes a close-packed hexagonal lat-

tice where ¥ reaches a maximum value.

Upon further compression, the surface pressure of the CSs sample reaches a plateau,
remaining unchanged until the buckling and breaking of the interface. In contrast, the
surface pressures of the CS;y and CS;5s monolayers proceed to the second increase.
Despite similar shapes of the isotherms depicted in Figure 6. 4 and Figure 6. 9, the
behaviour and the morphology of the monolayer at the water/air interface at compres-
sion states III-V reveal notable disparities from experimental findings observed in
AFM. Firstly, the simulation brings out the complete surface coverage of the mi-
crogels at each compression stage (Figure 6. 9d). Secondly, the microstructure of the
monolayers is the close-packed hexagonal lattice, where the mutual distance between
the individual microgels constantly decreases as a function of the total available sur-
face area (Figure 6. 9¢). Furthermore, the solid-solid isostructural transition and near-
est d... 1s monotonically decreasing were not observed (Figure 6. 9b). So, what is the
origin of the second surface pressure increase out of the simulations observed for
higher cross-linked CS microgels? What is the physics behind the evolution of the

monolayer of CS microgels?

To address this, structural changes and deformations within individual microgels are
tracked and correlated with the monolayer's compression isotherms and morphologi-
cal transformations at different surface pressures. The concentration profiles in nor-
mal (Figure 6. 8) and lateral (Figure 6. 10a, d) directions to the interface allow us to
monitor the microgels' size and shape transformation, including the microgels' protru-
sion into the air phase as a function of N,/4rea. In addition, the forces acting on the

selected microgels from their nearest neighbours were calculated to characterize the
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Figure 6. 10. Relative monomer density profiles in lateral slices of the CSs (a), CSyo (d) and
CS,s(g) microgels at the air/water interface at different N,/4rea values. The slices were made
in the lateral direction of the interface. The thickness of the slices is equal to 4r.. The vertical
dotted line indicates the size of the solid core. (b, c), (e, f) and (h, i) show the averaged forces
that act on single CSs, CSy and CS;s microgels from the surrounding microgels at the inter-
face for different N,/Area, respectively. Black dots correspond to the polymeric and solid core
beads. Pink (plasma colour scheme) arrows are the forces coming from the corona-corona
interactions, while brown (copper colour scheme) arrows are the forces coming from the ker-
nel-kernel interactions. View in XY (b, e, h) and XZ (c, f, i) directions are shown, where Z is
the direction perpendicular to the air/water interface.

At low N,/Area all microgels maintain their size at the interface and remain unaltered.
Interactions are limited to isolated contacts between 2D corona parts of neighbouring
microgels in small aggregates (Figure 6. 9, Figure 6. 10, N,/Area = 2.4 [107*7.2]).
This area is classified as state I. Further increase of N,/4Area up to ~ 6.3 [1077.7] is
accompanied by the formation of multiple spatial corona-corona contacts, namely
state II. The 3D part of the microgels undergoes minimal changes, while the d.. de-
creases due to filling gaps between coronas and gradually reducing the corona size,
causing an increase in surface pressure. Compression of the monolayers increases the
polymeric volume fraction at the interface, as indicated by the rising peak (Figure 6.
8d-f). At N,/Area = 6.3 [10'4rc'2], near the first plateau in the compression isotherm,
the formation of a close-packed hexagonal lattice is observed. Upon further compres-
sion N,/Area (CSs) ~ (8.2-13.2) [10™.%] and N,/Area (CS;s) ~ (6.3-8.2) [10™.7],
state III, the polymer corona is tended to be compelled beneath the core, leading to
notable changes. Firstly, the Z position of the solid core shifts deeper into the aqueous
phase (see Figure A. 9, Figure A. 10, Figure A. 11, Figure A. 13). Additionally, in-
creased compression diminishes the microgel's protrusion into the air phase while
enlarging its normal size toward the aqueous phase. The plateau observed in state III
is ascribed to self-similar deformation and significant compression of the microgel
corona. State III is minimal for CS;s and maximal for CSs due to varying 2D corona

widths. The isotherm shape of loosely cross-linked microgels closely resembles that
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6.4 Simulated CS microgel monolayers at air/water interfaces

of linear PNIPAM, yet it is distinctly shifted to a large N,/Area values (Figure 6. 4
and Figure A. 8). The same observation was discussed in Ref. [205], where the be-

haviour of PNIPAM linear chains, stars, and microgels was compared.

Stage IV occurs when the 3D parts of the microgels begin to come into direct contact
with each other, N,/drea (CSs) = 17.7 [107r.%], N,/Area (CS;s) = 13.2 [107r,7]. From
now the 2D interaction of microgels due to corona-corona contacts evolves into the
3D interaction of the entire microgels (Figure 6. 10). The fuzzy outer shells of the
microgels undergo interpenetration and deformation, leading to a slight reduction in
the degree of monolayer order (Figure 6. 10c). Remarkably, the peak of the polymer
density near the interface, as depicted in concentration profiles along the z-axis (Fig-
ure 6. 8d-f) reaches and maintains its maximum value. Notably, the maximum peak
value remains relatively consistent across different CS microgel types, thus deter-
mined by the chemistry of the subchains rather than the peculiarities of the shell struc-

ture.

The second rise of the CS;p and CS;s compression curves directly relates to the shell's
prominent highly cross-linked double-layer structure. The polymeric density of the
low cross-linked microgels does not significantly impact the rise in pressure. At that
stage, the density of the entire kernel rises (Figure 6. 9b-c). The solid cores continue
to shift into the aqueous phase, coupled with enlarging the normal size of the microgel
in the Z direction. As the solid core moves away from the interface, redistribution of
polymer density occurs. Rpucr decreases, indicating that the inner shell with a high de-
gree of cross-linking spreading near the interface is gradually replaced by a fuzzy
outer shell, see Figure 6. 10 blue lines. At the same time, the overall polymeric den-

sity of the inner region in the lateral slices near the interface rises. Upon further com-
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6. Monolayer Structural Discrepancies between in-situ and ex-situ Observations

pression, the order degree of the monolayer is restored. A second close-packed hex-
agonal phase emerges, characterized by a shorter inter-particle distance due to kernel

interactions.

