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Kurzzusammenfassung

Mikrogele sind dreidimensionale, vernetzte Polymernetzwerke mit kolloidaler Grofe,
die in einem guten Losungsmittel dispergiert und gequollen sind. Sie kombinieren
Eigenschaften sowohl von Polymeren als auch von kolloidalen Partikeln, wie z. B.
das Quellen oder Entquellen als Reaktion auf Umgebungsveranderungen oder ihre
Kristallisation bei hohen Volumenanteilen. Weiterhin wurde gezeigt, dass Mikro-
gele leicht an Grenzflichen adsorbieren und responsive Emulsionen, Schaume oder
Beschichtungen formen. Obwohl Mikrogele in Losung eine isotrope, sphérische
Form haben, werden sie bei der Adsorption anisotrop. Die typische Struktur reg-
ular vernetzter Mikrogele an Grenzflachen wird von einer Kern-Korona-Morphologie
beschrieben. Hier werden die Temperaturempfindlichkeit und der Polymer-Partikel-
Ubergang von Mikrogelen an fliissigen Grenzflichen untersucht.

Das zweidimensionale Phasendiagramm von poly(N-isopropylacrylamid) (pNI-
PAM) Mikrogelen unterhalb und oberhalb ihrer Volumenphaseniibergangstemper-
atur wird mithilfe von Kompressionsisothermen, Rasterkraftmikroskopie, Bildana-
lyse und Reflektometrie untersucht. Bei geringer Kompression dominieren die stark
gespreiteten Koronen der Mikrogele ihre Wechselwirkungen untereinander und das
Phasenverhalten der Mikrogelmonolagen ist bei beiden Temperaturen gleich. Poly-
mersegmente in direktem Kontakt mit der Grenzflache verlieren aufgrund der Ober-
flichenenergie ihre Temperaturempfindlichkeit. Bei hoherer Kompression werden
die Teile der Mikrogele, welche sich in der wassrigen Phase befinden, relevant und
iiberwiegen bei ihren Wechselwirkungen. Diese Teile konnen entquellen, was zu
einer Veranderung des isostrukturellen Phaseniibergangs fithrt. Diese Verdnderung
tritt sowohl an der n-Dekan-Wasser- als auch an der Luft-Wasser-Grenzflache auf.
Daraus folgt, dass die temperaturabhéngige Quellung senkrecht zur Grenzfliache die
Kompressibilitat innerhalb der Grenzflache beeinflusst.

Verschiedene pNIPAM-basierte Systeme, angefangen bei linearen Polymeren,
iiber reguldr vernetzte, bis hin zu hohlen Mikrogelen werden untersucht. Ahn-
lich wie bei Mikrogelen in Lésung zeigt sich, dass die Verformbarkeit oder We-
ichheit von Mikrogelen aufgrund von Einschrénkungen des Polymernetzwerks, eine
dominierende Eigenschaft fiir ihr Grenzflachenverhalten ist. Ihr weiches Wechsel-
wirkungspotential kann nicht nur durch eine Variation des Vernetzergrades, sondern
auch durch die Architektur des polymeren Netzwerks, z. B. durch den Einbau eines
Hohlraums, eingestellt werden.

Um den Ubergang von Polymeren zu Teilchen, d. h. der Ubergang von lin-
earen Polymeren zu reguldar vernetzten Mikrogelen, genauer zu bestimmen, werden
ultraniedrig vernetzte Mikrogele untersucht. Bei diesen handelt es sich um die pNI-
PAM Mikrogele mit der geringsten Anzahl von Vernetzungspunkten, welche durch
Féallungspolymerisation synthetisiert werden kénnen. IThr Phasenverhalten und ihre
rheologischen Eigenschaften in Losung entsprechen denen von anderen weichen Kol-
loiden. Werden diese Mikrogele jedoch an eine Ol-Wasser-Grenzfliche gebracht,
dhneln ihre Kompressionsisothermen denen flexibler Polymere, und es wird eine
konzentrationsabhéngige Topographie beobachtet. Abhéngig von der Kompression
konnen sich diese Mikrogele wie flexible Polymere verhalten, die ein Substrat mit
einem gleichméafigen Film bedecken, oder wie Mikrogele, die eine Monolage von
unterscheidbaren Partikeln bilden.



Abstract

Microgels are three-dimensional, cross-linked polymer networks of colloidal size
which are dispersed in and swollen by a good solvent. They combine properties
of polymers and colloidal particles, such as their swelling or deswelling in response
to external stimuli or their crystallization at higher volume fractions. Furthermore,
microgels have been shown to readily adsorb to interfaces and form responsive or
“smart” emulsions, foams and coatings. Though having an isotropic, spherical shape
in bulk solution, the microgels become anisotropic upon adsorption. The structure
of regular cross-linked microgels at interfaces is described by a core-corona morphol-
ogy. In this thesis, the temperature-sensitivity and polymer-to-particle transition of
microgels at fluid interfaces are investigated.

The two-dimensional phase diagram of poly(N-isopropylacrylamide) (pNIPAM)
microgels below and above their volume phase transition temperature is investi-
gated with a combination of compression isotherms, atomic force microscopy, image
analysis, and reflectometry methods. At low compression, the interaction between
adsorbed microgels is dominated by their highly stretched corona and the phase
behavior of the microgel monolayers is the same. The polymer segments within the
interface lose their temperature-sensitivity due to the influence of surface free en-
ergy. At high compression, however, the portions of the microgels that are located
in the aqueous side of the interface become relevant and prevail in the microgel
interactions. These portions are able to deswell and, consequently, the isostructural
phase transition is altered. It is shown that this effect is presented at both decane-
and air-water interface. Thus, the temperature-dependent swelling perpendicular to
the interface (“3D”) affects the compressibility parallel to the interface (“2D”).

Different pNIPAM-based systems, starting from linear polymers, through regu-
lar cross-linked, to hollow microgels were investigated. Similar to microgels in bulk
solution, it is shown that the deformability and softness of microgels, due to the con-
straints of the polymer network, is a dominant property for the interfacial behavior.
Their soft interaction potential cannot only be tuned by the variation of cross-linker
but also by the architecture of the polymeric network, e.g., the incorporation of a
solvent filled cavity.

A closer look was taken at the polymer-to-particle transition. Therefore, ultra-
low cross-linked (ULC) microgels were investigated, which are the pNIPAM micro-
gels with the lowest number of cross-linking points within their network that can be
synthesized by precipitation polymerization. Their phase behavior and rheological
properties in bulk are those of soft colloids. However, when these microgels are con-
fined at an oil-water interface, their compression isotherms resemble that of flexible
polymers and a concentration-dependent topography is observed. Depending on the
compression, these microgels can behave as flexible polymers, covering the substrate
with a uniform film, or as colloidal microgels leading to a monolayer of particles.
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Chapter 1

1. Introduction

Microgels are three-dimensional, cross-linked polymer networks of colloidal sizes
which are dispersed in and swollen by a good solvent. Their most well-known char-
acteristic is their swelling or deswelling in response to external stimuli. [1, 2] This
sensitivity is an intrinsic property connected to the used polymers: the size of the
microgels is determined by the balance of the free energy between the components of
the binary polymer-solvent system and the elasticity of the network. When the free
energy is altered, for example by changing of temperature, the microgel size changes
until the energies across the polymer network are balanced again. [2] Consequently,
the softness (deformability) of single microgels and the interaction between microgel
cannot only be influenced ez-situ by the number of cross-linking points within the
network during the synthesis but also in situ by changing the environmental con-
ditions. This versatility earned microgels the classification as stimuli-responsive or
“smart” materials.

The stimuli-responsiveness but also the excellent colloidal stability, the ease of
preparation, the fine control of size, the low polydispersity, and the convenient func-
tionalization make microgels and microgels suspensions of high interest for funda-
mental studies and applications, likewise. Microgels are employed as model systems
to investigate questions related to strong and fragile glass formers [3, 4], to the glass
and jamming transition [5, 6|, to solid-to-solid phase [7, 8] and melting-freezing tran-
sitions [9-11|. For applications, microgels are considered to be used in controlled
drug delivery [12, 13|, (bio-) sensors [14-16], (bio-) catalysis and micro-reactors [17,
18], membranes [19], and fabrications of artificial muscles |20, 21].

In addition, microgels are highly interfacial active and lower the interfacial ten-
sion. When they adsorb to interfaces their deformable and swollen network is
stretched to increase the contact area and maximize the gain in interfacial energy.
This stretching is restricted by the cross-linking, i.e., the elasticity, of the polymer
network. The resulting conformation, combined with the adjustability of their in-
teraction and functionality, leads to a rich 2D-phase behavior. For example, the
tuneability of the microgel-to-microgel distance within the monolayer gives oppor-
tunities for soft- (nanoparticle) templating |22, 23], production of photonic crystals
[24], or cell culture substrates [25, 26]. Most importantly, microgels retain their
stimuli-responsiveness from bulk at interfaces and formed emulsions or foams that
are responsive or “smart”, which display on one hand high stability and on the other
hand, can be broken at will.

Emulsions and foams are omnipresent in nature and industrial applications, rang-
ing from biology, meteorology, food, and geology to the petroleum industry, mate-
rial science, medicine, health, and personal care products. [27] This broad variety
underscores that progress and problems are usually interdisciplinary and of great
interest not only for the scientific community but also for the public. There are
two major class of stabilizers for liquid-liquid or liquid-gas interfaces: (i) surfactants
and polymers, and (ii) particles. Without this third component, the thermodynami-
cally unstable small droplets or bubbles are driven towards free energy minimization
and undergo coagulation, Ostwald ripening, or coalescence leading to demixing and
phase separation. While surfactant stabilized systems suffer in long term stability
problems and sometimes show skin irritations, particle-stabilized systems show bet-
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Chapter 1

ter stability but need rigorous mixing due to a high energy barrier upon adsorption.
For both systems, the demulsification and defoaming are complicated and might
include strong changes in environmental conditions, the addition of further chemi-
cals, destruction of the emulsifier, or filtration. [28] Therefore, it has been the focus
of research in the past decades to find or modify systems to be stimuli-responsive,
where moderate changes in the local environment induce phase separation.
Therefore, microgels gained a lot of popularity in recent years, although their in-
terfacial behavior, the correlation between their bulk structure and interfacial confor-
mation, and their stimuli-responsiveness at interfaces is not fully understood. This
thesis aims to broaden the understanding of microgels confined in two-dimensions,
elucidating before mentioned issues. In detail, we investigated the following aspects:

e The influence of temperature on microgel monolayers. It was studied how
the properties of single microgels, e.g., their in-plane and out-of-plane con-
formation, and the corresponding two-dimensional phase behavior of microgel
monolayers are affected by changing the temperature from below to above the
volume phase transition temperature of poly(/N-isopropylacrylamide). Single
microgels and monolayers were examined below and above their phase transi-
tion temperature at both air- and oil-water interfaces.

e The polymer-to-particle transition. Poly(N-isopropylacrylamide) with differ-
ent numbers of grafting and cross-link points were experimentally studied to
elucidate the relationship between their conformation, their two-dimensional
phase behavior, and their architectural complexity. Particular focus was placed
on the transition from monolayers of flexible linear polymers to cross-linked
polymer networks.

To address these aspects, microgel model systems were synthesized and charac-
terized. The poly(N-isopropylacrylamide)-based microgels were studied in solution
with scattering methods (dynamic light scattering, small-angle neutron scattering),
electrophoresis, viscosimetry, and rheology (Chapters 4 and 9.2). A careful and
comprehensive analysis of the microgels is crucial to draw conclusions and corre-
late the results of interfacial experiments to their internal conformation and make
predictions for other systems.

The interfacial behavior of the poly(N-isopropylacrylamide) microgels was inves-
tigated at flat liquid interfaces that are easily accessible and provide insights into the
properties of microgels in emulsion droplets (or foam bubbles). The compressibil-
ity and microstructure of microgel monolayers at air- and decane-water interfaces
were investigated with Langmuir compression isotherms and gradient Langmuir-
Blodgett type depositions. The influence of temperature on the two-dimensional
phase behavior is emphasized in Chapters 4 and 5. Image procedures and analysis
are employed to determine the in-plane dimensions of the microgel monolayers below
and above their volume phase transition temperature. The out-of-plane extension
of the monolayers as a function of temperature at the air-water interface are stud-
ied with reflectometry techniques (Chapters 4 and 6). The combination of in-plane
and out-of-plane experimental techniques in Chapter 4 reveals that he temperature-
dependent swelling perpendicular to the interface (“3D”) affects the compressibility
parallel to the interface (“2D”). The perpendicular, out-of-plane conformation of
microgels at interfaces is the crucial factor that should always be considered. [29]

14
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Finally, the polymer-to-particle transition is addressed by the comparison of com-
pression isotherms and deposited monolayers for different poly(N-isopropylacryl-
amide) systems in Chapters 7 and 8. Chapter 8 focuses especially on the case of
ultra-low cross-linked microgels, which are the microgels with the lowest cross-linker
content possible to synthesize with precipitation polymerization. These microgels
can show polymer- and microgel-like behavior depending on the dimensionality (two-
or three-dimensions) or the compression of the monolayer. [30, 31]
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Chapter 2

2. Scientific Background

2.1. Thermo-Responsive Microgels

The archetype of responsive or “smart” microgels, first reported by Pelton and
Chibante in 1986, [32] is based on N-isopropylacrylamide (NIPAM), cross-linked
with N, N’-methylenebisacrylamide (BIS) and synthesized by precipitation polymer-
ization. Poly-N-isopropylacrylamide (pNIPAM) shows a lower critical solution tem-
perature, LCST, of ~ 32 °C [33, 34] in water, consequently the resulting microgels
displayed a thermo-responsive behavior. Since then, different co-monomers were
successfully incorporated giving rise to numerous other responsivenesses, such as
solvent composition [35, 36|, pH [37-39], salt concentration [39-41], electromagnetic
fields [42, 43|, electrochemical potential [44, 45|, and light [46-48|.

A T<VPTT B T>VPTT

A

polymer density
polymer density

>

radius radius

Figure 2.1: Structure of a pNIPAM microgel synthesized via precipitation polymer-
ization with inhomogeneous cross-linker distribution below and above the VPTT.
Polymer density profiles emphasize the structural differences between the swollen
and deswollen state.

In this work, we focus on the thermo-responsiveness of pNIPAM microgels. Be-
low the LCST of NIPAM, the polymeric network of the microgels is strongly swollen
by water. Their structure was investigated by small-angle neutron scattering and
is described by a fuzzy-sphere (model). [49] As depicted in Figure 2.1A, microgels
display a strongly cross-linked core (hard sphere) with a decreasing polymer density
towards their periphery and their outermost part is composed of dangling polymer
chains (Gaussian for the decrease). The reason for this is the different reactivity
of the NIPAM and the usually used cross-linker BIS. [50, 51| In this state, micro-
gels are deformable and interact via a soft potential. [52] When the temperature is
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raised above the LCST of NIPAM, microgels deswell and undergo an endothermic
entropy-driven first order volume phase transition. Hydrophobic interactions and
weakening of hydrogen bonds between water and amide groups lead to expulsion
of solvent molecules from the polymer network and their density increases. Con-
sequently, the structure of the microgels changes and they recall hard spheres, in
both their polymer density profile (Fig. 2.1B) [49] and their microgel-to-microgel
interaction [53]. The temperature, where the strongest change in volume is ob-
served, is called volume phase transition temperature, VPTT. This transition is
fully reversible. [32] The thermo-responsiveness of the microgels allows tuning their
softness, dimensions, density, and interaction potential after the synthesis in situ by
changing the temperature of the surrounding medium. [1, 54|

The temperature of the volume phase transition can be finely tailored by employ-
ing different N-substitute poly(acrylamides), such as N-isopropylmetharcylamide
(NIPMAM), N-ethylacrylamide (NEAA), or N,N’-diethylacrylamide (DEAAM).
For example, microgels synthesized from NIPMAM display a VPTT of ~ 44 °C
[55, 56], and those from DEAAM a VPTT of 26 °C [57|. It also has been reported
that mixing different N-substitute poly(acrylamides) shifts the VPTT of the micro-
gels. [58, 59]

2.2. Microgels at Liquid Interfaces

Microgels are highly interfacial active and stabilize emulsions [60-64| and foams
[65-67]. When adsorbed to the interface, microgels lower the interfacial tension, like
surfactants (amphiphiles or surface-active polymers) and rigid nano- or micropar-
ticles. In fact, microgels show a polymer-to-particle duality in solution [68]| and at
interfaces [69]. On one hand, they demonstrate spontaneous, barrier-free adsorp-
tion [69] and a change of conformation (or structure), [70-72| typical for polymer
systems. [73] On the other hand, they display superior stability [60, 74] like Pick-
ering emulsions, due to their strong anchoring to the interface that exceeds thermal
energy by a factor of 10°. [69] Furthermore, the responsiveness of the microgels in
bulk is preserved at interfaces and leads to the formation of smart emulsions (and
foams) which can be broken at will. |60, 64, 67] Their duality, the microgels’ intrinsic
responsiveness, and their permeability [75] make them appealing for fundamental
studies and applications likewise.

When a single microgel adsorbs to an interface, its soft, polymeric network de-
forms and spreads |70, 76, 77| to increase interfacial contact area and maximize the
gain in surface free energy (Fig. 2.2A and B). This effect is related to the thermo-
dynamics determining the swelling equilibrium of microgels. [29, 69, 78, 79] The
size of a neutral microgel in solution is given by the balance between the elastic free
energy of the polymeric network, F,;, and mixing between the solvent and polymer,
Fiz. |80] For the adsorbed microgel another term has to be taken into account:
the surface free energy of the boundary between oil (or air) and water, . The new
swelling equilibrium is given by:

Fel+Fmiw+7:O- (21)
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Their structure can be visualized by fluorescence microscopy [81], cryo-scanning
electron microscopy (cryo-SEM) [70, 71, 77|, and transmission x-ray microscopy
(TXM) [82]. These techniques disclose a core-corona or fried-egg like morphology
as depicted in Figure 2.2A and B.

A B

oil

corona core corona

2D side view
2D top view

corona
water

Figure 2.2: Sketch of the conformation of a pNIPAM microgel with inhomogeneous
cross-linker distribution at the oil-water interface. (A) side view and (B) top view.

This morphology is a consequence of their architecture in bulk: microgels have
a decreasing cross-linker and polymer content from the center to their periphery
(Section 2.1). [49] Less cross-linked regions (the corona) are stretched more as they
have a lower stiffness and regions of higher cross-linking, i.e., the core, is stretched
less. Indeed, in contrast, microgels with a nearly homogeneous bulk polymer den-
sity profile have a pancake structure (Chapter 8). [11] Another important fact is
that microgels are three-dimensional objects confined in a two-dimensional space
(the interface). Not all parts of the microgels can adsorb, because bending rigidity,
cyclic interconnections (or cross-links), intermolecular steric and electrostatic repul-
sion restricts conformational freedom of the polymeric network. Thus, parts of the
microgel are situated in the bulk phases, according to the affinities of the polymers
the microgel is composed of. [29, 79, 83]

Increasing the interfacial concentration of microgels leads to self-assembly and
their peculiar anisotropic shape produces a rich two-dimensional phase behavior.
The mechanical properties of microgel monolayers can be investigated with a Lang-
muir or Langmuir-Blodgett trough. Geisel et al. showed that microgels have inter-
esting mechanical properties and their compression isotherms show two increases.
[84] Qualitatively equivalent courses of the compression isotherms were observed for
many different microgel systems. [23, 76-78, 84-90| The microstructure of microgel
monolayers was in particular studied by Rey et al. with gradient Langmuir-Blodgett
trough experiments. [76] A tilted solid substrate is lifted during the compression
through the interface and the monolayer is transferred with increasing packing den-
sity. The monolayer is imaged ex situ and the positions of the images are connected
to the barrier position of the trough, that is, the surface pressure (for details the
Chapter 3). They concluded that the in-plane core-corona heterogeneity of the in-
dividual microgels leads to the special course of compression isotherms. At low
compression, the microgels form hexagonal crystalline lattices and only their coro-
nae are in contact (Fig. 2.3B). Increasing the compression leads to a reduction of
the center-to-center distances (Fig. 2.3C). When the coronae of the microgels are
fully compressed (compressed corona-corona contact), their cores start to interact
and monolayers undergo an isostructural solid-to-solid phase transition. As em-
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phasized in Fig. 2.3D a second hexagonal phase with core-core contacts emerges
inside the compressed corona-corona contact phase. This coexistence extends until
all microgels are in the second hexagonal phase with core-core contact. The second
hexagonal phase can be compressed further (compressed core-core contact), and the
surface pressure increases once again before the monolayer fails (Fig. 2.3E). The
isostructural phase transition has also been observed by in situ techniques. [61, 83|

hexagonal hexagonal isostructural phase hexagonal
corona-corona compressed corona-corona transition compressed core-core

liquid like

Compression

Figure 2.3: Schematic of the microstructures of microgel monolayers as a function of
compression. (A) Microgels in a liquid-like state. (B) Hexagonal crystalline lattices
with microgels in corona-corona contact. (C) Hexagonal crystalline lattices with
microgels in compressed corona-corona contact. (D) Isostructural phase transition
between microgels in compressed corona-corona and core-core contact. (E) Hexag-
onal crystalline lattices with microgels in compressed core-core contact. Light to
dark gray gradient indicates the increasing density.

The influence of the microgels’ softness, size, architecture, as well as the effects
of external stimuli on their mechanical properties and microstructure have been
subject of many studies in the last decade. Rey et al. realized a series of microgels
with different amounts of cross-linker with comparable sizes. Besides a stronger
spreading, softer microgels do not show an isostructural phase transition, but a
continuous decrease of center-to-center distance. If the softness of the microgels
is pushed to its limits, i.e., the smallest amount of cross-linker is used, a strong
polymer-to-particle duality for the microgels is observed. As shown in the scope of
this thesis (Chapter 8), these ultra-low cross-linked microgels display homogeneous
polymer films or layers of distinguishable microgels as a function of compression. [30]
Similar to rigid colloids, capillary forces become important for microgels depending
on their size: small microgels behave liquid like with random ordering before they get
into contact (Fig. 2.3A). In contrast, larger microgels deform the interface leading
to the formation of 2D aggregates. [23] The same effect can be seen when an
inorganic core, e.g., a silica particle, is surrounded by a microgel shell. These core-
shell microgels are much heavier than normal microgels and also deform the interface.
[77] The silica core of the microgels can also be dissolved, with etching by sodium
hydroxide, leading to hollow microgels. In bulk and at the interface this cavity makes
the microgels easier to be compressed, while still showing a compression isotherm
with two increases. [8§]

Destabilization of microgel stabilized emulsions (or foams) can be initiated by
applying an external trigger, such as a change in pH, salt concentration, or tempera-
ture. [60, 62, 64, 65, 67| In contrast to the responsiveness of the microgels to stimuli
in bulk, their response at the interface is poorly understood. In particular, changing
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the pH affects the dimensions of the microgels in bulk aqueous solution, but although
the adsorption kinetic of microgels is influenced [89], the lateral dimension of the
adsorbed microgels is not. [70, 84, 89] Even more surprisingly, Geisel et al. showed
that the pH-responsive microgels made of NIPAM co-polymerized with methacrylic
acid (MAA) can be compressed easier at high pH when the microgels are charged
and one would expect strong electrostatic repulsion. [84]

As described in Chapter 2.1, changing the solvent quality, i.e., increasing the
temperature above the VPTT of the microgels, leads to a change in size, internal
network density, and structure in bulk. Two recent publications, one of these in the
scope of this thesis, show that the parts of the microgel network directly adsorbed
to the interface lose their thermo-responsiveness. [29, 79] Only the fractions of a
microgel that are sill situated inside the aqueous phase react to temperature changes.
Furthermore, the increase of the density of these parts at elevated temperatures
influences the two-dimensional phase behavior of microgel monolayers. Even though
qualitatively the same microstructures are observed, the second hexagonal phase in
core-core contact (Fig. 2.3E) becomes virtually incompressible. Consequently, the
compression isotherms of microgels at temperatures larger than their VPTT only
show a single increase. |29

Lastly, the destabilization of microgel stabilized emulsions has been attributed
to the desorption of microgels or microgel segments due to an increase in the particle
hydrophobicity and the reduction of surface activity. [62, 63, 91-93] The reduced
coverage of the interface results in phase separation. However, different studies
have shown that the surface activity, that is, the surface tension, is not strongly
affected by pH [60] and temperature [94]. Instead, the change of the viscoelastic
properties of the microgel monolayer is crucial for the destabilization process. It
has been shown that softer microgels form more stable emulsions [71] whereas the
softness can be tuned by cross-links [95] or charges [61, 96]. Likewise, the repulsion
between emulsion droplets plays an important role. In uncharged state and at
high temperatures, electrostatic and steric repulsions are minimized, promoting the
demulsification. [70, 79, 97]
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3. Methods

3.1. Langmuir and Langmuir-Blodgett Trough

In this section a short paragraph about the definition of surface tension is pro-
vided. Elementary introduction to the thermodynamic of surfaces is provided by
Israelachvili [98] or Butt [99]. A more detailed description is given, for example, by
Lyklema [100].

The interface between two immiscible materials always display an excess of free
energy; this is due to the differences in environment between the atoms, or molecules,
at the interfaces and those in the bulk. This difference in free energy is denoted as
surface free energy. [98-100] Depending on the interface referred to, the surface free
energy is called surface (gas-liquid) or interfacial tension (liquid-liquid, liquid-solid
or solid-air). In the following, no distinction will be made between surface and
interfacial tension.

The interfacial tension, -, is a measure of force per unit length (N/m). v is the
infinitesimal variation of the work, dW, related to the infinitesimal change of the
interfacial area, ds. If the process is reversible one can write [98, 99]:

w_ L (3.1)
where F is the force needed to increase the area of the interface and b is a unit
length.

The interfacial tension of a flat interface is thermodynamically defined by the
following partial differential [98, 99]:

Y= (6G/83)T,p,n, (32)

where G is the Gibbs free energy of the system, and the temperature, T, the pres-
sure, P, and composition, n, are held constant.

A Langmuir trough is an apparatus to investigate monolayers of molecules,
macro-molecules, and particles at liquid interfaces and measure interfacial phenom-
ena due to compression, e.g. their packing density. The measured quantity is the
surface or interfacial pressure, II, which is the difference between the interfacial ten-
sion of the clean interface, vy, and the interfacial tension of the substance laden
interface, 7.

Ay =TI =7 — 7, (3.3)
consequently, IT has the same unit as the surface tension.

Most commonly the Wilhelmy plate method is used to measure the interface
pressure during the measurement. For this, a probe connected to an electronic
force balance is brought into contact with the interface. The probe is typically
a plate made from paper, glass, or platinum and is roughened to ensure optimal
wetting. Surface pressure and gravity pull the plate downwards, and buoyancy, due
to displaced water, acts upwards on the Wilhelmy plate. In case of a rectangular
plate with the density, p,, the dimensions, [,, w,, and d,, the immersion depth of
the plate, h,, and the liquid density, p;, the net downward force is given by [101]:

F = pylywpdpg + 27v(dyly) cos 8 — pudyl,hyg (3.4)
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where g is the gravitational acceleration, and € is the contact angle of the liquid
with the plate.

For a completely wetted plate the contact angle between the liquid and the plate
is # = 0° and the surface pressure can be described as:

AF

I=Ay= —.
TR0, +dy)

(3.5)

Where AF is the difference between the force acting on the stationary plate when the
interface is clean and when a surface-active material is present. Thus, the surface
pressure is directly determined from the forces acting on the plate with a known
perimeter (2(l, +d,)). [101, 102] Typically, interfacial active materials are measured
as a function of the trough area and at constant temperatures. The result is an
interfacial pressure-area (II-A) isotherm or simply isotherm.

A Langmuir Trough can also be used to transfer the monolayer to a solid support
and there are a number of different ways to achieve this. The most prominent way
was proposed by Langmuir and Blodgett in the 1930s. In the Langmur-Blodgett
technique the monolayer is transferred to a vertically standing substrate as it is
moved through the interface. It has been shown that this method can be used to
deposit more than one layer to the substrate. [103, 104] Other examples are the
toughing method proposed by Schulmann et al. [105] or the lifting method of Lang-
muir and Schaefer [106]. These examples have in common that they are conducted
at a fixed surface pressure of the monolayer. A more detailed explanation, different
designs, potential applications, and a historical background for the Langmuir and
Langmuir-Blodgett trough technique can be found in the work of Roberts [101] or
Gaines [107].

A film balance with dipper with B film balance with dipper with
Wilhelmy plate substrate Wilhelmy plate substrate
movable movable movable movable
barrier barrier barrier barrier
oil oil
e o 0 o ® 0 0 0 0 0 Y Y Y (Y Yyyyexyl
water water
trough trough

Figure 3.1: Schematic figure of a Langmuir trough used for gradient Langmuir-
Blodgett type depositions. The surface pressure is measured by a Wilhelmy plate
connected to a film balance between two movable barriers. A surface-active material
is represented by black circles. A solid substrate is lifted by a dipper through
the monolayer with an angle of ~ 45° to transfer the surface-active material for
subsequent imaging. (A) and (B) show different compression of the monolayer and
position of the substrate.

A way to obtain II-A isotherms and information about the microstructure of
the monolayers are gradient Langmuir-Blodgett type depositions [22, 29, 76, 108§]
shown in Fig. 3.1.Here, the substrate is immersed into the sub-phase before the
monolayer is spread and has an angle between 0 and 90° relative to the interface.
While the monolayer is compressed the substrate is lifted in between the barriers

24



Chapter 3

through the interface. The process produces a gradient of packing density of the
deposited monolayer, schematically shown in Fig. 3.1B. Subsequently, the deposition
is investigated ez situ with imaging techniques, such as atomic force or scanning
electron microscopy, and the structure can be connected to the mechanical properties
of the monolayer. [29, 76]
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3.2. Atomic Force Microscopy

An atomic force microscope is a mechanical imaging instrument that measures the
three-dimensional topography as well as the physical properties of a surface using a
probe. Atomic force microscopy (AFM) gives images with extremely high (nanome-
ter range) resolution in xyz direction, while the image size limit is several tens of
micrometers. [109] In addition, samples imaged with AFM do neither require any
special treatments, such as metal coating or labeling with fluorescent stains, nor
special measurement environments for proper operation are needed. A drawback is
slow scanning speed compared to optical or electron microscopy; scanning of a single
image takes usually minutes to tens of minutes. [110]

The schematic structure of an atomic force microscope is sketched in Figure 3.2A.
The outermost part of this probe that interacts with the sample is called a tip.
Different geometry of tips are available and there are two general categories [111-
116]: (i) blunt tips with small aspect ratios and large radii, for example, colloidal
probes which are spheres, and (ii) sharp tips with large aspect ratios and small radii,
typically pyramidal or needle-like. Whereas the latter is preferentially employed for
imaging of samples, [110, 111] blunt tips are especially used to investigate the forces
between colloidal particles and/or surfaces. [115, 116]

A amplifier, control photo.dlode B
electronics and A _Z-m9vement_
feedback control laser diode T (height information)
loop o .
l l cantilever
- oscillations

scanner head

cantilever

sample SeaaaRSaeellnle scanring i xand y N>
sample stage

Figure 3.2: (A) Schematic structure and functionality of an atomic force microscope
with block diagram (B) Schematic figure of the tapping or intermediate contact
mode for imaging.

The tip is attached to a spring-like cantilever. The cantilever is an essential part
of the force transducer of the atomic force microscope that converts the forces into
a measurable voltage signal. When the tip interacts with the sample the cantilever
is deflected. The deflection, d4y,, of the cantilever can be measured and most
frequently the laser beam bounce method is used. [117, 118] For this method, a
laser is directed onto the backside of the cantilever and the beam is reflected onto
a position-sensitive photo diode. Often the backside of the cantilever is coated or
polished to increase the reflection. The deflection can then be related to a force,
F,fm, by the spring constant, kg, of the cantilever using Hooke’s law. kqn, can
be measured or calculated from the dimensions of the cantilever. [110]

The cantilever is connected to the cantilever holder, also called chip, which al-
lows the whole probe to be mounted into the scanning head of the atomic force
microscope. The scanning head contains piezoelectric motors for fine movement in
xyz-direction.

One of the strong points of atomic force microscopy is the versatility, i.e., the
microscope can be operated in many different modes. The most common modes to
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measure the topography of a sample are contact, tapping, and non-contact mode.
In this work the tapping mode of the atomic force microscope was exclusively used;
therefore, this mode will be briefly discussed.

In tapping mode, the surface of the sample is tapped by the probe, which means
the tip has short, intermediate contacts to the sample. [119] Therefore, the piezo-
electric motors of the scanner head drive the cantilever to vertical oscillate near
its resonance frequency and with an amplitude that usually varies from a few to
hundreds of nm. As the cantilever oscillates, the reflected laser beam is deflected
in a regular pattern over the photo diode. Thus, a sinusoidal electronic signal is
detected. When the tip approaches and encounters the sample, interaction forces,
such as van-der-Walls, dipole-dipole, and electrostatic forces, act on the cantilever.
These forces lead to a change of the oscillation amplitude of the cantilever and the
detected signal. A closed feedback loop regulates the sample-probe distance and
the adjustments are used to create a three-dimensional image of the sample surface.
[109, 119]

Furthermore, the phase shift between the driving signal and the recorded fre-
quency of the cantilever can be used for phase imaging. For a free oscillating probe,
the phase shift equals the dissipated energy into the environment. If the tip contacts
the surface, the energy dissipation changes depending on the mechanical properties
of the sample and a different phase shift is monitored. Therefore, phase images show
regions of varying stiffness, adhesion, viscoelasticity, and contact area and are useful
to characterize heterogeneous samples with low topographic differences. [120, 121]
Topographic and phase images can be recorded at the same time in tapping mode.
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3.3. Image Analysis

Image analysis is a fundamental, interdisciplinary tool for finding and recogniz-
ing objects present in an image. Thereby, meaningful information of two- (2D) or
three-dimensional (3D) digital images are extracted using digital image processing
techniques. [122, 123] Image analysis tasks range from simple recognition of bar
codes [124], through the determination of clinically relevant areas in magnetic reso-
nance images (MRI) [125], identifying persons [126], to environment perception for
self-driving cars [127]. While identifying objects is done easily and a million times
a day by persons, for computers it is extremely hard to do. One the other hand,
further steps, such as determination and extraction of numeric values, information
about image characteristics, detection and prediction of trends, or calculation of
statistics of investigated objects, are much faster executed and done with higher
accuracy by computers.

Throughout this thesis gradient Langmuir-Blodgett type depositions (for details
see Chapter 3.1) were conducted to correlate the mechanical behavior (compression
isotherms) of microgels confined in two-dimensions with their interfacial dimensions
and microstructure. For the (atomic force microscopy) images of deposited microgel
monolayers image analysis was employed to extract meaningful parameters, such
as the number of microgels per area, N,..., the mean nearest neighbor distances,
NND, or the hexagonal order parameter, W4. The whole process of evaluating the
depositions can be divided into two parts: (i) the connection of the image positions
with the surface pressure, and (ii) the extraction of the parameters from the images
(image analysis).

Although the first part does not contain any image analysis per se it is an impor-
tant component worth explaining here. The positions of the images and the surface
pressure of the monolayer are encoded by geometric calculations. A reference point,
pr, on the substrate is obtained by stopping the dipper and barrier movement at the
smallest available area or highest surface pressure, respectively (Figure 3.3A). Sub-
sequently, the barriers are fully opened and the substrate is rapidly moved through
the interface. Because the inter-particle distance of the microgel monolayer depends
on the compression (the surface pressure), this creates a visible discontinuity on
the substrate (As sketched in Figure 3.3A or shown in images K-L and W-X in
Figure 4.4).

The image positions relative to the discontinuity, i.e., p,, are calculated after the
depositions are imaged. Therefore, the position of the reference point and the real
image positions are recorded; using the distance between the reference point and real
image positions, d;, the image positions relative to the reference, i,, are obtained
(Figure 3.3A). Then, the length of the deposition on the substrate is calculated from:
¢ = a/sin(Osy), where a is the distance the dipper arm was moved during the
experiment, and Oy, the angle of the substrate with respect to the air- or decane-
water interface (Figure 3.3A). Although Oy, is given by the dipper head geometry,
it is verified prior to each deposition experiment: when the substrate is immersed
into the sub-phase, the distance the dipper arm moves for a defined length between
two marks on the substrate is measured. The deposition and compression are started
at and conducted for the same time. Therefore, i, can be converted into a barrier
position, bp, using the ratio between the distance the barriers moved during the
experiment Abp and ¢ with the equation: bp = bpena — (Abp/c) - iy, with bp,, the
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barrier position of the reference point. As shown in Figure 3.3A, the barrier position
is directly connected to II and the surface pressure of each image is obtained.