In state V, the monolayer experiences collapse. Notably, failure is observed for CS;g
and CS;s microgels, occurring at interparticle distances akin to the hydrodynamic size
in their collapsed state in bulk (Figure A. 9, Figure A. 10). Shortly before, an order
disturbance arises, leading to the displacement of specific microgels among each other

(Figure A. 11, Figure A. 13).

This finding can be elucidated further by plotting the /7 and longitudinal dimensions
as a function of N,/Area (Figure 6. 11). Initially, as the surface pressure increases,
there is a gradual decrease in the corona size of the microgel, R,p, with slight defor-
mation of the 3D part, R;p. The convergence of these curves indicates the disappear-
ance of the corona and corresponds to the pseudo plateau region of the isotherm. Sub-
sequent increases in the isotherm coincide with a reduction in the R;p due to the suc-

cessive collapse of the outer and inner shells.

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Figure 6. 11. Radii of the highly cross-linked inner part (blue), Ryck, the 3D part (yellow),
R;p, and the 2D part (purple), R,p of (a) CSs, (b) CSjpand (c) CSys microgels adsorbed at the
air/water interface at different states of compression. The ochre (a), blue (b) and pink (c)
curves are the compression isotherms.
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6.5  Influence of hydrophobicity of the substrates

Although there was a strong correlation between the experimentally measured and
simulated compression isotherms for various CS systems, several fundamental dis-
crepancies between the experimental and modelling results were identified. In particu-
lar, the solid-solid isostructural phase transition was exclusively observed in ex-situ
analysis post-transfer of CS;y and CS;s microgel monolayers onto hydrophilic sub-
strates, providing the abrupt change in d,.... Simulations, however, demonstrate a con-
tinuous decrease in d.. with increasing compression, lacking evidence for a phase
transition. So, who is right? What is the origin of the solid-solid isostructural phase
transition observed in ex-situ analysis? Is the equilibrium structure of monolayers at

the interface identical to the ones transferred to the substrates?

Recently, Kuk et al. compared the microstructure of CS microgels at the air/water in-
terface (in-situ) with the structure obtained after transfer to solid substrates and ex-situ
microstructural analysis[59]. This work combined monolayer compression in a
Langmuir trough with in-situ analysis using small-angle light scattering (LT-SALS),
which revealed a continuous decrease in d,... during compression, contrasting with ex-
situ observations of discontinuous d.. decrease and a solid-solid isostructural phase
transition of microgels on hydrophilic substrates. This finding highlights the complex
interplay between microgel adhesion to the solid substrates, influenced by surface en-
ergy and capillary interactions during drying of the monolayer of microgels that
emerges during transfer from the air/water interface to the solid substrates. Surface
modifications on glass substrates further showed varying microgel interactions[92,
206]. When microgels were deposited on PEG-ylated hydrophilic surface (hydrophilic,
contact angle of 27°), they appeared in their native, spherical shape, revealing low

surface-uG interactions. Both the substrate and the microgel are solvent-like systems.
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On the other hand, ODS-modified surfaces (hydrophobic, contact angle 102°) allowed
microgels to spread extensively due to strong substrate adsorption, minimizing sur-
face-water interactions. The cross-linking density of the microgels (elasticity of the

network) also plays a role in the degree of spreading on the substrate.

So, is the hydrophobicity of the substrates the reason for the difference between the
simulation and experimental results? Then hydrophilic glass substrates (contact angle
smaller than 5°) and hydrophobic MPS-modified glass substrates (contact angle be-
tween 85-100° were prepared to make a comparison. Monolayers were transferred at
the states before, during and after the “isostructural phase transition” or “aggregation”

observed on the hydrophilic glass substrates.

The raw AFM images from different compression states combined with the cluster
analysis are presented in Figure 6. 12. 2D Voronoi tessellations were generated, and
the average hexagonal bond orientation order parameter of the monolayers was
counted (Figure 6. 12, CSyy). If a neighboring microgel is found within radii ». = 150,
220 and 300 nm (for CSs, CSjo, and CS;s monolayers, respectively), then two mi-
crogels are considered to belong to the same cluster. Microgels from the same cluster
and the clusters with the same N, were coloured the same way. The distribution of

Neiusier versus Ny/cluster is shown in Figure A. 8.
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Before the isostructure phase transition, generally there’s no large cluster observed in
both hydrophilic and hydrophobic substrates (Figure 6. 12, /7 = 28.5, 21.8 and 4.3
mN/m). The monolayers transferred to hydrophobic substrates present more homoge-
neous morphologies and show higher degrees of hexagonal order, especially in the
case of the CS;y microgels (Figure A. 17). For the monolayers transferred during the
isostructure phase transition (/7 = 28.8, 25.5 and 19.9 mN/m), the microgels clustered
on hydrophilic substrates with ¥ parameters decrease to ~0.45. In contrast, microgels
on hydrophobic substrates formed monolayers with higher ¥ parameters and smaller
clusters. Especially for CS;y microgels, a uniform hexagonal lattice with ¥ parameter
of 0.8 was observed. The nearest d... was approximately 365 nm, significantly larger
than the value measured on hydrophilic glass substrates (~209 nm). This means the
microgels are more likely to retain in a homogeneous distribution than to transfer into

clusters.

When the isostructural phase transition is complete, CSs, CS;p and CS;s microgels
form close-packed clusters on both kind of substrates, with smaller clusters on hydro-
phobic substrates. For CS;y monolayers, d... values increased to 248 nm, compared to
209 nm on the hydrophilic glass. However, the homogeneity improvement of the CS;5s
monolayers was less significant, likely due to their rigidity hindering effective con-
tacts with the substrates during transfer and drying of the thin liquid film, reducing the

adhesion to the substrate, as observed in our previous work[59].