A bpi B
dipper with :
substrate

contact line (AO)
on substrate

contact line (OW)
on substrate

mark
NN NN on substrate

Figure 3.3: Connection of image positions and surface pressure. (A) Sketch of the
geometric relationship between image positions and barrier position (see text for
details). (B) Proof of concept for the image analysis supported direct correlation of
image position and II. The image shows a substrate (silicon-wafer) during deposition
from the decane-water (OW) interface. This image was taken with an iPhone 7
camera.

trough

These calculations assume that the contact angle of the substrate and the three-
phase contact line (between the substrate, water, and air or oil) does not change due
to the presence of the microgel monolayer at different compressions. Thus, utmost
care must be taken during the experiment and encoding. However, the encoding of
IT and the image position can be improved by employing image analysis. As shown
in Figure 3.3B (red arrow), the position of the decane-water (OW) interface on
the substrate is visible during the deposition experiment. The substrate, typically
a silicon-wafer, could be imprinted with a scale on one side. Figure 3.3B (mark
on the substrate) shows that such a scale would be visible in a digital image as
well. The position of the interface during the experiment could be tracked with a
camera and image analysis methods employed to determine the interface’s position
relative to the scale in a time series of images. Consequently, the position of the
interface at different times and the position of the images can be directly correlated
to the surface pressure. The second part is the image analysis step within the
evaluation of gradient Langmuir-Blodgett type depositions where (AFM) images
of dried microgel monolayers are analyzed. For this, an optimized version of the
custom-written Matlab script of Ref. [76] is employed. This Matlab script is based on
the particle tracking algorithm from Crocker and Grier [128] and its public available
Matlab version by Blair and Dufresne [129]. In general, this procedure is based on
thresholding, i.e., the creating of binary images, to determine the (central) position
of spherical objects in an image. The routine uses a three-stepped procedure: firstly,
a band-pass filter (Gaussian for lowpass and Boxcar for highpass) is applied that
smooths the image and subtracts the background. Secondly, the centers of the
remaining bright spots (blobs) in the image are identified by comparing pixel-wise
the brightness within a blob and picking the brightest. Thirdly, the locations of the
objects’ centers are re-evaluated by creating a small area (working array) around
each located center. The total brightness of this working array is weight averaged
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and the position of the center is determined (with sub-pixel accuracy). The eminent
drawbacks of this procedure are the dependence on input parameters, such as a
(good) estimate of distance and brightness, and that it is restricted to circular
objects. Other possible methods that do not have these problems or have it to a lesser
extent. Options would be to visualize discontinuities present in the images (edge
detection) with, for example, the methods proposed by Canny [130] and Prewitt
[131], or the Matlab functions imfindcircles (for circular objects) and regionprops
(for any shape). However, the procedure based on Crocker and Grier gives good
results with little computational effort, thus the particle tracking routine was neither
changed nor exchanged.

Optimizations and changes to the Matlab script of Ref. [76] were mostly done to
achieve automatic detection of different phases within an image. Microgel monolay-
ers display an isostructural solid-to-solid phase transition were microgels coexist in
two hexagonal lattices with different lattice constants (for detail see Chapter 2.2).
The detection of this phase transition can be done by hand, for example, the in-
troduction of a threshold value for the center-to-center distance; however, for the
analysis of large sets of data it is advantageous that the routine can achieve this
task automatically, based on the information of the image.
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Figure 3.4: Flow chart of the image analysis routine. Path (A) for a microgel
monolayer with a single hexagonal lattice. Path (B) for a microgel monolayer in the
isostructural solid-to-solid phase transition. For more details see text.

Statistical modality tests [132] were implemented into the Matlab routine to au-
tomatize the detection of the isostructural phase transition. After the localization of
the centers, a Delaunay triangulation (Matlab function delaunayTriangulation) and
the corresponding dual graph, the Voronoi tesselation (Matlab function voronoi),
are performed. The resulting center-to-center distances, areas, and circumference of
the triangles formed by adjacent microgels are summarized in histograms (Figure 3.4
path A and B). In the case of the isostructural phase transition, distributions are
not mono- but bimodal (Figure 3.4 path B). Therefore, primitive modality tests are
conducted, which search for local minima, inflection, and /or saddle points. After the
modality test, statistic values are determined, e.g., by fitting normal distributions
to the curves. In the case of a bimodal function, the modality test yields a decision
boundary, for example, the local minimum in Figure 3.4 path B. Consequently, the
convolution of two single Gaussians are fitted to the probability distribution. The
obtained parameters (peak height, peak position, and variance) are filtered for un-
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physical values, and, in-case, the image is re-evaluated. The decision boundary is
used to determine which microgels are and the number of microgels in the first and
second phase. Subsequently, all relevant parameters and diagrams are saved.

Obviously, this routine has some drawbacks, for example, for a low number of
occurrences, i.e., a small number of microgels on the image, the statistic is superim-
posed with noise. Further for small separations or similar center-to-center distances
of the first and second phase, mono- and bi-modality are hardly distinguishable.
Nevertheless, a comparison of the results with the manual determination shows good
agreement. This optimized routine has been used to compute the results presented
in Chapters 4, 5 and 8.

Lastly, further possible optimizations to the Matlab script should be discussed.
A key point to understand the behavior of microgels confined in two-dimensions
is their core-corona structure (Chapter 2.2). In Chapters 4 and 5, it is discussed
that the occurrence of the isostructural phase transition is directly connected to
this structure or the size of the microgel fractions situated in the aqueous phase,
respectively. Therefore, extraction not only of center-to-center distances but also of
the size of these fractions within the Matlab script is a desirable goal. As shown in
Chapter 5, this could be done by extraction of height profiles through the apices of
the microgels at different angles with respect to the fast scan direction of the AFM.
The averaged height profiles can be used to approximate the size of the microgel
fractions situated in the sub-phase.

Furthermore, the implementation of different particle tracking algorithms as dis-
cussed above are needed to analyze monolayers of microgels with more complex
architecture, such as hollow (Chapter 7) or anisotropic microgels.
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3.4. Reflectometry

Reflectometry is a generic concept for various methods that are based on the re-
flection of radiation at an interface. They are non-invasive, non-destructive, and
non-contact methods to obtain the structure of a sample normal to its surface with
high (Angstrom range) resolution. One of their main disadvantages is that they
are indirect and a model is needed to obtain physical parameters. Reflectometry
methods are categorized by the radiations used, such as light, x-rays, or neutrons.
In sections 3.4.1 and 3.4.2 brief introductions to neutron reflectometry and ellip-
sometry are given, respectively. Full introductions and in-depth explanations for
ellipsometry can be found in the work of Tompkins [133] and Fujiwara [134] and for
neutron reflectometry in the work of Cubitt [135], Daillant [136], and other reviews
[137-139].

All reflectivity methods are based on the same optical principles. In the following
paragraphs, a basic introduction to these principles [140, 141] is given using the
example of a specular (mirror-like) reflection of a beam, the wave vector, k, and
the normal to the propagation direction, the normal wave vector k,, from a flat
air-water interface.

incident beam nqrmal to reflected beam
the interface

Oi O

kr Nair

air ki

Figure 3.5: Schematic figure of an incident beam with the angle of incidence, ©;,
being reflected (O,) and refracted (©;) at an air-water interface with the index of
refraction 1y, < Nyater- The beam propagates in z-direction. The plane of incidence
is the yz-plane, and the interface is the xz-plane. k is the wave vector of the beam
and £, its normal wave vector with the indices 7, » and ¢ for incident, reflected and
transmitted, respectively.

As shown in Fig. 3.5, when a beam interacts with a boundary it is reflected (into
the air) and refracted (transmitted into water). For the reflected part of the beam,
the angle of reflection is defined by the law of reflection; the angle of reflection is
equal to the angle of incidence, or ©; = O,.. For the refracted part the indices of
refraction of the two media have to be considered. The angle of the transmitted
beam is given by Snell’s law [142]:

N1 8in ©7 = ny sin O, (3.6)

where n; are the indices of refraction of the two media, and ©; are the angles relative
to the normal of the interface. Snell’s law is valid for any wave passing from one
medium to another. The total reflection of a beam is achieved when the angle of
incidence is larger than a critical angle, ©.. Under this condition, the entire incident
beam is reflected. The critical angle can be calculated by Equation 3.6 using ©; =

32



Chapter 3

O, and ©45 = 90°:

O, = arcsin@, (3.7)
n

and total reflection is only defined when ny < nq, that is, the incident beam goes
from a medium with a larger refractive index to a medium with a smaller refractive
index.

In reflectometry, the amounts of reflected and transmitted radiation compared
to the incident beam are of interest, which are described by the Fresnel coefficients.
[141] For the reflected and transmitted part, these coefficients are also called re-
flectance and transmittance, respectively. In case of the considered beam (Fig. 3.5),
its normal wave vector (k) is parallel to the plane of incidence and the Fresnel
coefficients are denoted with an index p for parallel [143]:

_ ki,  ngcos©; —ngcos O; (3.8)
"7 ki; micos®©; +nicosO; '
and for the transmitted beam:
k 2n,; cos ©;
t, = = = i . (3.9)
ki n; cos O; + ny cos O

These two coefficients are ratios of the amplitude of the normal wave vector.
The Fresnel coefficients for an orthogonal wave, perpendicular to the plane of inci-
dence can be found elsewhere. [140, 141| Conventional reflectometry measures the
reflectivity of the system. The reflectivity is the ratio of the intensities, and one can
relate the Fresnel coefficients to the measured quantity [141]:

I k12
R — ro_ 1r
I; kg

with I, the intensity of the reflected beam and I; the intensity of the incident beam.

= In|*, (3.10)

3.4.1. Neutron Reflectometry

Neutrons are subatomic particles without any electric charge, a negative magnetic
moment, and a mass slightly more than one atomic mass unit. As they have no elec-
tric charge, neutrons do not interact with the electron cloud of an atom, but with
the nuclei by strong interactions. Therefore, they have exceptional high penetration
depth into materials. Neutrons show also characteristics of a wave, with a distinct
wavelength, A\, given by the de Broglie relation. As the quantum mechanic descrip-
tion of a wave, the Schrodinger equation, in analogous to Maxwell’s wave equations,
neutrons follow the same optical principles, such as reflection, total reflection, and
refraction, mentioned before. [144] The refractive index of neutrons, ny, depends
on the scattering length of the nuclei, b;, instead of the atomic number, Z, as for X-
rays. The scattering length varies by element and isotope in a non-monotonic way,
for example, hydrogen (H = -0.374 10~'%cm) and deuterium (D = 0.6671 10~'%cm).
[145] ny for any material can be calculated by ni = 1 — )‘72 Ny, where N, is
the scattering length density. The scattering length density is given by the sum
of the number of nuclei per unit volume, n;, and b; of the i-th species, or simple
Ny, = ZZ bin;. The refractive index of neutrons is for most materials slightly less
than one (air or vacuum ny = 1). Consequently, total reflection is more frequently
observed (Equation 3.7).
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A specular (mirror-like) neutron reflectometry experiment is performed to mea-
sure the reflectivity (Equation 3.10) as a function of the transfer momentum per-
pendicular to the interface, ¢, given by ¢ = 47 sin ©/\. Please note that in neutron
reflectometry the grazing angle, O, is usually used, that is, 90° minus the an-
gle of incidence. The range of ¢ can be probed either by variation of the angle
of incidence while A is fixed (monochromatic mode), or by varying the wavelength
while ©; is fixed (time-of-flight mode, TOF). A schematic reflectivity curve of a flat
air-deuterated water interface is given in Figure 3.6.

total reflection reflection and refraction

-
1

log reflectivity

Qe q (A1)

Figure 3.6: Schematic reflectivity curve in a semi-log representation of a flat air-
heavy water interface. ¢. represents the critical wave vector which is proportional
to the critical angle, ©.. At ¢ < ¢. total reflection and at ¢ > ¢. reflection and
refraction is observed.

In Fig. 3.6 the critical transfer momentum, ¢. is marked, that separates total
reflection (¢ < ¢.) and partial reflection where a part of the beam is refracted (¢ > ¢.).
This ideal case can indeed be described by Equation 3.10, substituting the angles in
the Fresnel coefficients (Equations 3.8 and 3.9) by the transfer momentum, g.

However, real systems, e.g, thin layers on top of a water film, have modulations
from the ideal reflectivity. These modulations can be caused by (i) constructive
and destructive interference of reflected and refracted parts of the beam. This leads
to the formation of interference fringes or oscillations in the reflectivity curve. (ii)
Surface roughness which leads to diffuse or off-specular reflection.

Thus, analyzing the data of specular neutron reflectometry involves the construc-
tion of a model of the interface. The model is a scattering length density profile
normal to the interface with n parallel layers of homogeneous material. [143] Each
layer is characterized by a scattering length density, N, a roughness, o, and a
thickness, d,,. The reflectively of the model is then calculated using the transfer-
matrix method. [146] For each layer a characteristic matrix is created, containing
the Fresnel coefficients modified by an error function [147] for the roughness between
two layers, 0, ,+1, and a phase factor for the thickness. The model is then fitted
to the experimental data optimizing the three parameters and minimizing x? in an
iterative process.

To increase the accuracy and overcome the phase problem [148], additional phys-
ical and chemical information are needed. For thin film at the air-water interface,
the most common choice is to use different solvents (Contrast variation). Therefore,
measurements of the same film are conducted at the heavy (D20) and the air-
contrast matched water (ACMW) interface. For ACMW heavy and regular water
are mixed until their scattering length density matches the one of air. The specu-
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lar reflectivity profile arises just from the thin film as the contrast between air and
ACMW is zero. The specular neutron reflectometry data from at both contrast can
then be fitted simultaneously

3.4.2. Ellipsometry

Light is a transverse electromagnetic wave with a wavelength, A, in the range of 400-
700 nm. An electromagnetic wave always consists of a coupled oscillating, orthogonal
electric (E) and magnetic (B) field perpendicular to the propagation direction. In a
medium, light waves are linked to the induced motion of electric charges of electrons
and atomic nuclei, forming macroscopic electric currents. Therefore, the action light
has on matter depends preferential on the direction of the E-field. In unpolarized
light, the electric field fluctuates randomly in time. If the direction of the electric
field of light is well defined, it is called polarized. In Fig. 3.7A, linear polarize light
is shown, its electric filed (red line) oscillates in the xy-plane, perpendicular to the
propagation direction z. This oscillation can be viewed as the addition of two linearly
polarized waves, one in the xz-plane (grey) and one in the yz-plane (light grey).
The state of polarization is expressed by a phase difference, Ay, between these two
perpendicular waves. Light can be linearly (no phase difference), circularly (3 phase
difference), or elliptically (0 < 0 < ) polarized. For ellipsometry, linearly and
elliptically polarized light is important and depicted in Fig. 3.7A and B.

As introduced in Chapter 3.4, when light moves into a medium its propagation
direction changes following the law of reflection and Snell’s law (Equation 3.6). In
this context, the aforementioned two linear polarized waves (in xz- and yz-plane) can
also be viewed as parallel and perpendicular to the plane of incidence which is normal
to the interface. The parallel wave is called p-polarized and the perpendicular wave
s-polarized (for “senkrecht”). These two components behave distinctly different when
reflected or refracted at an oblique angle of incidence and the light is depolarized.

Ellipsometry is a specular optical reflectometry method that measures the state
of polarization of the reflected wave compared to the state of polarization of the
incident wave. This means that in contrast to other reflectometry methods, not
the reflectivity is measured, but the complex reflectance ratio, p.;, according to
Equation 3.11.

Pell = T’_p = tan(\IJe”)eiAe” , (311)

where 7, and r, are the Fresnel coefficients of the p- and s-polarized light, W, is the
angle of the amplitude ratio (Fig. 3.7B), Ay is the phase difference (Fig. 3.7B), and
i is the imaginary unit. Please note that A.; and V., can indeed be negative, that
is when the rotation of the E-field in time is reversed (counter-clockwise), which is
not considered in Fig. 3.7B. Equation 3.11 can be equally defined for the refracted
beam using the Fresnel transmittance (Equation 3.9).

In A and B the orthogonal components are denoted x and y. Only when a reference, such as
the plane of incidence is provided, the orthogonal components are called s-plane and p-plane.
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Figure 3.7: (A) Linearly polarized light of the incident beam. (B) Elliptically po-
larized light of the reflected beam.!(C) Schematic structure of a rotating analyzer
ellipsometer (see text for details).

The general setup of an ellipsometer is shown in Fig. 3.7C by the example of
a rotating analyzer ellipsometer. The light from a source is linearly polarized and
directed at the interface at an angle 6;. When the light reflects off the interface, the
amplitude and mutual phase of the p- and s-polarized waves change and the light
becomes elliptically polarized. The light travels through the continuously rotating
polarizer (rotating analyzer) and the amount of light that passes depends on the
orientation of the analyzer, relative to the oscillatory direction of the E-field. In
other words, the detector measures the form of the ellipse as a function of time.
Common ellipsometer setups employ broadband light sources, which can also cover
non-visible spectral regions. [134] Consequently, the ellipsometric parameters, Ay
and ¥,.; are measured as a function of .

For simple systems, such as polished substrates or thin films with known re-
fractive index, direct calculation of the optical and physical parameters (film thick-
ness, refractive index or dielectric properties) is possible using Equation 3.11. [133,
149, 150] However, similarly to neutron reflectometry, real systems show surface
roughness, interference of reflected and refracted beams, and multiple reflection and
refraction, making direct interpretation of the measurements results nearly impos-
sible. Therefore, the data analysis to obtain the optical and physical parameters is
conducted indirectly, using a model-based approach. [133, 134] An example, how
these models are constructed can be found in Chapter 4.
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4. Effect of the 3D Swelling of Microgels on Their 2D
Phase Behavior at the Liquid-Liquid Interface'

4.1. Introduction

Responsive nano- and microgels, i.e., polymer networks of colloidal sizes that are
swollen by a good solvent, are highly interfacial active and adsorb spontaneously
to interfaces. Similar to rigid particles, they can form monolayers at oil (or air)-
water interfaces and stabilize emulsions. |54, 60, 83, 151, 152] However, in contrast
to rigid colloidal particles, microgels strongly deform during adsorption until the
elasticity of the polymer network balances the energy gain due to adsorption. [72,
153, 154] Thus, the effective lateral diameter of microgels at interfaces is significantly
larger than in solution leading to an anisotropic shape which makes them distinctly
different as compared to rigid nanoparticles |78, 84, 86, 155].

pNIPAM microgels typically reveal an inhomogeneous distribution of cross-links
with a higher cross-linking density in the center as compared to the periphery.
Consequently, the polymer density profile of the microgels decays from the center
outside of the network. As a result of this internal structure, microgels adopt a
structure which is described as fried-egg, core-corona, or core-shell morphology. |72,
76, 84, 153, 156158

This peculiar structure of microgels at interfaces leads to a rich 2D-phase behav-
ior. Gradient Langmuir-Blodgett type experiments demonstrated that monodisperse
microgels form hexagonal lattices with increasing concentration at the interface. |76,
84, 86, 89| In particular, Rey et al. concluded that the in-plane core-corona hetero-
geneity of the individual microgel leads to the increase of the compression isotherm in
two steps. The compression isotherm of the monolayer is related to an isostructural
phase transition between two hexagonal-packed monolayers with different lattice
constants. |76]

In contrast to the responsiveness of microgels to external stimuli in bulk, their
response at the interface is poorly understood. Stimuli that affect the dimensions of
the microgels in bulk aqueous solution have been shown to affect the adsorption ki-
netic [69, 94, 159| but not the deformation of the adsorbed microgels. [84, 89| Even
less is known about how the stimuli-responsiveness of the microgels affects their
packing in the monolayer and the corresponding 2D-phase behavior. On one hand,
Maldonado-Valderrama et al. observed that the average nearest neighbor distances,
NND, or in-plane dimensions, decreased with increasing temperature for poly(N-
vinylcaprolactam) microgels. [85] Similarly, interfacial rheology measurements sug-
gested a strong collapse in the lateral diameter for pNIPAM-based microgels. [93,
94] On the other hand, Harrer et al. demonstrated that the reduction of interfacial
coverage is only marginal at low and intermediate surface pressures. They found
that the microgels display the core-corona morphology both below and above the
volume phase transition temperature (VPTT). [79]

In order to get deeper into these observations, one needs to consider that mi-
crogels at interfaces are three-dimensional objects. While parts of the microgel are

!This chapter has been adapted and reprinted in part with permission from Bochenek, S.,
et al., Langmuir, 2019, 85, 16780-16792. Copyright 2019 American Chemical Society.
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confined at the interface, some of its volume is still situated in the aqueous phase,
where it maintains its capability to respond to external stimuli. Ellipsometry [93]
and computer simulations [72, 79, 88| showed that the out-of-plane extension of the
microgels into the water phase is reduced with increasing temperature. However,
it is not understood how the properties of the microgel monolayer depend on the
interaction between (i) the parts of the microgels that are confined at the interface
and thus in direct contact with the oil, and (ii) the parts that are located in the
aqueous phase.