The simulation results are more consistent with the monolayers transferred to hydro-
phobic glass substrates, both showing a more homogeneous distribution of the mi-
crogels. This could be due to the hydrophobic substrate having a stronger affinity for

the microgels than water, facilitating their adhesion to the substrate. Thus, during
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transfer and drying, microgels may exhibit reduced lateral mobility on hydrophobic
substrates, hindering their assembly or reassembly upon drying. Potential driving
forces include capillary forces at the substrate, inhomogeneities in polymer density,
and other interfacial effects[7]. Furthermore, the deformability of the shell plays an-
other important role. For example, for the CS;s microgels, the rigidity not only de-
creases the effective contact with substrates but also results in a larger distortion of
the interface, which induces a larger capillary attraction[59]. Our results shine a light
on the “solid—solid isostructural phase transition”. Our findings, from both this and
previous work, suggest that the transition originates from the complex interplay be-
tween adhesion and capillary interactions occurring during the drying of thin films

after their transfer onto solid substrates.
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7. Conclusion & Future Perspectives

This study dealt with the assembly behaviours of the core-shell microgels at the
air/water interfaces, focusing on the surface tension-driven monolayer evolution and
monolayer structural discrepancies between in-situ and ex-situ observations. The fol-

lowing key achievements were accomplished:

1. Synthesis of core-shell mcirogels featuring a rigid silica core and a polymer
shell with cross-linking densities, and the characterization of their internal structure

and swelling/deswelling capacities.

2. Investigation of surface tension-driven monolayer evolution of core-shell mi-
crogels at air/water interfaces, and the characterization of their expansion, compres-

sion, and relaxation behavior under controlled interfacial tension gradients

3. Examination of structural discrepancies in microgel monolayers between ex-
situ AFM observations and in-situ simulations, and the identification of substrate-

induced artifacts affecting microgel organization during monolayer transfer.

This work firstly synthesized and characterized core-shell microgels consisting a rigid
silica core and a soft PNIPAM shell via seeded precipitation polymerization. The sil-
ica core, with an average diameter of 105 + 6 nm as determined by SAXS. The cross-
linker density of the PNIPAM shell varied by adjusting the mass of BIS during syn-
thesis, yielding microgels with nominal cross-linker densities ranging from 2.5 to 15
mol%. Successful encapsulation of the silica cores was confirmed by TEM imaging,
which revealed distinct core-shell morphologies. The hydrodynamic diameter of the
microgels, as measured by DLS, was approximately 300 nm at 25 °C, with tempera-
ture-dependent swelling behaviour observed between 10 and 55 °C. Microgels with
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lower cross-linker densities (e.g., CS,s) presented higher swelling capacity compared
to those with higher cross-linking. These microgels were further applied onto the
air/water interfaces for investigating how interfacial tension gradients influence

monolayer evolution and their interfacial assembly behaviours.

The first part of the study (Chapter 5) demonstrates that the evolution of freely float-
ing microgel monolayers at air/water interfaces is governed by interfacial tension im-
balances, with distinct behaviours observed under equilibrium and non-equilibrium
starting conditions. By adjusting the external interfacial tension through the addition
of SDS or linear PNIPAM homopolymer, monolayer expansion and compression

could be precisely controlled.

Under equilibrium conditions, sufficient time was allowed for interfacial tension
equilibration between the microgel-covered monolayer and the surrounding region
before removing the PTFE ring. Upon ring removal, the monolayer exhibited an in-
stantaneous expansion or compression, dictated by the pre-established interfacial ten-
sion gradient. When the external interfacial tension exceeded the tension within the
microgel-covered region, rapid monolayer expansion occurred, driven by Marangoni
flow. At a bulk SDS concentration of 0.5 mM, the interfacial tension imbalance was
minimal, leading to stable monolayer area and nearest-neighbour distances over time.
However, prolonged equilibration resulted in SDS migration into the monolayer, lead-
ing to a decrease in interfacial tension, which became more pronounced at higher SDS

concentrations.

Under non-equilibrium conditions, immediate removal of the PTFE ring without prior
equilibration led to rapid monolayer compression due to transient interfacial tension

imbalances, followed by a gradual expansion as SDS diffused and redistributed across
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the interface. This expansion was accompanied by an increase in interparticle distance
while maintaining hexagonal packing of the microgels. The time-dependent evolution
of the monolayer area followed a Kelvin-Voigt viscoelastic model, with the relaxation

time correlated to microgel softness.

The study further demonstrates that SDS and linear PNIPAM modulate interfacial
tension gradients in distinct ways. While SDS effectively reduced interfacial tension
and enabled controlled compression, its migration into the microgel monolayer intro-
duced inconsistencies in tension regulation. In contrast, linear PNIPAM provided
more stable and precise tension control, preventing surfactant migration and ensuring
uniform monolayer evolution. These findings establish interfacial tension gradients as
a versatile tool for manipulating 2D microgel assemblies beyond conventional Lang-

muir trough compression, offering alternative strategies for soft material design.

The second part of the study (Chapter 6) explores monolayer structural discrepancies
between ex-situ and in-situ observations by investigating the architecture and assem-
bly behaviour of microgels at the air/water interfaces. By systematically varying the
cross-linker density from 2.5 to 15 mol%, this study also reveals how microgel struc-
ture governs interfacial compression behaviour and the formation of distinct

monolayer morphologies.

Microgels with low cross-linker densities (CS;.s, CSs) possess a homogeneous, single-
layered fuzzy shell, as revealed by TEM imaging. These microgels underwent one-
stage compression isotherms, and at high compression, they formed disordered aggre-
gates with the nearest-neighbour distance collapsing to approximating the rigid silica
core size. In contrast, highly cross-linked microgels (CS7.s~ CS;s) featured a double-

layered shell architecture, consisting a dense inner layer and a fuzzy outer layer. This
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structural difference leads to two-stage compression isotherms, reflecting the sequen-

tial compression of the outer and inner layers.

AFM imaging of transferred monolayers reveals a striking difference between low
and highly cross-linked microgels under high compression. Highly cross-linked mi-
crogels exhibit cluster formation with voids in between, along with discontinuous re-
ductions in the nearest-neighbour distance, which is typically interpreted as a "solid-
solid isostructural phase transition" in previous studies. However, this study attributes
such observations to an artefact introduced during monolayer transfer and drying

rather than an intrinsic phase transition at the air/water interface.

This hypothesis is further supported by in-situ DPD simulations, which show con-
tinuous structural evolution across all cross-linking densities. Unlike AFM observa-
tions, in-situ simulations indicate a homogeneous microgel distribution at the inter-
face and a smooth, gradual decrease in d..upon compression, without abrupt transi-
tions or void formation. The discrepancy between in-situ and ex-situ observations is
related to the substrate-mediated effects during monolayer transfer and drying. The
substrate’s hydrophobicity significantly influences these artefacts. Hydrophilic sub-
strates promote more significant microgel clustering, leading to the structural inho-
mogeneities in AFM images. In contrast, hydrophobic substrates better preserve mi-
crogel organization, producing monolayer structures that more closely to the simula-
tions. These findings highlight how deposition protocols and substrate interactions
introduce artefacts in ex-situ AFM analysis, emphasizing the need to optimize transfer
techniques and account for substrate hydrophobicity in interpreting interfacial mi-
crogel assemblies. This work underscores the critical interplay between material de-

sign, environmental factors, and methodological choices in soft matter engineering.
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Future Perspectives

Building on the current findings and technical challenges identified in this study, sev-
eral promising directions emerge for advancing the manipulation and characterization

of microgel monolayers at fluid interfaces (for the first part of the study):

Optimized experimental and transfer protocols. During PTFE ring removal, the
detachment process can create a liquid film between the ring and the water phase.
This film arises due to interfacial tension between the aqueous subphase and air.
When ruptured abruptly, the collapsing film generates local tension imbalances, se-
verely disrupting the monolayer’s initial size and uniformity. To minimize such dis-
turbances, future studies could employ ultra-thin PTFE sheets (reducing film forma-
tion area) or automated mechanical systems for controlled, gradual detachment. These
modifications would minimize film-derived artifacts, particularly at higher SDS con-

centrations (e.g., 0.5-1.0 mM).

Advanced Surfactant Systems and Additive Synergy. Future research could ex-
plore alternative surfactants and polymer-based additives to refine interfacial tension
control and expand the range of accessible surface properties. Integrating synergistic
additives, such as salts or copolymers, with linear PNIPAM could further extend the
tunable interfacial tension range (currently 42.5-72.8 mN/m) and introduce respon-
sive behaviours. This approach would enhance the precision and versatility of interfa-
cial tension modulation, providing new strategies for dynamic and adaptive

monolayer engineering.

And for the second part of the study:
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Advancing in-situ imaging and dynamic analysis. The nano-scale dimensions of the
studied microgels (~300 nm in diameter) present challenges for direct optical visuali-
zation of their interfacial behaviour, requiring reliance on ex-situ AFM imaging and
simulations. To overcome this limitation, future research could employ advanced in-
situ imaging techniques such as liquid/liquid interface AFM imaging[207] or Lang-
muir trough combined with small-angle light scattering[59]. These methods would
enable real-time observation of microgel interfacial behaviours, minimizing the arte-

facts associated with ex-sifu analysis.

Tailored substrate engineering for controlled deposition. While MPS-modified
glass substrates provided hydrophobic surfaces in this study, future research could
explore alternative surface modification strategies to systematically adjust hydropho-
bicity, roughness, and chemical functionality. Techniques such as polymer brush coat-
ings, nanostructured surfaces, or stimuli-responsive layers (e.g., temperature- or pH-
sensitive polymers) could offer deeper insights into how substrate properties influence
monolayer adhesion, ordering, and stability during transfer. Additionally, investigat-
ing the effects of surface topography, including patterned roughness, on microgel de-
formation and assembly could refine deposition protocols, allowing for precise con-
trol over 2D lattice parameters for applications in photonics, sensing, and advanced

material fabrication.

By addressing these challenges, future research can enhance the precision of microgel
monolayer manipulation and characterization. Optimized transfer protocols will
minimize artifacts, while advanced surfactant systems will expand tunable interfacial
properties. Improved in-situ imaging will bridge the gap between real-time behaviour

and ex-situ analysis, and tailored substrate engineering will refine deposition control.
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These advancements will enable more scalable and functional microgel-based materi-

als for diverse applications.
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Appendix

A.1  Compariason of one-batch and two batch synthesized CSs microgels

The one-batch synthesized CSs microgels were prepared and purified following the
protocol outlined in the Experiment section. The feeding amounts of NIPAM, BIS,
KPS and SDS were 563.3 mg, 40.8 mg, 10.5 mg and 7 mg, respectively. The reaction
mixture was dissolved in 100 mL water. The amount of functionalized SiO, particle
dispersion used was 5639 pL with the number concentration of 0.077 uM. The two-

batch synthesized CSs microgels here were used in this work.
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Figure A. 1. (A). The temperature-dependent DLS measurements of one-batch and two-batch
synthesized CSs microgels; (B) The de-welling ratio, a, as a function of temperature. The
TEM images of stained one-batch and two-batch synthesized CSs microgels are showed in (C)
and (D), respectively.
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A.2  TEM images of the silica core and CS microgels

Figure A. 2. TEM images of unstained silica core (A) and stained CS microgel with different
cross-link densities (from B to F, the cross-link densities are 2.5 mol%, 5 mol%, 7.5 mol%,
10 mol% and 15 mol%, respectively). The scale bars correspond to 200 nm.

A.3  Internal structure of the CS microgels
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Schematic Diagram Stained Samples Unstained Samples
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Figure A. 3. TEM images and schematic diagrams of the silica cores and the CSs and CS,
microgels. (A, C, F) Schematic illustrations of the silica core microgels. The silica cores
(white dotted circle) are in the centre of the CS microgels. The higher cross-linked inner shell
(red dotted circle, d;) of CSy, is surrounded by a loosely lower cross-linked outer shell (green
dotted circle, d); (D, G). The TEM images of CS;, and CS;y microgels stained with uranyl
acetate and dried in room temperature; (E, H) TEM images recorded from the CS,y and CS
microgels without staining.

A.4  Calculation of N,

The number of microgels in the monolayer was determined by analyzing AFM images
of monolayers transferred at compression state II. N, was obtained from the scanned
area of these images, and their densities N,/4rea were calculated. At least three AFM

images captured from different points at compression state II were analyzed to calcu-
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late the average of N,/Area. Since at compression state II it is ensured that the distri-
bution of the microgels is homogeneous, and the interface is fully covered by the
monolayer, this density is multiplied by the monolayer area to estimate total N,. Here,
the monolayer area equals to the area between the Langmuir-Blodgett Trough's two
barriers. The estimated total N, is further used to plot the isotherm based on the as-
sumption that the total N, does not change during compression. Therefore, at other
compression states, the estimated NV, /area was calculated using total N, estimated at
compression state II divided by area corresponding to that compression state. It's
worth noting that at high compression states, the N,/Area calculated from the AFM
images was significantly lower than the expected N,/Area corresponding to that sur-
face pressure. This discrepancy suggests the possibility that microgels might desorb

from the interface during compression, impacting the accuracy of the plotted isotherm.
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Figure A. 4. The correlation analysis of the theoretical and actual relationship between the
estimated N,/Area and N,/Area. The x-axis and y-axis represent the estimated N,/Area at a
specific surface pressure and the N,/Area calculated from AFM images of the monolayer
transferred at the same surface pressure.