In this chapter, the interfacial behavior of pNIPAM microgels at temperatures
below and above their VPTT is explored. The focus is on their two-dimensional
phase behavior. Compression experiments at decane-water interfaces are carried
out above and below the bulk VPTT of the microgels. The microgel monolayers are
deposited onto a solid substrate in gradient Langmuir-Blodgett type depositions to
investigate their in-plane structure ez-situ utilizing atomic force microscopy (AFM)
and quantitative image analysis. Finally, we employ variable-angle spectroscopic
ellipsometry at the air-water interface to investigate the out-of-plane extension of the
microgels as a function of temperature. These results of microgel monolayers below
and above the VPTT shows how the two dimensional phase behavior of microgels
is affected by the three-dimensional swelling within the aqueous phase.

4.2. Experimental

4.2.1. Materials

N-isopropylacrylamide (NIPAM) (Acros Organics, Belgium), N,N’-methylenebis-
acrylamide (BIS) (Alfa Aesar, USA), N-(3-aminopropyl) methacrylamide hydro-
chloride (APMH) (Polysciences Inc., USA), 2,2’-azobis(2-methylpropionamidine) di-
hydrochloride (V50) (Sigma-Aldrich, USA), and cetyltrimethylammonium bromide
(CTAB) (Fluka Biochemica, Switzerland) were used as received. For all interface ex-
periments, ultrapure water (Astacus?, membraPure GmbH, Germany) with a resis-
tivity of 18,2 MOhm-cm was used as a sub-phase. Decane (Merck KGaA, Germany)
was used as an oil-phase. Decane was filtered three times over basic aluminium oxide
(90 standardized, Merck KGaA, Germany). The last filtration step was done just be-
fore the experiment. To facilitate spreading, propan-2-ol (Merck KGaA, Germany)
was used.

4.2.2. Synthesis

pNIPAM-based microgels were synthesized by precipitation polymerization. The
monomers, NIPAM (5.4546 g), BIS (0.3398 g), and APMH (0.1474 g), were dis-
solved in 370 mL double-distilled water. A small amount of the comonomer APMH
(~ 2 mol%) was incorporated to allow for post modification of the microgels, such
as covalent labeling with fluorescent dyes. [160, 161] The primary amine is posi-
tively charged at neutral pH. Therefore, a cationic initiator (V50) and a cationic
surfactant (CTAB) were used to prevent aggregation. There are no indications that
the small amount of APMH influences the interfacial behavior of the microgels. The
monomer solution was heated to 65 °C and purged with nitrogen under constant
stirring (270 rpm). Simultaneously, 0.2253 g of the initiator (V50) and 0.0334 g of
CTAB were each dissolved in 20 mL water in two separate vessels and degassed for
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1 h. The surfactant was injected into the reaction vessel and stirred for 30 more
minutes to equilibrate. The polymerization was initiated by adding the initiator
solution. The reaction was carried out for 4 h at 65 °C under constant nitrogen flow
and stirring. The obtained microgels were purified by threefold ultra-centrifugation
at 30 000 rpm (70 000 RCF) and subsequent redispersion in fresh, double-distilled
water. Lyophilization was applied for storage.

4.2.3. Compression Isotherms and Depositions

Compression isotherms and depositions (gradient Langmuir-Blodgett type) were
conducted at the decane-water interface in a customized liquid-liquid Langmuir-
Blodgett trough (KSV NIMA, Biolin Scientific Oy, Finland) made of poly(oxy-
methylene) glycol and an area of ~ 402 cm?. Decane was chosen as oil-phase as
pNIPAM microgels are not soluble in alkane oils. [82, 83] It has been shown that
microgels display qualitatively the same compression isotherms and microstructures
at alkane-water, e.g, hexane and decane, and air-water interfaces. [76, 78, 84-86,
89]

For each measurement, the trough was carefully cleaned and a fresh decane-
water interface was created. For temperature control, the trough was connected
to an external water bath. Before each experiment, the trough was tempered to
the respective temperature. The microgel solution with a concentration of 10 mg
mL~! was mixed with 20 vol-% of propan-2-ol to facilitate spreading. However,
the propan-2-ol concentration is negligible after applying the microgel suspension
to the interface and the alcohol has no effect on the measurements. After temper-
ature equilibration, the microgel solution was added to the interface. Compression
isotherms and depositions were conducted at (20.0 £ 0.5) °C and (40.0 £ 0.5) °C.

The compression of the microgel monolayer was synchronized with the deposi-
tion onto a solid substrate as described in Ref. [76]. Comparison with scanning
electron cryomicroscopy strongly indicates that the interfacial dimensions, order-
ing, and microgel-to-microgel distances are not influenced by the deposition. [61,
77,78, 84, 108, 156| Briefly, for the experiments, two parallel-moving barriers were
closed at a velocity of v = 6.48 cm? min~! to increase the interfacial concentra-
tion of the microgels by decreasing the available area. The minimum area was
fixed to ~ 44 cm?. Simultaneously, a cleaned rectangular piece of ultra-flat silicon
wafer (= 1.1 x 6.0 cm, P{100}, NanoAndMore GmbH, Germany) was lifted up
(v = 0.15 £ 0.004 mm min~') between the barriers. The substrate was mounted to
the dipping arm with an angle of ~ 25° with respect to the interface. This leads
to a deposition length of ~ 20 mm. The dipping arm was constructed to be always
above the decane-water interfaces to reduce disturbance of the interface.

The surface pressure, II, was probed with a highly porous platinum Wilhelmy
plate (perimeter = 39.24 mm, KSV NIMA, Biolin Scientific Oy, Finland) to ensure
optimal wetting with the aqueous sub-phase and thus a contact angle of 0°. The
probe was attached to an electronic film balance (KSV NIMA, Biolin Scientific Oy,
Finland) and placed parallel to the barriers.

After full compression, the barrier- and dipper movement was stopped. Subse-
quently, the barriers were opened to ~ 402 cm? and the substrate was moved rapidly
through the interface and fully out of the oil-phase. Thus, a defined reference point
on the substrate, the point of highest compression, was obtained. The immobilized
microgel monolayers were dried and investigated ez situ by AFM.
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We connect the mechanical properties of the microgel monolayers to the results
of the deposition experiments by geometrical calculations. First the length of the
deposition is calculated: ¢ = a/sin(Ogy), where a is the distance the dipper
arm moved during the experiment, and O, the angle of the substrate relative
to the decane-water interface. Both deposition and compression were started and
conducted for the same time. Thus, the positions of the AFM images relative to
the reference point, i,, can be converted into a barrier position, bp, using: bp =
bPenda — (Abp/c) - iy, where bpenq is the barrier position of the reference point, and
Abp is the distance the barriers moved during the experiment. The barrier position
is directly connected to II and the surface pressure of each image is obtained.

4.2.4. Atomic Force Microscopy

AFM measurements of the microgels in the dry state, at the solid-air interface, were
performed using a Dimension Icon with closed-loop (Veeco Instruments Inc., USA,
Software: Nanoscope 9.4, Bruker Co., USA). The images were recorded in tapping
mode using TESPA tips with a resonance frequency of 320 kHz, a nominal spring
constant of 42 N m~! of the cantilever and a nominal tip radius of ~ 8 nm (Bruker
Co., USA) and OTESPA tips with a resonance frequency of 300 kHz, a nominal
spring constant of 26 N m~! of the cantilever and a nominal tip radius of < 7 nm
(NanoAndMore GmbH, Germany). The programmed move function was used to
capture images of 7.5 x 7.5 pum (512 x 512 pixels) in a straight line along the
gradient direction on the substrate every 250 or 500 pum. For each line, an image
at the position of highest compression was taken to obtain the position of the fixed
point.

4.2.5. Image Analysis

The open-source analysis software Gwyddion 2.50 was used to process the AFM
images. All images were leveled to remove the tilt and the minimum value was fixed
to zero height.

The processed AFM micrographs were analyzed with a modified version of the
custom-written Matlab script in Ref. [76]. The centers of the microgels were deter-
mined with the public available Matlab version of the IDL particle tracking code
by Crocker and Grier [128]. A Delaunay triangulation and Voronoi tesselation were
used to compute their nearest neighbor connections.

To obtain information on the long-range order we computed the radial distribu-
tion function, ¢(r), defined as

o(r) = Nip <;:25(n - rk)> , (4.1)

where 7; and ry are the positions of the ith and kth microgel, respectively, and (... )
is the radial average over all possible orientations.

The mean nearest neighbor distances, NND, corresponds to the distance of the
maximum of the first peak of g(r).

NND = (r|max [g(r)]), (4.2)
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Here, we determined the NND with fitting a Gaussian to the distance probabil-
ity functions after a Delaunay triangulation. As these functions can be mono- or
bimodal, either a single Gaussian (monomodal) or the convolution of two Gaus-
sians (bimodal) were fitted. The NND are the expectation values of the probability
density function of the Gaussian following the equation:

1 _(e-p)?

e 207 4.3
vV 2mo? (4:3)

The variance is considered as the error of NND.
The hexagonal order parameter, W4, was calculated to obtain information about
the short-range order. The following formula was used:

Uy = <Ni,, il exp (i66;) > (4.4)

j =
where N, is the number of nearest neighbors, 6; is the angle between a chosen
reference axis and the vector from the center microgel to its jth nearest neighbor.
Vg is the ensemble averaged or mean value of all microgels of one image. The error
of Wy is given by its standard deviation s:

flx]po®) =

1 N

s=\ w7 > (zi— 1), (4.5)

=1

The number of microgels per area, Ny..,, can be calculated by the number of
localized microgel centers, IV, divided by the area of an image, Aimage: Narea =
N,/Aimage- Both N, and A;p,q4 are corrected to exclude microgels at the edges.
Ngreq Tepresents the interfacial number concentration of the microgels.

Furthermore, we compute the generalized area fraction, defined as

Gop = Do Ao (4.6)

Aimage

where A, ., is the mean area of well separated, isolated, and uncompressed mi-
crogels measured from AFM phase images (Fig. 4.3, blue and red circles). From
the measured areas we also calculate the diameter of the individual microgels,

Dsop = /(4 Ay sep)/m, and the diameter of the cores, Deore = /(4 - Acore) /-

4.2.6. Ellipsometry

Spectroscopic ellipsometry of microgel monolayers at the air-water interface was
conducted with an RC2 ellipsometer (J. A. Woollam Co., USA) operating in a
wavelength range between 192 and 1690 nm. The microgel solution was spread in
a plastic Petri dish to obtain a fixed interfacial concentration of area/mass = 1500
ecm?. The Petri dish was placed on top of a 3 mm thick Peltier element used to
increase or reduce the temperature. A thermocouple was immersed in water a few
cm away from the measurement spot for temperature readout. Ellipsometry mea-
surements were taken using focusing optics (300 um short axis) which produced an
elliptical measurement spot of about 300 pm by 900 pym. Temperature-dependent
measurements of the microgel layer were performed at 3 angles of incidence (65, 70,
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and 75°) with a light collection time of 1 min at each angle. Optical modeling was
done by dividing the microgel layer into two distinct layers. The top layer (dense
polymer layer) was modeled by a simplified Cauchy type optical dispersion that
parametrized the refractive index as ne(\) = A + B/A% The top layer optical dis-
persion included an Urbach-tail extinction coefficient, k, to account for a slight light
absorption towards the UV spectral region. The second layer (intermix layer) was
positioned below the top layer and its optical constants were approximated as an
arithmetical average between the top layer and bulk water. Temperature-dependent
optical constants of water were taken from an inbuilt library of the modeling software
CompleteEASE 6.43. An extensive, wide-ranged global fit was applied to simultane-
ously fit all parameters: thicknesses of the top and intermix layers, and the optical
dispersion of the top layer. Fit parameters intercorrelations were always carefully
evaluated to assure the numerical uniqueness of the obtained parameters.

4.2.7. Dynamic Light Scattering

Dynamic light scattering (DLS) was measured using a laser with a vacuum wave-
length of Ay = 633 nm. Diluted suspensions of the microgels in water have a refrac-
tive index of n(A\g) = 1.33. The temperature was changed from T = (15.0£0.1) °C to
T = (49.0 £ 0.1) °C in 2 °C steps using a thermal bath filled with toluene to match
the refractive index of the glass cuvettes. The scattering vector ¢ = 47n /A sin(6/2)
was changed by varying the scattering angle, 6, between 30° and 130°, in steps of
20°. The hydrodynamic radius of the microgels, R;, is computed from the diffu-
sion coefficient via the Einstein-Stokes equation. The VPTT is obtained from the
inflection point of a logistic “S” shape function fitted to the data.

4.2.8. Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) experiments were performed at the KWS-2
instrument operated by JCNS at the Heinz Maier-Leibnitz Zentrum (MLZ), Garch-
ing, Germany. The ¢-range of interest was covered by using a wavelength for the
neutron beam of A = 0.5 and 1 nm and three sample-detector distances: 20, 8, and
2 m. The scattering vector is ¢ = 47/Asin(6/2), with 0 the scattering angle. The
detector is a 2D-3He tubes array with a pixel size of 0.75 cm and a AX/\ = 10%.
The data were corrected accounting for sample transmission and dark count (B4C
used). The background, heavy water, was subtracted from all data. The data were
acquired at T = 20 °C and T = 40 °C and fitted with a fuzzy sphere model.

4.2.9. Electrophoretic Mobility and Zeta-Potential

The electrophoretic mobility, f;, was measured in a NanoZS Zetasizer (Malvern
Instruments Ltd., England) in the range of T = 10 to 50°C in 2°C steps. For the
electrophoretic measurements, a laser with a vacuum wavelength of \g = 633 nm
was used. The electrokinetic transition temperature (ETT) [162] is obtained from
the inflection point of a logistic “S” shape function fitted to the data.
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4.3. Results and Discussion

4.3.1. Characterization of Microgels in Solution

A comprehensive characterization of the microgels in solution is needed to give the
results general validity. Therefore, the structure and responsiveness of the microgels
in aqueous solution was investigated by means of dynamic light scattering, elec-
trophoretic mobility as well as by small-angle neutron scattering.

The microgels have a hydrodynamic radius of B, = (153 £ 3) nm at T =
20°C and of R, = (84 £+ 2) nm at T = 40 °C. The swelling ratio, defined as
Ri, 200c/Ru, a00c, is close to 1.8, a value comparable to microgels with similar size
and cross-linker content. [163] The full temperature dependence of Ry, is presented
in Figure 4.1A.

The microgels were synthesized with the addition of a small amount of APMH.
The primary amine moieties of the APMH allow post-modification of the microgels,
e.g., covalent labeling with fluorescent dyes. [160, 161] To prevent aggregation of
oppositely charged groups, a cationic initiator and surfactant. The electrophoretic
mobility, 1., and zeta potential, (o, as a function of the temperature are given in
Figure 4.1B. The latter is computed with the Smoluchowski approximation. Despite
this is a standard routine, it should be highlighted that this approximation is not
valid for microgels as they do not have a well-defined interface and are porous.
Therefore, the values of (,,; are meant to show simply a qualitative trend of the
data and are given for comparison with the literature. The microgel is slightly
positively charged in pure water (Fi. 4.1B, black squares), due to the primary amine
groups (APMH) and initiator fragments. The electrophoretic mobility increases
with temperature, which is attributed to the decrease of the particle size and the
reorganization of the charged groups to the surface of the microgels. [162]

The internal structure of the pNIPAM microgels in solution can be investigated
by SANS, SAXS, or SLS measurements. [49] SANS data of the pNIPAM micro-
gels were measured at T = 20 and 40 °C, the scattering curves (P(q) versus ¢) are
shown in Figure 4.1C. Both temperatures were fitted with the fuzzy sphere model
(Fig. 4.1C, solid black lines). The results of the fits show the typical decay of the
polymer volume fraction from the center to the periphery at 20 °C and a box-like
profile in the collapsed state (Fig. 4.1D, solid blue line and solid red line, respec-
tively). |49, 95, 164-166] During the fitting, the value of the volume fraction of the
core is fixed to one. The data are then normalized to the area underlying the radial
distribution of the collapsed state since: (i) above the VPTT the microgels have a
more defined profile with higher contrast due to the collapsed polymer; (ii) the mass
of the polymer is conserved. The blue line in Fig. 4.1D shows that in the swollen
state the polymer occupies ~ 18 % of the volume occupied in the collapsed state. As
reported by Stieger et al. [49], as well as more recently by Cors et al. [166], SANS
shows that the polymer volume fraction within a microgel well above the VPTT is
~ 40 — 50%. This can be considered valid for our microgels too. This means that at
T = 20 °C the volume fraction of polymer in the core is &~ 10 %. Again, this value
agrees with the values reported in the literature [49, 166]. The size polydispersity
of the microgels is calculated from the SANS data. We obtain a polydispersity of (7
+ 1) % for both temperatures.

Thus, the microgels can be considered monodisperse, are swollen at T = 20 °C
and fully deswollen (and still colloidally stable) at T = 40 °C.
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Figure 4.1: Characterization of pNIPAM microgels in solution. (A) Dynamic light
scattering, hydrodynamic radius, R, versus temperature, 7. Full and open black
squares are the heating and cooling cycle, respectively (B) Electrophoretic mobil-
ity, jer, (black squares) and zeta potential, (por, (golden squares) as a function of
temperature. (C) SANS form factor, P(q), versus scattering vector, ¢, for pNIPAM
microgels in dilute suspensions of DO at T = 20, blue circles, and 40 °C, red circles.
The solid black lines are fits with the fuzzy sphere model [49]. (D) Relative polymer
volume fraction versus radius obtained from the data fit for pNIPAM microgels at
T = 20, blue solid line, and 40 °C, red solid line.