A.5  Compression isotherms
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Figure A. 5. The compression isotherms of CS, 5, CSs, CS;5, CS;pand CS;s microgels are pre-
sented in the form of 4,/4 versus /I in (A) to (E), respectively. The isotherms depict the sur-
face pressure measured upon injecting relative amounts of 1 wt% microgel suspensions. Here
A represent the area between the two barriers in the Langmuir-Blodgett trough, 4, represent
the initial area.
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A.6  Absorption experiment of linear PNIPAM at the air/water interface
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Figure A. 6. The surface tension as a function of time for a 0.001 wt% aqueous solution of
linear PNIPAM, measured as a ‘naked’ drop in air.

A.7  Simulation of the spherical core-shell microgels

A.7.1 Computational details

Dissipative Particle Dynamics (DPD) simulations have been employed to investigate
CS microgels with diverse architectures adsorbed at the interface. The study is base-
don an extended DPD parametrization model for fluids and bead-spring models repre-
senting entangled macromolecules. The investigation delves into the distinctive fea-
tures and general trends governing the evolution of structure and morphology in en-

sembles of CS microgels under compression.

Specifically focusing on PNIPAM-based microgels in proximity to the air-water inter-
face, four distinct types of coarse-grained particles are considered: water (W) beads,
air (A) beads, core (C) beads and polymeric (S) beads, forming microgel shell with

varying architectures. A comprehensive description of the computer simulation design
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of 5, 10 and 15% cross-linked microgels, namely CSs, CSjo, and CS;s, respectively,

can be found in the Supporting Information (Synthesis section, chapters 2.1-2.3).

The system was mapped based on the fluid particle model using the water-mapping
scheme with a coarse-graining degree, N,,, = 4. In this configuration, each bead pos-
sesses mass (m, except air beads, which was 0.001m), volume (V), and an effective

size (1) corresponding to that of a cluster of four water molecules.

The interactions among beads are governed by potentials, expressed in units of ther-
mal energy (kgT), with their impact diminishing to zero at distances exceeding .. We
conducted an extensive parametrization of W-S, A-S, and W-A interactions. and suc-
cinctly summarized in Appendix A.7. Additionally, we used an advanced conserva-
tive force model to capture interactions between liquid and gas beads, W-A. This
model demonstrates a promising tool for reproducing the experimental values of the

surface tension coefficient and density variation of air/water across their interface.

The simulations of the compression of the monolayers were performed as follows:
swollen microgels (N, = 16) of the same architecture were randomly placed near
the air/water interface. A sufficiently large simulation box was used to ensure that the
microgels did not touch each other after adsorption. Similar to the experiment, we
characterized the compression state by the inverse area per particle, N,/Area = N, / (L,
" Ly), where L,, L, are the dimensions of the simulation box in X and Y directions.
The first point we started modeling monolayers was N, /Area = 2.4 - 10™%7r72. After
equilibration, the simulation box was gradually compressed along the x- and y-axis
simultaneously. 12 cycles of compression until reaching N, /Area = 25.0 - 10™*r;2

had been performed. For clarity, we will indicate the compression state with index (i)
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where i € [1;13]. An increase in i specifies area reduction and states with higher sur-

face pressure. The indexes i are consistent across all the figures.

Interfacial tension coefficient (IFT). The DPD interfacial tension, yppp, of the coex-
isting air-liquid phases was calculated using the diagonal components of the local

pressure[32,33]:
Ly
Ypprp = fo < Ap(z) > dz. (A. 1)

where L is the length of the simulation box in the direction normal to the interface,
Ap (z) is a difference in the normal and tangential components of the pressure tensor

with respect to the interface, angle brackets indicate the ensemble(time) average.

@) =p.@) ~ P, (@) =@ — 2@ + Py @] (A D)

where rescaled z = z/7, and p,,(2), Pxx(2), Dy, (2) are diagonal components of the

local dimensionless pressure tensors calculated using the Irving-Kirkwood formalism

[32,33]. Subsequently, the surface pressure change is calculated as
I = YbpPD, pure — VDPD, microgels (A. 3)
where yppp, pure 18 the interfacial tension of the bare liquid interfaces.

The evaluated yppp and /7 are in DPD units. It can be converted into real units meas-

ured experimentally, via

yImN/m] = (kgT/7:*)  Yppp (A. 4)
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Order parameters. To assess the structural difference between random and hexatic
phases of the monolayers of microgels, we used the two-dimensional sixfold bond

orientation order parameter calculated by the following expression:
1
W) = (|F2ia vk @) (A 5)

where YX () is the local orientational order parameter vector corresponding to the

microgel k:
1 .
YEr) = -2k exp(i66y)) (A. 6)

where 0 is the angle between the vector connecting the centres of masses microgel &
with its neighbor j and a chosen fixed reference vector. N; is the number of first
neighbors for microgel £ based on the Voronoi tessellation of the system. The [<V¢>|
characterize the degree of hexagonal ordering of the particles in the monolayer so it is
equal to zero in a fully disordered state and to one in the case of the perfect hexagonal

phase[34].

Three core-shell microgels with a spherical solid core and inhomogeneous polymeric
shells, CSs, CSj and CS;s, have been prepared. Indexes 5,10 and 15 represent the av-
erage fraction of cross-linkers % in the polymeric shells. The core-shell microgels
were designed as follows. A unit cell of the diamond crystal lattice where the vertexes
correspond to tetrafunctional cross-linkers was constructed. Then two cubic supercells
S50 and S25 consisting of 50 x 50 x 50- and 25 x 25 x 25-unit cells, respectively,
were assembled. Supercell S50 is considered as a template for the solid nanoparticle,

while S25 is used as a template for the polymeric shell.
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In the experiment, the MPS-modified silica core has a spherical shape of the diameter
deore = 105 £ 6 nm regardless of the sample. Similarly, same size spherical solid
nanoparticle has been created, see Table A. 1. It was constructed by inscribing the
spherically shaped frame into S50 supercell and cropping all the beads which are out-

side of the sphere. Beads forming the nanoparticle are denoted by C.

Table A. 1. Characteristics of the core-shell microgels with an anisotropic distribution of
cross-links.

sample Core Inner shell Outer shell Shell(Total)
N, beads N, beads N, cross-links l ] N, beads N, cross-links l (2 N, total % cross-links

CSs 3020 1572 192 7 1 7978 222 12 1 9550 4.3

CSqo 3020 4342 778 3 1 12654 810 6 1 16996 9.4

CSis 3020 4413 1295 2 1 17916 2112 3 1 22329 15.2

DLS measurements reveal the average hydrodynamic diameter, d;, of the samples
CS;,5- CSisin the swollen state (T = 25 °C) of approximately 300 nm. To be precise
the values are, dj, = 306 £ S5, d;, = 316 = 5 nm for CS;pand dj, = 305 £ 7 nm for CS;s.
TEM images of the CS microgels, stained by uranyl acetate, demonstrate a double-
layer structure of the polymer shell: a highly cross-linked inner and a less cross-linked
outer region (Figure A. 2). The shell of the CSs microgels has practically no highly
cross-linked inner parts and is mainly composed of a homogeneous fuzzy outer part.
The thickness and the cross-linker density of the inner region of the shell increased for

the CS;p and CS;s samples, respectively.

To be consistent with experimental observations, polymeric shell of the samples CSs,
CSjp and CS;s with inhomogeneous cross-link distribution in the inner and outer re-
gions in a simulation was created. A scaled S25 supercell was used to construct the
polymeric shell around the solid nanoparticle. All the bonds between the tetrafunc-

tional atoms were replaced by polymer subchains of different lengths. The length of
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the subchains determines the degree of a cross-link of the microgel: the shorter the
subchains, the higher the cross-link density of the microgel and vice versa. Different
laws can describe the distribution of the chain lengths. We will use symmetric Gaus-
sian distribution with an average value of [, and a standard deviation of ¢;. o; = 0 cor-
responds to the case of an ideal diamond-like network used in many simulations. The
higher the value of g; the stronger the discrepancy of the network from the ideal regu-
lar structure. Then three spherical frames of different radii were inscribed into the
modified supercell. The small frame is necessary for forming the void in the poly-
meric network of the same size as the solid nanoparticle one. The sizes of the middle,
Ruy, and large, Ry, frames control the thickness of the polymeric shell's inner and
outer regions, respectively. All beads were cropped inside the small and outside of the
large ellipsoidal frames. The rest of the beads forming the microgel shell was denoted
as S. Pair of ([, 6i,) and ([ous 0ou) sets the distribution of the cross-linkers within the
regions. Such a procedure allows us to synthesize various polymeric shells with
highly cross-linked inner parts and gradually decreasing cross-linker concentration
towards the outer part. The solid nanoparticle was inserted into the void of the mi-
crogel with further grafting of the dangling chains of the polymeric shell to the
nanoparticle surface. The dangling chains of the polymeric shell were physically at-
tached to the nanoparticle surface. Going through all of the free ends of the dangling
chains, we monitor whether the distance between it and the closest bead at the surface

of the solid core satisfies the condition: |reps — 7| < re. If so, a bond between the

free end of the dangling chains and the bead of the surface of the solid core was

formed. Only one bond could be formed between the free end and the solid core.

As a result of the self-consistent sampling of the radii (/;,, 6;,) and (lus Oour) it Was

succeeded in obtaining the microgels which demonstrate similar to the experimental
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sample a) ratio between the sizes of the core and the shell and b) swelling behaviour
and size changes in bulk as a function of the temperature. The resulting parameters

and characteristics are presented in Table A. 1.

A.7.2 Coarse-grain levels

One of the most important parameters that can be tuned within a DPD simulation is
the interaction parameters a;; and a;; describing repulsions between similar and dis-
similar unbonded DPD beads, respectively. The interaction parameters are expressed
in units of kgT /1.. There are several methodologies to choose it to describe phase
separating fluids or fluid mixtures. Following the parametrization method employed
by Groot and Warren and Maiti & McGrother, one could represent a DPD particle as
a multiple, Ny, liquid molecules. Based on the assumption of a;; = a;; ,1.; =7¢;
and maintaining the constant density in the box, the DPD a;; parameters could be re-

lated to the Flory-Huggins theory:

a;j = (a; + 3.27x;; YkgT /7, (A. 7)

To preserve the compressibility of liquid, k™!

, at different coarse-grained levels, a;;
has to be related to the density, pppp, Within the simulation box and to the degree of

coarse-graining, N, as

(A. 8)

where a 1s considered to be a constant equal to 0.1 and independent of pppp and a;;.
We set the total number density of the system as pppp = 37.73. Using a water-

1

mapping scheme, k™* = 16.15, and the degree of coarse-graining N,,, = 4, the inter-

action parameters between the beads of the same species a;; = 106.5kgT /1.. The
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characteristic size and molecular weight of the single bead, . = 0.71 nm and m = 72

Da.

There are four different types of particles in our system: water (W), Air (A), the beads
forming the microgel shell (S), and the solid core (C). Thus, it is necessary to set all
a;j where i and j € (W, A, S, C) to establish the interactions between the different

constituents. The properties of all types of beads are summarized in Table A. 2.

Table A. 2. DPD Conservative Repulsion Parameters a;* and Bond Parameters.

conservative repulsion parameters a;; ( kgT/7.), T = 25°C”

bead type fragment C S W A
C silica core 106.5
S N:ng’ 116 106.5
water 120 106.5 106.5
A air, ay 25.6 25.6 25.6 106.5
by 20 20 20 n/a
bond parameters, U Z-""ds
bond bond type K, (kgT/7.%) 70(1¢)
S-S, S-C harmonic 10 0.7
C-C harmonic 100 0.7
angle parameters, U;;* tes
angle angle type K, (kgT/7.%) 0,
C-C-C harmonic 100 109.47

Parameters a4; and b,; for j # A correspond to the hard-core interaction force (equation A. 11).

A.7.3 Parametrization of Liquid/Microgel interaction
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We constructed a series of microgels having different radii (/;,, 6i,) and ([, 0ou) and
tried to find out a reliable set of parameters to reproduce the swelling/deswelling be-

havior of the microgels CSs, CS;y and CSs.