4.3.2. Two-dimensional Phase behavior of Microgels at Liquid Interfaces

In Fig. 4.2A, we present the compression isotherms for 20.0 and 40.0 °C, where
the surface pressure is plotted as a function of Ng..., i.€., the interfacial number
concentration.

The blue data points show the compression isotherm of the pNIPAM microgels
at T = 20 °C. One can see that the surface pressure increases in two steps. Fol-
lowing the literature, |76, 78] five distinct regimes are identified: (I) diluted state,
(IT) corona-to-corona contact, (III) isostructural phase transition region, (IV) core-
to-core contact, and (V) the failure of the monolayer. The different states are also
visible in the AFM images in Fig. 4.4A-J. Similar compression isotherms have been
observed for nearly all kinds of microgels below their respective VPTT, e.g., mi-
crogels synthesized with different monomers [85|, different cross-linking densities
[86], different sizes [23, 78|, oppositely charged comonomers [84, 89|, different ini-
tiators [23, 76, 78, 84, 86|, more complex architectures (hollow, core-shell) [87, 8],
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Figure 4.2: (A) Compression isotherms, IT versus number of microgels per unit area,
Narea- (B) Compression isotherms, IT versus area fraction, (5p, of the microgels.
Blue for T = 20 °C and red for T = 40 °C. The dashed lines represent values where
transitions are observed in the AFM images. The different regimes are labeled
by roman numerals in the corresponding colors. Errors from the repetition of the
measurements are presented as error areas.

and hybrid inorganic/organic microgels [77, 88]. Therefore, our microgels display
the general 2D phase behavior. The incorporated APMH does not change the mi-
crogels’ interfacial behavior. However, there are a few examples where a different
course is observed. These examples have in common that the microgels have very
few cross-links, i.e., they are extremely soft. [11, 23, 86]

Before we start to discuss the compression isotherms of the pNIPAM microgel
monolayers at T = 40 °C, we take a closer look at individual microgels in the diluted
state. In the first regime (I) the surface pressure is independent of Ny;..,. Microgel
monolayers either have a gas-like phase or form 2D clusters due to attractive capillary
forces that depend on the size of the microgels. [11, 23, 76, 86] We observe the first
scenario at both T = 20 °C and T = 40 °C, as Fig. 4.4A-B and Fig. 4.4M-N show.
The average distance between the microgels is larger than their diameter at the
interface and the microgels are mostly well separated.

We can probe the structure of individual microgels in the diluted state using the
phase mode of the AFM. The phase mode allows imaging of the thin outer layer
of adsorbed microgels. [167, 168] Fig. 4.4A and M clearly show that the microgels
have a core-corona (fried-egg) structure at both temperatures. The persistence of
the core-corona structure at both temperatures can be explained when considering
the thermodynamics determining the swelling equilibrium of microgels. In solution,
the size of a neutral microgel is determined by the balance between its elastic free
energy and the mixing free energy between the solvent and polymer. [80] The latter
being strongly dependent on temperature. Upon adsorption of the microgels to
the interface another term has to be considered, the gain in surface free energy.
This contribution is much larger than the mixing free energy [69, 72, 79, 153, 154]
and, for the temperature range studied here, nearly constant with temperature.
[169] Consequently, the part of the microgel’s polymer network, which is in contact
with the interface, is stretched until the gain in surface free energy is balanced by
its elasticity. Whereas, the portions of the microgels that are still situated in the
aqueous phase remain thermo-responsive.
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The phase images were also used to determine the dimensions of the individual
microgels. We analyzed more than 250 microgels for each temperature and calcu-
lated the overall in-plane diameter (core + corona), Dyp, and the diameter of the
core, D.,... The difference between core and corona is clearly visible by the contrast
of the AFM phase images. The results are plotted in a size histogram and fitted
with a Gaussian distribution (Fig. 4.3).
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Figure 4.3: In-plane diameter of microgels at different temperatures (T = 20 and
40 °C). (A and B) AFM phase images of microgels in the dried state. The circles
indicate the core and the whole microgel visible in the AFM images. (A) T = 20 °C,
decane-water interface. Blue circle: core+-corona, dark blue circle: core. (B) T =
40 °C, decane-water interface. Red circle: core+corona, purple circle: core. (C)
Black lines are the diameter probability functions of pNIPAM microgels. For each
temperature at least 250 microgels were analyzed. The functions were fitted with
normal distributions and the colors correspond to the circles in A and B, the labels
give the mode and the variance of the Gaussian. (D) Compression isotherms II
versus the area normalized by the area at the contact, Asp/Asp contact- Blue and
red lines represent the microgels at T = 20 and 40°C, respectively. The black line
represents linear pNIPAM at T = 20°C.

We can compare the dimensions of the microgels at the interface (Dop and D e
in Tab. 4.1) with their diameter in solution (D, Fig. 4.7C) below and above the
VPTT. In bulk, the microgels deswell from roughly 300 to 170 nm in Dj, between
T = 20 and 40 °C (=~ 45%). In contrast, the difference for Dyp in the same tem-
perature range is less than 6%, which is in good agreement with the decrease in
surface free energy (=~ 5%). [169] The polymer network at the interface is mostly
influenced by the decrease of the gain in surface free energy and nearly temperature
independent. The microgels portions situated in the aqueous phase still undergo
a volume phase transition. Their lateral diameter, Dy, is reduced by =~ 30%
(Tab. 4.1) from T = 20 to 40 °C. The smaller lateral collapse of the microgel frac-
tions in water compared to the deswelling in solution shows that the core deswelling
in the aqueous phase is constrained by the stretching of the polymer at the interface
that is not thermo-responsive. Nevertheless, these portions significantly collapse
onto the center of the microgel, decreasing the size of the core. The combination
of non-thermo-responsive polymer in direct contact with the interface with thermo-
responsive microgel portions in the water phase leads to a larger width of the corona
at the oil-water interface at 40 °C.

In Fig. 4.2A, we present the compression isotherms of pNIPAM microgels at
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the liquid interface at T = (40 £ 0.5)°C, i.e., well above their VPTT in solution.
Remarkably, the red data points show a single increase of the compression isotherm
with only four regimes.

The transition from the diluted state (regime red I) to a packed layer (regime
red II) occurs when the extended microgel coronae start to interact. [78, 84, 86] A
sharp increase in surface pressure is monitored as a result. AFM images, such as
Fig. 4.4P, show that in regime II the microgels are in contact and form hexagonal
lattices. For the microgel monolayers, the transition takes place at Ny eq ~ 3.9 pm =2
for T = 40 °C (red dashed line) and at Ngeq ~ 3.5 um=2 for T = 20 °C (blue
dashed line). The differences are larger than the experimental errors associated to
the repetition of the measurements (Fig. 4.2A). The compression isotherms give the
same result as the analysis of the microgels in the diluted state: the microgels show
only minor differences in the overall in-plane size below and above their VPTT,
which is in agreement with a recent report by Harrer et al. [79].

The dashed red line at Ny, ~ 17um~2 marks the transition from regime II to III
at 40 °C where the surface pressure becomes nearly independent of the interfacial
concentration. Regime III is typically characterized by the melting of the initial
lattice and the formation of a second hexagonal phase with a significantly smaller
lattice constant. The AFM images in Fig. 4.4R-U clearly show that an isostructural
phase transition takes place at 40 °C. The coexistence of the two crystalline phases
(regime IIT) extends until N, &~ 47 pm™—2.

At Ngpeq > 47 pm=2, we observe a prominent difference with respect to the mono-
layers at T = 20 °C. As soon as all microgels are in the second hexagonal phase
(Fig. 4.4V) the monolayer at T = 40 °C cannot be compressed further, contrary to
the microgels at 20 °C, Fig. 4.41-J. In other words, microgel monolayers at T = 40 °C
do not display the regime IV, i.e., a second increase of the surface pressure. The
monolayer fails (regime V) directly after the isostructural phase transition is com-
plete. Reducing the area by further closing the barriers does not lead to an increase
of surface pressure II. All AFM images of the deposited monolayers in regime V
show the same number of microgels and one can see multiple data points at nearly
the same Ny, in Fig. 4.2A. In literature, the failure of a monolayer is generally
explained by buckling, the formation of multilayers, or desorption. [76, 108].

As reported for microgel monolayers below the VPTT [76], the lateral compres-
sion of the monolayer is also reversible at 40 °C. The AFM images of the reference
point and beyond (Fig. 4.4K-L and Fig. 4.4W-X) show that the monolayers relax.
The microgels return to larger center-to-center distances after opening the barri-
ers. We do not observe clustering or microgels in significantly short center-to-center
distances.

We compute the generalized area fraction, (sp, for our microgels at 20 and 40 °C
(for details see Experimental section) to provide a convenient way to compare the
microgels at different temperatures. Furthermore, using (3p, we can see how the
temperature affects the transitions. For rigid spherical colloids the maximum den-
sity of a hexagonal close packing, i.e., circle close packing, is 7v/3 /6; however, for
soft microgels the density, (sp, can reach greater values, reflecting deformation,
compression or interpenetration.

Figure 4.2B shows the surface pressure as a function of (5p for 20 and 40 °C.
For both temperatures the transition from regime I to II takes place at (sp ~ 1.06.
To calculate the area fraction we used the area of the microgels obtained in the
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Figure 4.4: Atomic force micrographs of the microgel monolayers at T = 20 °C (A-L,
blue box) and 40 °C (M-X, red box). Micrographs in A and M are phase images.
Micrographs in K-L and W-X are captured after the barriers were opened and were
rotated by 180°. The scale bars are 2 pym.

diluted state. The value of (,p > 7v/3/6 demonstrates that the microgels are com-
pressed, interpenetrate or deform compared to their stretched core-corona morphol-
ogy (Fig. 4.3A-C) before an increase of the surface pressure is observed. Both
compression isotherms fully agree and fall onto the same master curve up to a sur-
face pressure of ~ 25 mN m™!, i.e., when the isostructural phase transition of the
monolayer at T = 20 °C starts. Apparently, at low II there is no difference of the
compressibility of the microgels below and above their VPTT. This means that the
corona-corona interaction is not influenced by the temperature.

Furthermore, the compression isotherms of the microgels at T = 20 and 40 °C
can be compared with linear pNIPAM polymer at 20 °C. Figure 4.3D gives a closer
look at the low surface pressure regime. For the pNIPAM microgels, the surface
pressure is plotted as a function of their interfacial area normalized to the interfacial
area at the contact, i.e., the area when the surface pressure first increases. For
the linear pNIPAM polymer the trough area, Asp, was normalized by the trough
area at the contact, Asp contact- At very low compression (II < 1 mN m~!) the
microgel monolayers display the same compressibility as linear pNIPAM polymer
(Fig. 4.3D); implying that the first interaction between the microgels is mediated
by the interaction of dangling chains, which is independent of temperature. The
deviation of the curves at IT > 1 mN m™! is a strong indication that the coronae of
the microgels not only consist of loosely dangling chains but also of loosely cross-
linked polymer.

The compression isotherms of the microgels in Fig. 4.2 deviate from each other
at surface pressures above IT ~ 25 mN m~! and the microgels at T = 40 °C display
higher surface pressures at the same (5p values. In Fig. 4.2 the transition from
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regime II to III for T = 20 °C and T = 40 °C is marked by blue and red dashed
lines at (op ~ 2 and 3.4, respectively. The onset point of the isostructural phase
transition is at higher (,p for microgels above their VPTT. In other words, to
undergo the transition from the first to the second hexagonal lattices the microgels
at T = 40 °C are significantly more compressed as compared to the microgels at
20 °C. Corresponding AFM images are shown in Fig. 4.4E and Fig. 4.4R where
microgels with significantly smaller distances first appear.
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Figure 4.5: Results of the quantitative image analysis of all AFM images. (top) T =
20 °C, and (bottom) T = 40 °C. (A + D) nearest neighbor distances, NND, (B + E)
pair correlation functions, g(r), and (C + F) hexagonal order parameter, Wg. Errors
discussed in the experimental part are plotted as shaded areas in the corresponding
colors.

We describe the microstructure of the monolayer more quantitatively by the
center-to-center distance (NND), the short-range (Vg), and long-range (g(r)) order.
The results are presented in Fig. 4.5 for 20 (top row) and 40 °C (bottom row).

The first column of Fig. 4.5 shows the mean nearest neighbor distances as a
function of Ny at T = 20 and 40 °C. Significant values of NND are presented
in Tab. 4.1. For both temperatures, the graphs look very similar. In regime I and
IT the NND decreases with increasing compression. In regime III, the isostructural
phase transition takes place and the NND splits, while microgels coexist in two
phases. The position of the first peak decreases significantly until no microgels are
in the first hexagonal lattice. The NND in the second phase is nearly constant with
compression. In contrast to literature |76, 89] we name these two phases core-core
(lattice with larger NND) and compressed core-core (lattice with smaller NND).
After the peaks re-merge, we observe that at 20 °C the microgels can be compressed
further (regime IV) before the monolayer fails (regime V). In contrast, the monolayer
at 40 °C fails directly after regime III (Fig. 4.5D).

Two more differences can be seen for the NND when comparing Fig. 4.5A and
4.5D. Both the core-core and the compressed core-core distances in the third regime
are smaller at 40 than at 20 °C (Tab. 4.1, regime III). At T = 40 °C the com-
pressed core-core distance in regime III is equal to the NND of the microgels when
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the monolayer fails. In contrast, the second phase at 20 °C displays larger NND,
which is further reduced in regime IV upon compression. At both temperatures the
monolayers fail at the same NND (Tab. 4.1, regime V).

Table 4.1: Physical dimensions of microgels monolayers at different compressions de-
posited from decane-water interfaces at T = 20 and 40 °C. Center-to-center distance
for the first phase, NN D14, the second phase, NN D,,4, the in-plane diameter, Dsyp,
and the core diameter, D,,.., of the microgels at different compressions.

Temperature Regime 11 Nyrea NNDqgy NNDy,y Dyp Deore
(°C) - (mNm™")  (um~?) (nm) (nm) (nm) (nm)
I 0 <35 - - (627 + 38) (357 £ 25)
1I 0.2 3.5 (570 + 20) - - -
20 111 27.5 8.3 (370 + 40) (210 £ 20) - -
v 31.1 26 - (180 + 10) - -
\% 34.7 48 - (146 + 12) - -
I 0 <39 - - (592 + 45) (274 £ 22)
1I 0.2 3.9 (540 + 25) - - -
40 111 32 17 (270 £ 35) (170 £ 20) - -
111 34.2 47 (170 £ 15) (145 £ 15) - -
\% 34.8 48 - (148 £ 15) - -

The second and third column of Fig. 4.5 provide information on the long-range
and short-range order of the monolayers. Pair correlation functions g(r) are shown
for different representative Ny, values.

The pair correlation functions of hexagonal lattices show characteristic peaks
at NND, V3NND? and 2NND. At low Narea, immediately after the contact, the
curves for T = 20 and 40 °C have peak positions at 580 nm, 1040 nm, 1160 nm, and
530 nm, 950 nm, 1050 nm, respectively. These positions are in good agreement with
the values expected from theory (Fig. 4.6A-F), showing that the monolayers have
high hexagonal translational order at both temperatures. The long-range order
of the monolayers is maintained for the entire regime II, as shown by the curves
at Nareq — 5.1 pm=2 for T = 20 °C and 5.9 um=2 for T = 40 °C. In the third
curve for both temperatures, a peak at lower distances emerges and the intensity
of the initial peak is reduced. The translational order fails, as expected during the
isostructural phase transition in regime III. Differences are visible for the curves
with a concentration > 30 pum~2: below the VPTT, the pair correlation function
at Nyrea — 30.2 pm~2 shows again peaks at the theoretical positions of hexagonal
lattices (Fig. 4.6C). The monolayer becomes disordered at the highest concentration.
On the contrary, the pair correlation functions at T = 40 °C show no long-range
order.

The short-range order is analyzed by the hexagonal order parameter, Vg, as
a function of Ny, in the last column of Fig. 4.5 below (C) and above (F) the
VPTT. In regime I and II, the same behavior is observed. With increasing Ny, cq,
the short-range order increases until it reaches a plateau in regime II and shows a
fully hexagonal phase (Vg =~ 1). In regime III, Ug has values around 0.5 with high
errors due to the concurrent presence of the two distinct lattices, even though the
individual phases show a hexatic ordering (Fig. 4.4G-I, Fig. 4.4S-U and the 2D-FFT
of Fig. 4.6D). Upon further compression, the hexagonal order parameter shows the
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Figure 4.6: Pair correlation functions and 2D-fast Fourier transform, FF'T, patterns
of microgel monolayers at (left) T = 20° C and (right) T = 40° C. (A) Nyea =
3.5 um=2, (C) Nypea = 30.2 pm=2, (E) Nypea = 48.1 pm =2, (B) Nypeq = 3.9 pm =2,
(D) Nurea = 31.3 um=2, (F) Napea = 48 pm~2. Solid lines represent the theoretical
values at NND, V3NND?, and 2NND. (blue) first phase for T = 20° C, (dark blue)
second phase for T = 20° C, (red) first phase for T = 40° C, (purple) second phase
for T = 40° C. In D the overlap of the two phases results in a nearly disordered pair
correlation function, but the single phases are still crystalline as one can see Bragg
reflections in the FFT.

same behavior as the long-range order: (i) the microgel monolayers at T = 20 °C
become ordered again in regime IV, and (ii) the final state at both temperatures is
the same.

The detailed analysis of the 2D phase behavior of the microgel monolayers below
and above their VPTT leads to the following observations: (i) at low surface pressure
(< 25 mN m™!), the 2D phase behavior is independent of temperature; (ii) the
NND of the isostructural phase transition is affected by temperature; (iii) at 40 °C,
regime IV is absent; (iv) at both temperatures, the monolayers fail at the same II
and center-to-center distances (NND).