To model the subchains in the microgel shell and the solid core, we use a bead-spring
model where DPD beads are connected using a harmonic bond potential. The bond

potential is given by
U™ = K,ij(ryj — To.))? (A 9)

where kponq ij 1s the bond stiffness, and ry is the equilibrium bond length.

The angle potential, which is necessary to prevent the solid particles from deforma-

tion at the interfaces upon compression, is given by

U%gles = Kq,ij (8 = Bo,ijk) (A. 10)

where K ;; is the bending stiffness, and 8, is the angle between two pairs of con-

nected beads sharing a common bead.

At T = 25 °C NIPAM based microgels in water are fully swollen. Thus, polymeric
shell — water, S — W, interaction is favorable with mismatch parameter Aagy, =
asw — a;; = 0, where a;; are the interaction parameters between the beads of the
same species a;; = 106.5kgT /1.. The interaction parameters between solid core (C)
and polymeric shell (S) beads acs = 116kgT /1, allow mimicking the moderate in-
capability of the core and shell beads. While the C—W interaction is unfavorable with

Aacy = 13.5kgT /1. To model the swelling/deswelling process, we alter the poly-
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mer-liquid repulsion agy, in a range between agy, = 106.5kpT /1. and agy =

115k T /1.

The simulations of the swelling/deswelling process of CSs, CSyo, and CS;s of different
architectures in a water solution were performed in the NVT ensemble in cubic boxes
of a constant volume V = Lx x Ly x Lz = 60 x 60 x 60 .3 with periodic boundary
conditions in all directions. The necessary amount of water beads, W, was added to
the simulation box. The friction coefficient y was 3.0. The equations of motion are
integrated in time with a modified velocity-Verlet algorithm with a time step Af =
0.017, where T = r,(m/kgT )¥/?. The equilibration run comprised 10° steps fol-
lowed by a production phase comprising 10° steps. The gyration radius, hydrody-

namic radius, and density profiles were averaged over the production run.

A.7.4 Liquid/Gas DPD Model

It is worth noting that the beads described by the regular DPD force have a soft-core
repulsive nature. The DPD equation of state is quadratic in density that prohibits the
real gas/liquid coexistence as well as the sharp variation of the density of the beads at
the gas/liquid interface. Nevertheless, similar to the free volume approaches in the
self-consistent field theory (SCFT), it is possible to represent the gas phase in DPD as
built of fictitious bubble beads, having hard-core nature. Parametrization of the model
provides the ability to mimic the density variation across the gas/liquid interface as

well as the gas—liquid surface tension of reference systems.

To simulate the air phase (A), we use the following assumptions. A-bead has the same
size and number density as the other beads. The A—A interaction is described by the
original soft-core linear repulsive force with ayy = a; = 106.5kzT /7,. The mass of
the A-bead is equal to 0.015m to keep the relative mass density in correspondence to
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the water beads. The form of the conservative repulsive force between the A-bead and
all nonA-beads has undergone a noticeable change. Soft pairwise linearly decaying

force has been replaced by the exponential pairwise force of the following form:

( ebAj_e bA]

e | %.. 1 .
FeP — iaAj o4 | Tap if rayj < 1 (A. 11)

Aj

0

where ay;, and b,; define the strength and the steepness of the force. The combination
of the (a4, b4;) allows to control of the overlapping limits of the beads and could rep-
resent both soft-particles at by; — 0 and hard-core particles at by; — . The parame-
ters ayy and by, are properly matched with the experimental surface tension and
interfacial density profiles of the water/air interface obtained by atomistic simulations.
We tune the ay; and by, for j € (S, C ) by matching the reduction of surface tension
after the adsorption of the linear PNIPAM polymers and PNIPAM-based microgels at
the water/air interface (see Supporting Information). The resulting values of a4 and
b4 parameters are shown in Table A. 2. Such a choice of parameters at 25 °C pro-
vides the value of the interfacial tension of pure water/air interface equal to 72 + 3
mN/m, and reduction of surface tension after the adsorption of PNIPAM-based mi-
crogels to 30 £ 2 mN/m which is in good agreement with the experimental value 31

and 71.8 mN/m

For the fullness of the description, let us note that using regular DPD potential for A-
beads will lead to the wrong interfacial density profiles and an underestimation of the
air/water surface tension. For the current coarse-graining regime, N,, = 4, the interfa-
cial tension of the water/air interface could not exceed 40 mN/m for any reasonable

auy value.
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A.7.5 Parametrization of Microgel/Gas Interactions
Using the gas phase model, a simulation of linear NIPAM polymer chains (consisting
of S-beads) placed at the flat water/air interface has been performed to find an appro-

priate set of (ays, bys) parameters.

The simulations were performed in the NVT ensemble in rectangular boxes of a con-
stant volume V = Lx x Ly x Lz = 100 x 100 x 25 7,3 with periodic boundary condi-
tions in all directions. The water (W) and air (A) beads were placed at the bottom and
top regions of the simulation box respectively. The W: A composition of beads is
maintained constant at a ratio of 2:1. The resulting two parallel interfacial boundaries
between the water and air beads were perpendicular to the z-axis. The linear PNIPAM
chains were placed in the water phase near the top interface, while the bottom inter-
face remains free. Adsorption of polymers at the interface took place to minimize the

interfacial energy.

Several simulations were performed by varying the initial number of linear PNIPAM
chains at the interface, and the interfacial surface tension (IFT) and surface pressure

change were estimated using equation (A. 8) and equation (A. 9) respectively.

The friction coefficient was 3.0. The equations of motion are integrated in time with a
modified velocity-Verlet algorithm with a time step Ar = 0.01 7, where 7 =
1.(m/kgT )'/2. The equilibration run comprised of 10° steps followed by a produc-
tion phase comprising 10° steps. The interfacial tension, and the surface area of poly-

mers, were averaged over the production run.
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The final values of (a4s , bys) are shown in Table A. 2 which enable the pursuit of 77
=30 + 2 mN/m for PNIPAM chains which is in good agreement with the experimen-

tal value.