These facts cannot be explained by the in-plane structure of the microgels alone,
and it has to be considered that adsorbed microgels remain three-dimensional objects
with a significant fraction of a microgel being in the aqueous phase. [82] To gain
more insight into this aspect, we studied the microgel structure perpendicular to the
interface by ellipsometry.
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4.3.3. Three-dimensional Swelling of Microgels at the Interface

Ellipsometry measures the changes in the polarization of light reflected from a ma-
terial. These changes are represented as the ellipsometric amplitude ratio, ¥, and
phase shift, A. A suitable model must be fitted to the data to convert these param-
eters into experimentally meaningful quantities describing our monolayers, such as
the refractive index and thickness. We use a simple model consisting of only two
layers, which we sketch in Fig. 4.7A and B.
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Figure 4.7: Spectroscopic ellipsometry of microgel monolayers at the air-water inter-
face as a function of temperature. (A) Schematic sketch of the ellpisometry model
for T = 20 and 40 ° C. The solid lines represent a 2D side view of the microgels.
The schematic refractive index profiles are shown on the right side. (B) Ellipsomet-
ric amplitude ratio, ¥, (green symbols) and Ellipsometric phase shift, A, (orange
symbols) versus the wavelength, A. Different symbols, open circles, squares and
diamonds, display different temperatures, 22, 32, and 40 °C. (C) Influence of tem-
perature on the swelling of microgels in solution, hydrodynamic diameter, Dj, (full
black squares) and on the total monolayer thickness, d.;, (full golden squares), the
thickness of the intermix layer, d;,,;, (open purple squares) the dense layer, dgense,
(full purple squares) at the air-water interface. (D) Ellipsometric refractive index,
ney, (full cyan squares) and total monolayer thickness, dg;, (full golden squares)
versus temperature.

The first layer has a homogeneous refractive index, n.;, as a function of the
distance from the interface (Fig. 4.7A dense layer). This dense layer describes the
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polymer layer at and in close proximity of the interfaces. Previous studies have
shown that microgels protrude into the hydrophobic phase while still being hydrated,
creating a roughness or waviness of the monolayer. |72, 82, 84, 88, 170] This is
indicated in Fig. 4.7A by the solid lines which illustrate the shape of single microgels.
For simplicity, we neglect this roughness in our model.

The second layer, termed “intermix layer” describes a gradual decrease of the
refractive index, starting with the n.; of the dense layer to the refractive index of
water (e, 632.8nm = 1.325). This is indicated in Fig. 4.7A by the slope of n.; and
the color gradient. This diffuse layer accounts for two important characteristics of
the portions of the microgels that are situated in the aqueous phase, i.e., below the
interface. Since the microgels display a fried-egg shape [29, 72, 79|, contacts be-
tween the coronae lead to free spaces between neighboring microgels, which are not
occupied by polymer, as represented by the solid contours in Fig. 4.7A. Addition-
ally, in the direction perpendicular to the interface, analogously to the previously
discussed structure of microgels in solution at temperatures below the VPTT [49],
the microgels present a decreasing gradient of polymer density. [29, 72, 79] Both
these characteristics lead to a gradual decline of the averaged polymer density in
infinitesimal thin layers parallel to the interface.

To simplify the experimental setup, ellipsometry measurements were conducted
at the air-water interface at constant compression (~ 15 mN m~! or 5.5 um~2) with
microgels in corona-corona contact between 22 and 40 °C. From the literature it
is known that microgels show similar compression isotherms and microstructures at
alkane-water and air-water interfaces, respectively. [76, 78, 84, 86, 89] At both inter-
faces, the microgels protrude into the hydrophobic phase while still being hydrated,
whereby the extent of protrusion might be different. [82, 83, 93, 170] Therefore, the
results at the air-water interface may be quantitatively slightly different compared
to the decane-water interface, but they help to qualitatively understand the behavior
of our microgel systems at different temperatures.

The model is applied to determine the thickness, dgense, and refractive index of
the dense layer, the thickness of the intermix, d;,,;, and the total thickness of the
microgel monolayer, de; = dgense + dimi, as a function of temperature (Fig. 4.7C).
The ellpisometric spectra including the fits are shown in Figure 4.7B.

We compare the hydrodynamic diameter (black squares) and d.; (golden squares)
in Fig. 4.7C. The total thickness of the monolayer follows the same trend as D;, and
is in agreement with recent literature [93|. A strong decrease in d.; is observed at
the VPTT (T ~ 33° C) of the microgels in solution. Both Dj and d,; are reduced
by a factor of ~ 1.8 from 22 to 40 °C. D}, decreases from roughly 300 to 170 nm
and dg; from =~ 200 to 110 nm.

The ratio Dy /dey is ~ 1.5, showing that the microgels are deformed and flatted
at the interface independently of the temperature. The effect of compression on the
monolayer thickness becomes evident in comparison with literature data. At higher
compression (IT = (27 + 1) mN m™!) the ratio Dj,/d.; decreases to 1.1. [93]

The dense polymer layer (Fig. 4.7C, full purple squares) shows a slight decrease
in thickness from dgense = (72 £ 1) to (56 £ 4) nm, while its refractive index, ney,
increases from (1.347 £ 0.001) to (1.361 4 0.003) as shown in Fig. 4.7D. The increase
in ney; occurs concurrently with the reduction of the total thickness (d;) and reflects
an increase in the density of the monolayer above the VPTT.

The open purple squares in Fig. 4.7C show the temperature-dependent swelling
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of the intermix layer. The thickness, d;,,;, decreases more significantly from (128
+ 2) nm at 22°C to (55 + 5) nm at 40°C. At temperatures below the VPTT, the
fractions of the microgels that are located inside the aqueous phase are strongly
swollen. The intermix layer extends into the water phase due to both the swelling of
polymer segments perpendicular to the interface and the interstitial volume. Upon
temperature increase the polymer-polymer interactions become more favorable and
the portions of the microgels situated in water deswell. At the present compres-
sion, the intermix layer still remains as the interstitial volume leads to a gradual
decrease of the averaged polymer density with increasing distance from the inter-
face. Our model and experimental results are supported by computer simulations
of microgels at the oil-water interface. [29, 72, 79] Exactly as observed in the ellip-
sometry experiments, the microgel fractions situated in the aqueous phase remain
thermo-responsive and at both temperatures a dense polymer and intermix layer are
observed.

The ellipsometry measurements prove that our microgels at liquid interfaces
are still thermo-responsive in the direction perpendicular to the interface. At the
compression, at which we performed the ellipsometry experiments (= 15 mN m™!),
our microgels display a core-corona structure (Fig. 4.4D and 4.4P). The microgels are
deformed and flatted at the interface compared to their bulk diameter independent
of temperature.

4.3.4. Combining Two- and Three-dimensional Results

We now combine the information of the Langmuir-Blodgett trough (2D in-plane),
ellipsometry (3D out-of-plane) and scattering (in solution) experiments to explain
the differences between the monolayer properties below and above the VPTT. The
sketch in Fig. 4.8 is used to illustrate our explanation.

Figure 4.8 shows schematic illustrations of the microgels in different shades of
blue and red for 20 and 40 °C, respectively. The three differently tinted circles
of the same color represent different material properties or polymer densities. The
colors are consistent through all regimes. In the 2D top view, the microgels’ schemes
overlay the AFM images. The dimensions are taken directly from the quantitative
analysis (Tab. 4.1) and drawn to the scale bar of the images. In the 2D side view,
the microgel structures are drawn according to computer simulations |29, 72, 79
and the thickness is derived from ellipsometry measurements (Fig. 4.7C).

Dilute State

First we briefly recapitulate the features of the microgles in the dilute state (regime
). In the 2D top view of Fig. 4.8 individual and well separated microgels can be
seen in the phase images. At both temperatures the same core-corona structure
commonly observed for microgels can be seen. The diameters Dyp and D, are
extracted from the images. In contrast to the strong collapse in solution, we observe
that the overall in-plane diameter (Dsp) changes by 6% and D,y by 30% (Tab.
4.1, regime I at 20 and 40 °C).

Even though these images are obtained ex situ after deposition and in a dried
state, it is known from the literature that the core-corona structure persists at oil-
water or air-water interfaces. [61, 72, 79, 84, 156] Thus, we sketch the microgels in

o4



Chapter 4

Regime | Regime Il Regime Il Regime IV Regime V

2D top view

2D side view

2D top view

T=40°C

2D side view

Figure 4.8: Sketch of the microgel monolayers under compression for T' = 20 °C (A)
and T = 40 °C (B). The microgels are schematically illustrated with different shades
of blue and red for 20 and 40 °C, respectively. (2D top view) Single microgels and
microgel microstructure view from above. The differently tinted circles represent:
light for the corona, medium for the core and darker color to state that the core
is significantly compressed. (2D side view) Illustration of a 2D cross-section of the
microgels perpendicular to the interface. D) at 20 and 40 °C are given by black
solid circles. Scale bars are 500 nm.

a 2D side view with the same diameter at the oil-water interface. From the ellip-
sometry measurements (and neutron reflectometry measurements, Chapter 6), we
know that the microgel’ fractions inside the water phase are still thermo-responsive.
These fractions display a similar thermo-responsiveness as the microgels in solution.
Increasing the temperature from 22 to 40 °C leads to a reduction of the thickness
dey by a factor of ~ 1.8 (Fig. 4.7C).

Isostructural Phase Transition

In the second regime (II) the microgels form monolayers with hexagonal ordering
and similar lattice constants. The course of the isotherms is the very same for II < 25
mN m~! (Fig. 4.2B), demonstrating that the coronae of the microgels have the same
stiffness independently of temperature.

Differences can be seen above 25 mN m~!, where the monolayer starts to undergo
an isostructural phase transition at T = 20 °C. In regime III the NND splits into
two distinct lattice constants (Tab. 4.5, regime III). We can compare the NND of
the first phase at the transition from regime II to III to D, in regime I (Tab. 4.1).
At T = 20 °C the first hexagonal lattice melts at a NND equal to (370 = 40) nm
where Dy is (357 £ 25) nm. Similarly, for 40 °C, the melting is observed at a
NND equal to (270 + 35) nm and Dy is (274 + 22) nm. This means that the
isostructural phase transition starts when microgels are compressed to NND ~ D,
at T = 20 and 40 °C (Fig. 4.8, regime III). We further emphasize this in the 2D
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side view of regime III, where the corona is fully compressed and the core regions of
the microgels are in contact.

Having a core-core contact implies that at distances larger than D, the com-
pression behavior is dominated by the compressibility of the corona. The isotherms
diverge when the center-to-center distances become comparable to D,,.. - and the
coronae are overcome. Upon further compression the contribution of the micro-
gel volumes situated in the aqueous phase must be taken into account. Thus, the
swelling state of the microgel volume in the aqueous phase (3D) directly influences
the phase behavior of the microgels at the liquid-liquid interface (2D).

Furthermore, as also observed in the literature [171, 172|, the AFM images (Fig.
4.8, regime III) clearly show an isostructural phase transition for both temperatures.
Some of the microgels are at a NND equal to D,y (core-core contact) while other
are at a center-to-center distance (Tab. 4.1, regime III) significantly smaller than
D ore (compressed core-core contact). Below and above the VPTT the second phase
displays grains with hexagonally-packed microgels (Fig. 4.4E-H and 4.4R-4.4U).
The inter-particle distance in these grains is slightly smaller at T = 40 than at
20 °C (Tab. 4.1, regime III).

Considering the different core-core and compressed core-core distances, one can
anticipate that the microgel monolayers also undergo an isostructural phase tran-
sition as a function of temperature (Fig. 4.2A). By changing the temperature at
constant Ng.., in regime III, the microgel portions situated in the aqueous phase
swell or deswell. Therefore, the density and the interaction between the micro-
gels within the monolayer are altered. This drastically influences the ordering of
the microgel lattices (Fig. 4.4, and Tab. 4.1) and the mechanical properties of the
monolayer, e.g., the surface pressure of the system (Fig. 4.2A).

Monolayer Failure

Lastly, we discuss the absence of regime IV of the microgel monolayers above the
VPTT. To explain this, we have to consider two facts: (i) the microgel monolayers
display smaller NND in core-core and compressed core-core contacts at 40 than at
20 °C (Tab. 4.1); (ii) the monolayer is thinner at 40 than at 20 °C (Fig. 4.7). This
leads to an increased averaged polymer density at and in proximity of the interface.
A higher averaged polymer density within the volume of the microgel makes it
more difficult to further compress or interpenetrate the microgel, i.e., increases its
stiffness. [11, 173]

At 40 °C the averaged polymer density within the microgels in compressed core-
core contact is making them virtually incompressible, during and directly after the
isostructural phase transition. The coronae are nearly unaffected by the changes in
temperature and the polymer mostly deswelles onto the core region of the microgels
as shown by computer simulations |29, 72, 79|. Therefore, once the microgels are in
compressed core-core contact further compression in lateral direction of the mono-
layer is impossible. This leads to a direct transition from regime III to V, without
passing through regime IV.

In contrast, at T = 20 °C the volume situated in the aqueous phase is still
swollen and the NND is larger leading to a lower averaged polymer density within
the microgels and at the interface. This is confirmed by the different values of II for
regime blue IIT and red III in Fig. 4.2. Indeed the value of II is related to how many
oil-water contacts are substituted by oil-polymer-water contacts. [174] This means
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that after the isostructural phase transition is completed the microgels in core-core
contact can be compressed further before reaching regime V and, therefore, regime
IV is observed.

The microgel monolayers fail at the very same IT (Fig. 4.2) and NND (Fig. 4.5A
and 4.5D). This implies that there is a maximum density of polymer that can be
reached within a microgel before the monolayer fails. This limit can be reached
either by triggering the monolayer density using temperature (Fig. 4.8B regime V)
or compression (Fig. 4.8A regime V) but cannot be overcome.

4.4. Conclusion

In this chapter, the phase behavior of microgel monolayers adsorbed at fluid in-
terfaces was investigated by compression isotherms, atomic force microscopy and
ellipsometry below and above the volume phase transition temperature. It is known
that in bulk, microgels present the same phases independently of the swelling state,
but shifted to lower volume fraction with increasing temperature due to the harder
inter-particle potential between collapsed microgels. |9, 175| Here, we show that in
2D the microgel monolayers show a more complex change in phase behavior as a
function of temperature.

The microgels have the same typical core-corona structure below and above the
VPTT. Furthermore, their total diameter at the interface (Dyp) is virtually the same
at both temperatures. However, the diameter of the core (D, ) shrinks by = 30 %
above the VPTT. While the strong stretching of the entire microgel is caused by the
adsorption to the oil-water interface, the shrinking of the core is a consequence of
the deswelling of the fraction of the microgel that is located in the aqueous phase.
Because the stretched, fuzzy, and easily compressible corona of the microgels at the
interface is independent of temperature, the first stages of the compression of the
microgel monolayers (regime I and IT) are identical below and above the VPTT. The
compression isotherms overlap for (;p < 2 (Fig. 4.2B) and the microstructure, as
imaged by AFM, is the same (Fig. 4.4).

At higher compressions an isostructural phase transition is observed and the ef-
fect of temperature on the monolayers becomes clearly visible. Once microgel cores
get into contact, NND =~ D.,,., their 2D phase behavior differs. At T = 20 °C the
part of the microgels that is located in the aqueous side of the interface, remains
swollen during and after the isostructural transition. Thus, the microgel monolayers
can be compressed further (regime IV). In contrast, at 40 °C the portion of the
microgel in aqueous sub-phase is collapsed and the core region at the interface is
thinner and denser. The averaged polymer density at the interface is increased and
the microgels become incompressible once the isostructural transition is completed.
An intermediate phase, where the microgels can be further laterally compressed, is
absent (regime IV) and monolayer failure occurs immediately upon further compres-
sion (regime V).

Noteworthy, the microgel monolayers fail at the very same surface pressures and
nearest neighbor distances independent of temperature. These two facts indicate
that there is a limited, maximum amount of polymer segments that can be confined
at and in close proximity of the interface. Trying to overcome this limit leads
to a failure of the monolayer. This limit can be reached in two ways: either by
compressing swollen microgels laterally (“2D”) or by increasing temperature and

57



Chapter 4

thus collapsing the microgel perpendicular to the interface (“3D”).

Our results demonstrate how softness and deformability of temperature-sensitive
nano-, and microgels make them fundamentally different from rigid nanoparticles.
While being isotropic and temperature-sensitive in aqueous bulk solution, they are
highly stretched and anisotropic at interfaces independent of temperature. The
temperature-sensitivity is lost at the interface, however the portions of the microgels
that are located in the aqueous side of the interface are still temperature-sensitive.
At low compression, the interaction between microgels is dominated by their strongly
stretched corona and thus independent of temperature. At high compression, how-
ever, the microgels’ portions within the aqueous side of the interface become rel-
evant. The temperature-dependent swelling perpendicular to the interface (“3D”)
affects the compressibility parallel to the interface (“2D”). This perpendicular, out-
of-plane structure of microgels at interfaces is the crucial factor that always has to
be considered.

4.5. Data Availability

Research data for this chapter may be accessed at https://hdl.handle.net/21.
11102/17d74812-1b59-11ea-9a63-e41£1366df48.
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Chapter 5

5. Comparison of Microgel Monolayers at Oil-Water
and Air-Water Interfaces and their Temperature-
Dependent 2D Phase Behavior !

5.1. Introduction

Although emulsions and foams are fundamentally different [27], it has been shown
that microgels can be used as both smart emulsifiers [60-64] and foamers. [65-
67] In recent years many studies have been conducted to elucidate the properties
and destabilisation mechanism of microgels stabilized emulsion and foams. A clear
understanding of these features allows tailoring of microgels for specific applications
and fundamental studies.

A key point to clarify is the influence of the single microgels swelling proper-
ties on the two-dimensional macroscopic phase behavior of microgel monolayers.
Langmuir and Langmuir-Blodgett trough experiments were conducted in which the
environmental condition of the sub-phase, i.e., the aqueous phase, and the confor-
mation of the microgels were varied. Stimuli, such as pH, salt concentration and
temperature, or different cross-linker contents, architectures and hybrid microgels
have been investigated in the literature. [29, 30, 70, 76, 79, 86, 89|

Up to date, no studies have been conducted on the influences of the top-phase,
i.e., air or decane, with a direct comparison of the same microgel. Definitely, the
choice of top-phase has a profound impact on the microscopic conformation of the
microgels at interfaces [83| and factors, such as the solubility of the microgel in
the two immiscible phases or surface tension, play an important role. Similar to
bulk, the swelling equilibrium of a neutral microgel at the interface is determined
by the free energy of mixing and elasticity but also the free energy of the surface,
i.e., surface tension. [69, 78|

In this chapter, we quantitatively compare compression isotherms and Langmuir-
Blodgett type depositions of the same microgels at air-water and oil-water interface
to study the effect of the top-phase on the microgel monolayers’ two dimensional
phase behavior. Characteristic quantities, such as the center-to-center distance, the
ordering and height in dried state are determined to obtain a full description of the
deposited monolayers. Furthermore, we explore the effect of the 3D swelling of the
microgels due to temperature on their 2D phase behavior at the air-water interface
and compare the outcome to the results presented in Chapter 4.

5.2. Experimental

5.2.1. Materials

For all interface experiments, ultrapure water (Astacus?, membraPure GmbH, Ger-
many) with a resistivity of 18,2 MOhm-cm was used as a sub-phase. Decane (Merck
KGaA, Germany) was used as oil-phase. The decane was filtered three times over

IThis chapter has been adapted and reprinted in part with permission from Bochenek, S.,
et al., Soft Matter, 2020, DOI: https://doi.org/10.1039/D0SM01774D. Copyright 2020 The Royal
Society of Chemistry.
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basic aluminum oxide (90 standardized, Merck KGaA, Germany). The last filtra-
tion step was done just before the experiment. Pieces of an ultra-flat silicon wafer
(= 1.1x6.0 cm, P{100}, NanoAndMore GmbH, Germany) were used for depositions.
The microgels were spread from aqueous solutions (concentration of 10 mg mL™!)
mixed with 20 vol% of propan-2-ol (Merck KGaA, Germany) at the decane-water
interface. For measurements at the air-water interfaces, either aqueous solutions
(concentration of 10 mg mL~!) mixed with 50 vol% of propan-2-ol, or solution with
a concentration of 1 mg mL™! in chloroform (Merck KGaA, Germany) were used.
Both approaches lead to the same results.

5.2.2. Compression Isotherms and Depositions

The procedure for compression isotherms and depositions at the decane-water in-
terfaces is explained in detail in Chapter 4. The measurements at the air-water
interfaces were conducted in the same way, but instead of 80/20 vol% mixtures
of water-propan-2-ol, 50/50 vol% mixtures of water-propan-2-ol or microgels sus-
pended in chloroform were used. This was done to maximize the adsorption of the
microgels to air-water interfaces and minimize partial loss of microgels into the sub-
phase. This loss is unavoidable if the surface-active component and the spreading
agent are soluble in one of the two immiscible phases.

5.2.3. Image Analysis

The open-source analysis software Gwyddion 2.54 was used to process the AFM
images. All images were leveled to remove the tilt and zero height was fixed as
the minimum z-value of the image. AFM images of the deposited dried microgel
monolayers were analyzed with a custom-written Matlab script based on the image
analysis routine of Ref. [76]. The script was already used in Chapter 4 and details
can be found there. The number of microgels per area, the mean nearest neighbor
distances, and the hexagonal ordering parameter were calculated for all images.

The analysis of microgel monolayers was extended by height profiles of the mi-
crogels in the dried state. Profiles were extracted through the apex of the microgels
and at different angles with respect to the fast scan direction. Multiple height pro-
files of one image were summarized and aligned to the apex (zero coordinate of the
x-axis) to obtain averaged microgel profiles and not to bias the results. The averaged
profiles are presented with the standard deviations as the error. The apex height of
the averaged microgels was computed using the Matlab function findpeaks and the
averaged diameter of the microgels was determined by the knnsearch [176] with a
threshold of 1.5 nm.
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5.3. Results and Discussion

Studies at air- (AW) and alkane-water (OW) interfaces have shown that microgel
monolayers posses qualitatively the same compression isotherms and microstructures
at these interfaces. [76, 84, 86, 89] In this chapter a more quantitative description
of the effect of the top-phase (air or decane) on the compressibility, microstructure
and in-plane dimensions of microgel monolayers is given. Therefore, combined com-
pression and depositions experiments were conducted at the air-water interface (for
details see Chapter 4) using the same very pNIPAM microgels. These results are
compared to the outcome of measurements at the decane-water interface already
discussed in Chapter 4. Furthermore, the experiments were conducted below and
above the VPTT to elucidate and compare the influence of temperature at both air-
and decane-water interfaces.
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Figure 5.1: Compression isotherms, Il versus area per mass of microgel added to
the interfaces, area/mass, of pNIPAM microgels at the air-water and decane-water
interface. (A) Comparison of air-water (green) and decane-water (blue) interfaces
at T = 20 °C. (B) Comparison of air-water (gold) and decane-water (red) interfaces
at T = 40 °C. The errors are presented as shaded areas in the respective color.

The Il-area compression isotherms normalized to the initial amount of microgel
added to the interface, area/mass, are presented in Figure 5.1A and B. Microgel
monolayers at the air-water interface are plotted in green (T = 20 °C) and gold
(T = 40 °C), the decane-water measurements are plotted in the same colors as in
Chapter 4, blue for T = 20 °C and red for T = 40 °C. As expected, the general trend
of the compression isotherms is the same at AW and OW interfaces. Likewise, the
transition from two increases to a single increase is also observed for isotherms at T
= 40 °C at the air-water interface. Nevertheless, there is a small qualitative differ-
ence between the isotherms at the AW and OW interface. In case of decane-water
interfaces a sharp transition takes place at the contact point, where the isotherms
increase for the first time. For isotherms at the air-water interface this passage is
much smoother and further extended. This change is observed at both temperatures
(Fig. 5.1A and B).

The isotherms show quantitative differences in the surface pressure for the mi-
crogel monolayers at the air- and decane-water interface at both temperatures. The
surface free energy, i.e., the surface tension, is a measure of excess energy that a
material has at the surface or interface compared to the bulk. For Langmuir or
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Langmuir-Blodgett experiments II = vy — 7. is measured, where v, and 7. are the
surface tensions of the bare and of the microgel laden interface, respectively (Chap-
ter 3.1). This means that microgel monolayers display higher excess of energy at
the air-water interface compared to the decane-water interface. In other words, al-
though microgels are insoluble in both air and decane, pNIPAM-decane contacts are
energetically more favorable than pNIPAM-air contacts.

Another difference is the area/mass value at the contact point. The surface
pressure of the pNIPAM monolayers at the air-water interface at T = 20 °C starts
to increase at ~ 3000 cm? mg~!, in contrast to the OW interface where area,/mass ~
2000 cm? mg~!. A similar increase in area/mass from the decane-water to the air-
water interface is observed for the isotherms at T = 40 °C. Even though larger
area/mass values appear logical, because air-water interfaces display larger surface
free energy values and the spreading equilibrium of microgels depends on the surface
free energy, this could also be result of the normalization. For the normalization
it is assumed that all microgels contained in the spreading solution adsorb to the
interface, but the real amount which adsorbs might be drastically different for the
air- and decane-water interface.

The pNIPAM microgel monolayers at the air-water interface were deposited to
a solid substrate and analyzed with the same method as described in Chapter 4
to bypass this assumption. The depositions were imaged with an atomic force mi-
croscope, the images analyzed with a custom-written Matlab script and the image
positions correlated to the surface pressure. Isotherms with IT as a function of the
number of microgels per area, N,.q, are presented in Figure 5.2A and B.

A - . . B «

351

.1/—

1
35- 1
1

30+ ' 30+

251

/

5 é i

E ol - . : E ol : : :

z Y A - z I B

£ 5 N - : £ 5 B : .

= R - . = VB : :

10+ 1 .? . 1 10+ | 1 1
op-L 2] 2 [m] [v]:[v] of [t [u] ][],
10° 10’ 102 10° 10’ 102

Narea (HM-2) Narea (HM-2)

Figure 5.2: Compression isotherms, II versus number of microgels per area, N, eq, of
pNIPAM microgels at the air-water and decane-water interface. (A) Comparison of
air-water (green) and decane-water (blue) interfaces at T = 20 °C. (B) Comparison
of air-water (gold) and decane-water (red) interfaces at T = 40 °C. The errors are
presented as shaded areas. The different regimes visible in the isotherms are labeled
in roman numbers. Dashed lines in the respective colors indicate the transitions.

At both temperatures, the monolayers at the AW interface display the same two-
dimensional phase behavior as their temperature equivalents at the decane-water
interface. The distinct regimes visible in the compression isotherms are indicated
by dashed lines in the corresponding colors. Below the VPTT microgels display five
regimes labeled in roman numbers from I to V, namely a diluted state (I), the corona-
to-corona contact (II), the isostructural phase transition region (III), the core-to-core
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Figure 5.3: Atomic force micrographs of pPNIPAM microgel monolayers at T = 20 °C
(A-F, green box) and 40 °C (G-J, golden box) deposited from the air-water interface
at different compressions. The scale bars are 2 pm.

contact (IV), and the failure of the monolayer (V). Again, the microgel monolayers
at temperature above the VPTT (Fig. 5.2B, golden data points) display only a single
increase and regime IV, where microgels in core-to-core contact are compressed, is
missing. The different regimes are also visible in atomic force microscopy images
below (Fig. 5.3A-F) and above (Fig. 5.3G-L) the VPTT.

The difference in size, e.g., larger area/mass values discussed before, is also ob-
served in the I1- N,,..,-isotherms. Thus, the phase images of single and well-separated
microgels were investigated to determine their in-plane dimensions. For each inter-
face and temperature the contact areas of roughly 250 microgels were measured and
the overall (core+corona) and core diameter calculated. A difference between the
core and the corona is clearly visible in the contrast of the AFM phase images in
Figure 5.4A-D. Circles representing the core and the overall microgel are added for
clarity.

The resulting diameter probability distributions (Figure 5.4E and F, black lines)
were fitted with normal distributions to obtain the mean overall, Dyp, and core
diameter, D.,... The Gaussians are plotted with the respective colors of Figure 5.4A-
D. At equivalent temperatures Dyp increases from the decane-water to the air-water
interface by ~ 60 nm, whereas D.,.. is constant below the VPTT and increases
marginally by 15 nm (274 + 22 to 289 £+ 15 nm) above the VPTT (Tab. 5.1).

The increase of Dsp is not surprising since upon adsorption the microgels are
laterally stretched to increase their contact area with the interface and maximize
the gain in surface free energy, i.e., surface tension. |69, 70, 72, 78, 177| Air-water
interfaces have a surface tension of 72.3 mN m™! [178] at 20 °C compared to the
decane-water interface with 52.3 mN m~! [169] at 20 °C. Likewise, the decrease of
surface tension with temperature is similar for both interfaces (=% 3 mN m™!). As
for both experiments the very same pNIPAM microgels, Langmuir-Blodgett setup,
sub-phase, and substrates were used, the different stretching of the microgels must
only depend on the surface free energy of the interface. Consequently, the microgel
fractions at the interface are more stretched and have a larger diameter at AW
interfaces.

Interestingly, the fractions of the microgel situated in the aqueous sub-phase,
that is Dyre, do not display a considerable increase. In Chapter 4, we discussed
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Figure 5.4: In-plane diameter of microgels at different temperatures (T = 20 and
40 °C) and interfaces (air-water and decane-water). (A-D) AFM phase images
of microgels in dried state. The circles indicate the core and the whole micro-
gel visible in the AFM images. (A) T = 20 °C, air-water interface. Green circle:
core+corona, dark green circle: core. (B) T = 20 °C, decane-water interface. Blue
circle: core+corona, dark blue circle: core. (C) T = 40 °C, air-water interface.
Golden circle: core+corona, yellow circle: core. (D) T = 40 °C, decane-water in-
terface. Red circle: core+corona, purple circle: core. (E and F) Black lines are
the diameter probability functions of pNIPAM microgels. For each curve ~ 250 mi-
crogels were analyzed. The functions were fitted with normal distributions and the
colors correspond to the circles in A-D, the labels give the mode and the variance
of the Gaussian.

that the reduced collapsed of D.,,., from 360 to 270 nm, in comparison to Dy, from
300 to 170 nm, is due to the constrain of the stretched polymer layer, i.e., the corona,
at the interface. Following the above explanation one would expected that at the
AW interface D,,,. would increase likewise.

Furthermore, the measured D,p as a function of II can be used to estimate
the surface elasticity and its counterpart in bulk, the elastic modulus. As in this
experiment the spreading of individual microgels after adsorption is compared, we
start with the equation of the hydrostatic compression in two dimensions, defined
as [179]:

= — (5.1)

where K is the two-dimensional modulus of compression, p is the two-dimensional
analog of pressure (in force per unit length), and s is the interfacial area. Hydrostatic
compression defines that the film is compressed uniformly in all directions. [179] For
our case, we can rewrite this equation into:

(5.2)
where 7 is the surface tension and AD,p is the difference of the total diameter
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between the air- and decane-water interface. We omit the negative sign as the force
is in the opposite direction, i.e., an expansion is performed. With Equation 5.2, a
two-dimensional modulus of compression of K = (210 & 12) mN m™! is calculated
for the microgels at the air- and decane-water interface.

The compression modulus in two dimensions and the surface elasticity are con-
nected by the following relation: E(?P) = 2K (1 — v?P) [180]. Here, v?P) is the
two-dimensional Poisson’s ratio and EP) is the surface elasticity or two-dimensional
elastic modulus. The two-dimensional Poisson’s ratio can be obtained from the
three-dimensional one using the relations v¥?P) = v3P) for plane stress and v
vBP) /(1—vBP)) for plane strain. [180] As aforementioned, it is observed that (i) Dop
changes with v, but D.,.. does not, and (ii) the compressibility at larger microgel-to-
microgel distances is independent of the polymer network fractions in the aqueous
phase. Thus, we assume that for the stretching of the individual microgels plane
stress conditions are valid, where the polymer in-plane and in close proximity to
the interface dominates the elasticity. This assumption is in agreement with recent
literature [181], and therefore, v(2?) = »3D) is used. This relation leads to the
equation:

2D
L — K= _ A _ (5.3)
2 — 2V2D ADQD/DQD
In the literature, v®P) values are reported in the range between ~ 0.25 to 0.5 for
pNIPAM gels. [25, 182-185] For a perfectly incompressible isotropic material ((3")
= 0.5), Equation 5.3 becomes the same as Hooke’s law. However, we calculate the
surface elasticity using v®”) = 0.4 [184] and obtain a value of E ~ 250 mN m™.

For the comparison of the results with the literature, the surface elasticity in 2D
is converted into the Young’s Modulus, E®P). As we assumed that the stress normal
to the interfacial plane is zero (plane stress), the relation between E?P) and E®P)
is given by [181]: E?P) = EGD)/d where d is the thickness perpendicular to the
interface. Although the maximal extension of the polymer network into the aqueous
phase can be measured with ellipsometry (Chapter 4), we follow the suggestion of
Camerin et al. [181] and consider d to be significantly smaller, in the order of a few
nm. This is in agreement with the above-mentioned assumption that the polymer
in-plane and close proximity to the interface dominates the elasticity. Consequently,
we calculate the elastic modulus using d = 5- 10~ m according to the film thickness
of linear pNIPAM polymer measured with ellipsometry and neutron reflectometry
at the air-water interface. [170, 186-188] A Young’s modulus of E®?) ~ 50 MPa
is obtained, which is significantly larger than the E-moduli measured by AFM in
the literature (3 kPa to 13 MPa) [25, 189, 190|. Nevertheless, and despite the
vast amount of simplifications in our calculation, qualitatively the same trend was
observed by computer simulation [181], which is associated with the stiffening of the
polymer network in the interfacial plane compared to the polymer network normal
to the liquid interface.

Next, the evolution of the in-plane diameter of the pNIPAM microgel monolayers
at the air-water interface is followed by plotting the mean nearest neighbor distance,
NND; as a function of Ny, (Figure 5.5A and B). In regime I the microgels are
separated and a decrease of available area brings the microgel centers closer to
each other. Starting from regime II a confluent monolayer is observed. The lateral
compression with the barriers leads to a compression of the microgel coronae until
in regime III the isostructural phase transition takes place (Figure 5.5A and B).
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Here, microgels in two phases coexist and the number of microgels in the second
phase constantly increases. At the beginning of regime III, the microgel monolayers
below and above the VPTT have different NND; at T = 20 °C the transition starts
at 380 nm, and at T = 40 °C at 260 nm (Tab. 5.1). Below the VPTT, all microgels
have passed to the second phase (regime IV). This layer can be compressed further
and the NND is reduced from 190 to 160 nm. The monolayers above the VPTT
do not display the regime IV and a direct transition from the third to the fifth
regime is observed where the monolayers fail. At both temperatures the failure of
the monolayer takes place at the same NND of approximately 160 nm.

Aw B
S, [] []
700+ %, ' 700}
'
6001 \ : 00|
' '
' '
— 500+ ' ' — 500
g : ) s g
1 S, 1 o '
= 400 (W 3" Tarl = 400}
Q : ‘f\'"' 0ot Q
r4 L ] =z L
= 300 * £ 300
200 l“""-. 23 Sy -o“ : 200
‘°°EE@II < [ DD
0
10° 10’ 10? 10° 10" 10%
Narea (UmM-2) Narea (UM-2)
C D w :
700 700 't* :
r X, :
* ] ] ]
600 600+ . '
'
— 500 — 500}
E E
= 400 = 400}
S S
S 300 < 300r
200 200
0 E @ l I
0 0
10° 10‘ 10% 10° 10' 10%

Noarea (MM-2)

Noarea (MM-2)

Figure 5.5: Mean nearest neighbor distances, NND, versus number of microgels per
area, Ny eq, of pPNIPAM microgels at the air-water and decane-water interface. (A)
T = 20 °C, air-water interface. First phase: green, second phase: dark green. (B)
T = 40 °C, air-water interface. First phase: gold, second phase: yellow. (C) T =
20 °C, decane-water interface. First phase: blue, second phase: dark blue. (D) T =
40 °C, decane-water interface. First phase: red, second phase: purple. The errors
are presented as shaded areas in the respective color. Dashed lines indicate the
transitions between different regimes. The regimes are labeled in roman numbers.

The NND versus Ng,.., graphs for the decane-water interfaces are presented in
Figure 5.5C and D. The values at characteristic points for all interfaces are summa-
rized in Tab. 5.1. Comparing the values of both interfaces, it stands out that the
isostructural phase transition takes place at nearly the same NND, for monolayers
below the VPTT at 370-380 nm and above the VPTT at 260-270 nm, although Dsp
is significantly larger at the AW interface. Furthermore, a different NND for air-
and decane-water interfaces is observed in regime V, when the monolayer is fully
compressed and fails. Independently of temperature, the failure at the air-water
interface is observed at 160 nm, in contrast to the decane-water interface (145 nm).
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This indicates, that although the in-plane extension of the core seems not to be af-
fected, the amount of confined polymer increases with increasing surface free energy
of the interface.

Table 5.1: Physical dimensions of microgels monolayers at different compressions
deposited from air- and decane-water interfaces at T = 20 and 40 °C. Center-to-
center distance for the first phase, NND.,, the second phase, NNDy,4, the in-
plane diameter, Dyp, and the core diameter, D.,.., of the microgels at different
compressions.