A.8 Simulations of core-shell microgels in bulk and at the air/water interface

By analogy with experiments, we prepared three types of monolayers, consisting of
either CSs, CSyp and CS;s microgels. The microgel monolayers were formed by 16
microgels randomly placed at the air/water interface. The initial size of the simulation
box was Lx x Ly x Lz = 260 x 260 x 50 7,.3. The ratio between the numbers of water
and air beads was 3:1, and the total number of beads in the simulation box was more
than 10”. 16 collapsed microgels have been located near the water/air interface. After
the first equilibration for 2.5 x 10° steps, the systems were simultaneously com-
pressed along the x- and y-axis. We perform N = 12 cycles of compression until the
simulation boxes become Lx x Ly x Lz = 80 x 80 x 5073 . On each of the first 8 cy-
cles, we gradually decrease Lx and Ly of the simulation box by 207, within the
0.5%10° timesteps. After the compression, the system was equilibrated during the
2.5x10° timesteps and the next stage of compression began. Compression was accom-
panied by removing the water and air beads while preserving the 3:1 ratio (Lz was
constant). The last cycles, starting from Lx x Ly x Lz =100 x 100 x 507, Lx and Ly
values of the simulation box were decreased by 57, within the 0.5x10° timesteps. Af-
ter the compression, the system was equilibrated during the 2.5x10° timesteps and the
next compression stage began. Compression was accompanied by changing Lz size,

preserving the volume of the simulation box. Such a scheme is predicated on preserv-
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ing enough space for the microgels in a water phase due to their mobility and defor-

mation in a normal to the interface direction at a high compression degree.

We applied several criteria to judge the equilibrium in a system, including the equilib-
rium of energy, the equilibrium of gel sizes, and the equilibrium of the surface tension
coefficient. We waited until values of all these characteristics reached a plateau, i.e.,

when they become invariable or have small fluctuation around the average value.

Figure A. 7. Snapshots of linear PNIPAM monolayers (L=8 beads) for different surface cov-
erage, Ap = A), C), and D). View from the water phase and side view. For clarity, different
linear chains are marked by rainbow colours.
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Figure A. 8. Pressure excess for the system of linear PNIPAM chains (L=8 beads) for differ-
ent surface coverage as a function of normal coordinates perpendicular to the interfaces.
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Figure A. 9. Equilibrium structure of the CSsmicrogels at different agy, values: A) 106.5; B)
107.5; C) 108.5; D) 109.5; E)110.5; F) 115 kgT /r.. The cross-sections of the thickness of d =
2r.. Polymeric shell depicted in blue (inner region) and grey (outer region), solid nanoparticle
— in black, water beads are not shown.
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Figure A. 10. Equilibrium structure of the CS;, microgels at different agy, values: A) 106.5;
B) 107.5; C) 108.5; D) 109.5; E)110.5; F) 115 kzT /1. The cross-sections of the thickness of
d = 2r.. Polymeric shell depicted in blue (inner region) and grey (outer region), solid nanopar-
ticle — in black, water beads are not shown.

Figure A. 11. Equilibrium structure of the CS;s microgels at different agy, values: A) 106.5;
B) 107.5; C) 108.5; D) 109.5; E)110.5; F) 115 kgT /7. The cross-sections of the thickness of
d = 2r.. Polymeric shell depicted in blue (inner region) and grey (outer region), solid nanopar-
ticle (black), water beads are not shown.
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Figure A. 12. Relative density profiles as a function of the distance from centre of mass of
the CS;s microgels at different agy, values: A) 106.5; B) 107.5; C) 108.5; D) 109.5; E)110.5;
F) 115 kgT /7. Blue and grey curves correspond to the distribution of polymer, S, in the inner
and outer region of the microgels. Orange curve is the overall polymeric distribution. Black
curves represent the C-beads of the solid core.
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Figure A. 13. Snapshots of CS;,microgel monolayers for different degrees of compression
(surface coverage). First row — side view. Second row — view from the waterside. Only cores
and air phase are shown. For clarity, the cores of different microgels are marked by rainbow
colours. Voronoi diagrams are presented, where each Voronoi cell was coloured by the value
of the local orientational order parameter corresponding to the relevant cell, [ (73.)|. The
darker the colour the closer the [y (r},)] to 0.

A.9 Relative monomer density profiles in the lateral slices of the CS microgels
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Figure A. 14. Relative monomer density profiles in the lateral slices of the CSs microgels at
the air/water interface at different A, = N,/Area values. The slices were made in the lateral
direction of the interface. The thickness of the slices is equal to 4r..
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Figure A. 15. Relative monomer density profiles in the lateral slices of the CS;, microgels at
the air/water interface at different A, = N,/Area values. The slices were made in the lateral

direction of the interface. The thickness of the slices is equal to 4r..
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Figure A. 16. Relative monomer density profiles in the lateral slices of the CS;s microgels at
the air/water interface at different A, = N,/Area values. The slices were made in the lateral

direction of the interface. The thickness of the slices is equal to 4r..

A.10 Microgel monolayers Cluster analysis based on AFM images
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Figure A. 17. Voronoi diagram of the AFM height images of CSs, CS,y, and CS,;5 monolayers
deposited onto hydrophilic and hydrophobic (MPS-modified) glass substrates. Each Voronoi
cell is coloured by the value of the local orientational order parameter corresponding to the
relevant cell, ¥ (r;,)|, see equation (A. 6). The darker the colour, the closer the ¥ (13,)] to 0.
The size of the AFM images is 10 pm x 10 pm.
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Figure A. 18. Cluster analysis of the microstructures of AFM height images of CSs (7. = 150 nm),
CSio (r. = 220 nm), and CS;5 (r. = 300 nm) monolayers deposited onto hydrophilic and hydro-
phobic (MPS-modified) glass substrates. The size of the AFM images is 10 pm x 10 pm.
Black colour corresponds to the primitive cluster of a size of single particle.
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Figure A. 19. The related cluster analysis of the AFM images showed in Figure 6. 12. Black bars
demonstrate number of the cluster. N, as a function of N,/cluster. Red bars demonstrate
the relative weight of certain cluster.
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Figure A. 20. The hexagonal order parameters ¥ for CS;s (left), CS;y (middle) and CSi;s
(right) microgel monolayers transfterred to hydrophilic (red) and hydrophobic (black) glass
substrates are plotted versus their surface pressure during transferred.
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Figure A. 21. Snapshots of CSs, CS,y, and CS;s, microgels at the air/water interface: (A-C)
side view of cross-sections of thickness of 47, through the microgel's centre of mass, poly-
meric density is colour-coded using an inferno scheme. Insets provide additional detail, recol-
ouring the core, inner shell, and outer shell beads in black, blue, and white, respectively.
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