Temperature Regime 11 N prea NND14 NNDs,y Dsp Dore
(°C) © @Nwm) (m?)  (nm) (nm) (nm) (nm)
air-water interface
I 0 < 2.8 - - (688 + 33) (360 £ 22)
II 0.2 2.8 (630 + 25) - - -
20 111 26.5 8.1 (380 + 40) (220 + 20) - -
v 30 25.2 - (190 + 15) - -
\Y% 31.5 43.9 - (160 £ 12) - -
I 0 < 3.2 - - (651 + 37) (289 + 15)
II 0.2 3.2 (600 + 20) - - -
40 111 31.3 18 (260 £+ 30) (190 + 20) - -
111 33.2 39.5 (185 £ 15) (160 £ 15) - -
\Y% 33.2 40.7 - (160 + 14) - -
decane-water interface
I 0 < 3.5 - - (627 £ 38) (357 £ 25)
II 0.2 3.5 (570 £ 20) - - -
20 111 27.5 8.3 (370 &+ 40) (210 £ 20) - -
v 32.1 25.8 - (180 + 10) - -
\% 34.7 48 - (146 + 12) - -
I 0 <39 - - (592 £ 45) (274 £ 22)
II 0.2 3.9 (540 + 25) - - -
40 111 32 17 (270 + 35) (170 £ 20) - -
111 34.2 47 (170 £ 15) (145 £ 15) - -
\Y% 34.8 48 - (148 + 15) - -

Furthermore, we can use the AFM images to extract height profiles of the mi-
crogels within the monolayer to compare the evolution of D.,,.. but also the height
of the dried microgels, as a function of compression and the interface. Definitely,
these height profiles do not give information about the in situ thickness of the mi-
crogel monolayers in hydrated state, but they give another dimension to explore the
spreading of the microgels at different interfaces.

Representative height profiles averaged over at least 40 individual profiles are
given in Figure 5.6A-D, the standard deviation is plotted as shaded area in the
corresponding color. The height of the microgels at the apex, H.ye, is determined
from the maximum value on the y-axis, D.,.. is compute using the Matlab function
knnsearch [176] and a threshold value of 1.5 nm. At the highest surface pressures,
microgel cores start to overlap, therefore, multiple microgels are shown. Here, D, ..
was calculated from the distance between the apices (Fig. 5.6A and C, red curves
and Fig. 5.6B and D, purple curves). He and D, are summarized in Table 5.2
for all profiles. In addition the NND are included for microgels at IT > 0 mN m™*.
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Figure 5.6: Averaged height profiles of microgels in dried state after deposition
to a solid substrate at different temperatures (T = 20 and 40 °C), interfaces and
compressions. For each profile &~ 40 microgels were analyzed. (A) T = 20 °C, air-
water interface. (B) T = 40 °C, air-water interface. (C) T = 20 °C, decane-water
interface. (D) T = 40 °C, decane-water interface. Different colors represent different
compressions. The standard deviation in height and length is given as shaded areas
in the corresponding color.

Height profiles at 0 mN m~! are depicted by black lines in Figure 5.6A-D. A
decrease of Hy. is observed for microgels below (from 21 to 20 nm) and above
(from 27 to 23 nm) the VPTT from the decane- to the air-water interface. In
contrast, the values of D,,.. do not change between the OW and AW interface, as
already determined by the phase images and compression isotherms (Tab. 5.1 and
Tab. 5.2).

To explain this observation, one has to first recall the characteristics of microgels.
In solution, microgels display a polymer volume fraction decay from the center to the
periphery. [49] Reaction kinetic data prove that this is a consequence of the faster
consumption of the cross-linker (BIS) during the polymerization. [50, 51| Thus,
microgels also display a cross-linker gradient from the core to the outside. Indeed,
this characteristic dominates their conformation at the interface and microgels depict
a core-corona or fried-egg like structure, as shown in Chapter 4 and sketched in
Figure 5.7.

This structure also suggest that the polymer layer actually adsorbed or in very
close proximity to the interface is not exclusively composed of the lowly cross-linked
polymer network or dangling chains, but apparently also of the more cross-linked
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sections of the microgel. In other words, if one would only look at a cross-section a
few nm thick (Figure 5.7A), with its center at the interfacial plane, it would be very
likely that this quasi 2D polymer network displays an inhomogeneous cross-linking
and polymer distribution from the center to the periphery (Fig. 5.7B). Clearly, this is
a strong simplification that does not consider two important factors: (i) the bending
of the interface due to the microgels, and (ii) the parts of the microgel not adsorbed
to the interface. Nevertheless, the assumption can be justified to some extent taking
results for silica-core-polymer-shell microgels into account. [191] The silica cores in
these hybrid-microgels have an exceptional higher density than the core of regular
pNIPAM microgels, but still the cores touch the oil-water interface.

Let’s now imagine that this quasi 2D construct is adsorbed to the liquid interface
and its structure is influenced by the additional surface free energy (Fig. 5.7B).
The polymer network is stretched and flatten to increase the number of contacts
with the liquid interface. The polymer chains, typically displaying random coil
conformation in solution, are straiten and extended in length due to the tensile
stress of the interface, giving a penalty in entropy, i.e., free energy of elasticity.
[2] It can be expected that the center of the network, on one hand, gives more
resistance to deformation due to the higher cross-linker content [2, 192], and on the
other, experience less stress due to the higher polymer content [174]. If now the
surface free energy is increased, e.g., from the decane- to the air-water interface,
the microgel as a whole displays larger in-plane dimensions (Dsp), mostly because
of the outer parts of the network. Although the core experience the same change,
the effect would be mitigated due to aforementioned reasons and the increase could
be so small that it is not registered by our analysis. Especially, because although
assumed to be monodisperse, microgels actually display a size polydispersity of ~
8% in solution (Chapter 4).

A B

oil

2D side view
2D top view
of cross section

corona

water

Figure 5.7: Sketch of the conformation of a pNIPAM microgel with inhomogeneous
cross-linker distribution at the oil-water interface. (A) side view with a cross-section
(red dashed box) and (B) 2D top view of the cross-section.

Furthermore, for the center of the microgels it has to be considered that there is
more polymer in the third dimension (Figure 5.7 A), e.g., out-of the interfacial plane,
whose adsorption could be energetically more favorable in contrast to stretching the
network further. Because the differences in H.,. between the decane- and air-water
interface are small compared their standard deviation (Tab. 5.2), a clear statement
cannot be made. Nevertheless, the decrease of the averaged height at least indicates
that the increased surface free energy leads to a stronger adsorption of fractions of
the polymer network situated in the aqueous phase.
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Consequently, changing the surface tension of the interface has the same effect on
the different parts of the microgels, i.e., the core and the corona, but their response
is different. While the corona of the microgels is stretched significantly more (Dsp
- D¢ore &= 60 nm), the core seems to be nearly unaffected. This difference might be
explained by the stronger resistance to deformation of the microgel center, due to
a higher polymer and cross-linker density, and stronger adsorption of polymer from
out-of the interfacial plane. Clearly, this hypothesis has to be verified, using for
example softer microgels [86], or by further variation of the v difference [193].

We can now focus our attention on the case of microgels under compression.
Around 0.2-1 mN m™~!, the microgels get into contact and a nominal decrease of the
height is observed by about 1 nm independently of the interface and temperature
(Tab. 5.1). This reduction of the height is related to the topographic measurement in
the AFM. For a dried sample, only the height difference of the protruding structures
is sensed. Therefore, all heights within one AFM image are relative to the lowest
point of the image. At IT = 0 mN m™!, the microgels are not in contact and the
lowest point is the bare substrate. In contrast, after the contact (IT > 0 mN m™!),
the whole substrate is covered by polymer and H,,,. is relative to the surface of the
microgels’ coronae. Since the height of adsorbed polymer chains on a solid substrate
is roughly 1 nm [194], the decrease in height from 0 mN m™! to 0.2-1 mN m~? is due
to the thickness of the polymer layer surrounding the cores which is not resolved.
Especially at higher compression the disparity of the measured height and absolute
height of the monolayer increases, because the microgels are laterally compressed
and the unresolved polymer layer becomes thicker.

Between 0-26 mN m~! for 20 °C and I ~ 0-30 mN m~! for 40 °C H,,,. increases
and D, decreases with compression. In this [I-range the nearest neighbor distance
is larger than D, ., the cores are not in contact (Tab. 5.2) and compression is be-
lieved only to act on the corona (Chapter 4). The height profiles underline that this
assumption is not entirely correct. Although the corona is preferentially compressed
(the expansion of the corona is proportional to NND—D,,,.), the core is also influ-
enced. Following the above explanation, it seems logical that the more cross-linked
and denser part of the quasi 2D object is much harder to compress. Accompanied by
the decrease of D.,,. the height of the core must increase due to volume conservation
of the microgels. It is questionable if the hydrated cores show the same dependence.
Microgels are interconnected networks and the tensile stress on the adsorbed poly-
mer layer is passed on through the cross-linker to fractions of the network further
away from the interface. But pNIPAM is a highly flexible polymer [2| and the stress
can be dissipated through the swollen network with increasing distance from the
interface. During the deposition and drying in the Langmuir-Blodgett trough ex-
periment, the network is affected by the displacement of the interconnection points
and the stretching (or compression) of the adsorbed polymer layer. As a result, the
lateral size (Do) becomes smaller and the height (Hy..) of the dried microgels
increases.

At surface pressures in the range of the phase transition, IT ~ 26-30 mN m~* for
20 °C and IT ~ 30-33 mN m~! for 40 °C, only a slight increase of H,.. is observed.
In this state (regime IIT) the hydrated cores of the microgels touch. Upon drying
the polymer has to collapse onto itself forming a thick underlying layer which can
not be resolved by AFM. For these surface pressures, D, is calculated from the
distance of the apices, and thus, the values are in agreement with NNDy, 4.
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Table 5.2: Physical dimensions of microgels monolayers at different compressions
deposited from air- and decane-water interfaces at T = 20 and 40 °C. Averaged
height of microgel profiles at the apex, H...., the core diameter, D.,.., the nearest
neighbor distance of the first phase, NND;4, and the nearest neighbor distance of
the second phase, NND,,4, at different compressions.

11 Heore Deore NND1y NND2pa 11 Heore Deore NND1y NND2pa

(mNm™)  (nm) (nm) (nm) (nm) (mN m™) (nin) (nm) (nm) (nm)

air-water interface

20 °C 40 °C
0 (20 £2) (369 + 35) - - 0 (23 £2) (277 £ 23) -
0.2-1 (19 £2) (328 £34) (610 + 40) - 0.2-1 (22 +2) (289 +31) (590 + 36)
10 (22 £2) (304 +30) (520 +41) - 20 (29 £3) (253 £25) (470 £ 39)
20 (26 £3) (292 &+ 30) (460 + 48) - 30 (34 £3) (245 £ 26) (320 £ 31) -
26 (31 +3) (286 +27) (380 + 40) - 32 (35 +3) (249 +23) (260 £ 53) (185 + 29)
30 (33 £5) (158 &+ 43) (285 4 100) (181 £ 40) 32.2 (35 £3) (162 £ 23) (190 £ 35) (162 =+ 20)
decane-water interface
20 °C 40 °C
0 (21 £2) (358 & 25) - - 0 (27 £3) (280 =+ 30) -
0.2-1 (20 £ 2) (363 £36) (575 + 40) - 0.2-1 (26 +3) (265 + 25) (515 + 42)
10 (28 £2) (294 +30) (510 + 48) - 20 (36 £4) (245 £ 24) (430 £ 47)
20 (35 £3) (272 £ 25) (460 + 42) - 30 (44 £3) (239 +20) (315 + 33)
26 (41 £ 3) (266 £ 26) (390 + 40) - 32 (46 £ 5) (230 +30) (275 + 39) -
30 (43 £2) (181 £19) (340 £90) (200 £ 40) 33.2 (49 £3) (156 £ 30) (250 & 77) (158 + 30)

Lastly, the ordering of the interfaces is presented by the hexagonal order pa-
rameter, Wq, as a function of Ny, in Figure 5.8A-D. Besides the already discussed
differences of the onset points of the transitions from one regime to the other, the
trend of Wg at the air-water interface (Figure 5.8A-B) and the decane-water inter-
face (Figure 5.8C-D) shows no substantial differences and there is no evidence that
changing the interface influences the short- and long-range order of the pNIPAM
microgels. The evolution of both, Uy and the pair correlation function, G(r), are
discussed in more detail in Chapter 4.
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Figure 5.8: Hexagonal order parameter, Wq, as a function of number of microgels
per area, Ny eq, of pNIPAM microgels at the air-water and decane-water interface.
(A) green full circles: T = 20 °C, air-water interface. (B) golden full circles: T =
40 °C, air-water interface. (C) blue full circles: T = 20 °C, decane-water interface.
(D) red full circles: T = 40 °C, decane-water interface. The errors are presented as
shaded areas in the respective color. Dashed lines indicate the transitions between
different regimes. The regimes are labeled in roman numbers.

5.4. Conclusion

In summary, the two-dimensional phase behavior of adsorbed microgel monolayers
at the air-water interfaces below and above the volume phase transition temperature
was investigated. Langmuir-Blodgett type depositions were conducted and imaged
by atomic force microscopy to get information on the in-plane dimensions and to
obtain the microstructures. It is shown that microgel monolayers at the air-water
interface have the same temperature dependence as expected from the oil-water
interface.

The aim of this chapter was not only a qualitative but also quantitative com-
parison to elucidate the influence of the surface free energy on the single microgel
conformation. Therefore, the results were directly compared to equivalent measure-
ments of the same pNIPAM microgels at the decane-water interface. [29] Differences
between the air- and decane-water interfaces are observed for the total diameter
of the microgels at the interface (Dsp). The increased surface tension (air-water
72.3 mN m~! [178] at 20 °C and decane-water 52.3 mN m~! [169] at 20 °C) leads
to a stronger stretching of the microgel coronae, but not for the size of the microgel
cores (D, ore). This effect is associated with the core-corona structure of microgels in
bulk and at the interface. The cross-linking and polymer volume fraction gradient
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of the microgels in aqueous solutions [49-51] forces also a gradient in the adsorbed
polymer layer. The denser and more cross-linked area (= the core) of the microgels
gives a stronger resistance to deformation.

Stronger adsorption of the polymer network to the air-water interface becomes
obvious when the inter-particle distance (NND) of the monolayer failure is examined.
Similar to the decane-water interface the failure of the monolayer is independent of
the temperature, indicating that there is a maximum number of polymer segments
that can be confined at or in close proximity of the interface. In contrast to the
decane-water interface, this limit is reached at larger NND proving that with an
increase of surface free energy more segments of a single microgel adsorbed to the
interface.

Finally, the results demonstrate that microgels at the air-water and decane-
water have the same temperature-dependent two-dimensional phase behavior. At
both interfaces the temperature-dependent swelling perpendicular to the interface
(“3D") affects the compressibility parallel to the interface (“2D”).

5.5. Data Availability

Research data for this chapter may be accessed at https://hdl.handle.net/21.
11102/7d2ae8aa-e857-11ea-afb2-e41£1366df48.
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6. Out-of-Plane Structure of Microgels at the Air-
Water Interface

6.1. Introduction

The combination of responsiveness and flexibility of microgels leads to interesting
opportunities for fundamental studies [30, 195, 196] and applications [16, 75, 197|
in bulk and at interfaces. The structure of microgels and their response to exter-
nal stimuli is well understood in solution [49, 54| and more complex systems have
been investigated in recent years. [198-201] In contrast, a full description of the
microscopic structure of adsorbed microgels at liquid interfaces is still missing. On
one hand, the in-plane structure and ordering of adsorbed microgels has extensively
investigated by experiments and simulations; |70, 76, 89, 202| on the other hand,
only few experimental studies deal with their out-of-plane structure. In most cases,
computer simulations are used to elucidate the microscopic conformation of micro-
gels normal to the interface and access information which are not experimentally
measurable. [72, 79, 88] However, a sophisticated model is needed to not bias the
results, and experimental data and evidence are needed to improve the quality of
simulations to obtain a comprehensive understanding of the out-of-plane conforma-
tion of microgels at interfaces.

Neutron reflectometry (NR) is a powerful technique to obtain information on
the structure and physical properties of interfaces and thin films, such as chemical
aggregation, polymer and surfactant adsorption, magnetic systems, and biological
membranes. [135-138, 203] The unique strong point of NR, compared to other re-
flectometry techniques, is the possibility of isotropic contrast variation. As opposed
to electromagnetic radiation, neutrons interact with the nuclei and not with the
electron cloud of atoms. The contrast of nuclei varies in a non-monotonic way be-
tween isotopes and elements. [145] Thus, it is possible to change the contrast of a
system dramatically, for example, by exchanging hydrogen with deuterium, without
considerably changing the chemistry of a system. Recently, Zielinska et al. used NR
to investigated the adsorption and structure of nanogels (D, < 40 nm) at interfaces
highlighting the feasibility also for microgels. [170, 204|

In this chapter, we present in situ neutron reflectometry data of conventionally
cross-linked and ultra-low cross-linked microgels at fluid interfaces. The evolution
of the reflectivity curves is studied at different temperatures and/or compressions.
The data were fitted with a slab model to generated out-of-plane scattering length
density profiles of these microgels. These experimental results can be of great help
to elucidate the microscopic conformation of microgels normal to interfaces and
validate existing computer simulations.

6.2. Experimental

6.2.1. Materials

For the interface experiments, deuterium oxide (D,O) was purchased from Merck
KGaA, Germany. Air-contrast matched water (ACMW) was produced by mixing
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8 vol% D20 with 92 vol% HyO. For ACMW and cleaning Milli-Q water (Merck
KGaA, Germany) with a resistivity of 18,2 MOhm-cm was used. Deuterated Chlo-
roform (CDCl3) was purchased from Alfa Aesar, USA. CDCl; was used as solvent
and spreading agent of the microgels. All chemicals were used as received.

6.2.2. Specular Neutron Reflectometry

Specular neutron reflectometry measurements were conducted on the Fluid Inter-
faces Grazing Angles Reflectometer (Figaro) in the Institute Laue-Langevin, Greno-
ble, France and the Apparatus for Multi-Optional Refectometry (Amor) in the Paul
Scherrer Institute, Villigen, Switzerland.

6.2.3. Compression Isotherms and Depositions

The procedure for compression isotherms and depositions at the decane-water in-
terfaces is explained in detail in Chapter 4. The measurements at the air-water
interfaces were conducted in the same way, but instead of 80/20 vol% mixtures
of water-propan-2-ol, 50/50 vol% mixtures of water-propan-2-ol or microgels sus-
pended in chloroform were used. This was done to maximize the adsorption of the
microgels to air-water interfaces and minimize partial loss of microgels into the sub-
phase. This loss is unavoidable if the surface-active component and the spreading
agent are soluble in one of the two immiscible phases.

6.2.4. Image Analysis

The open-source analysis software Gwyddion 2.54 was used to process the AFM
images. All images were leveled to remove the tilt and zero height was fixed as
the minimum z-value of the image. AFM images of the deposited dried microgel
monolayers were analyzed with a custom-written Matlab script based on the image
analysis routine of Ref. [76]. The script was already used in Chapter 4 and details
can be found there. The number of microgels per area, the mean nearest neighbor
distances, and the hexagonal ordering parameter were calculated for all images.

The analysis of microgel monolayers was extended by height profiles of the mi-
crogels in the dried state. Profiles were extracted through the apex of the microgels
and at different angles with respect to the fast scan direction. Multiple height pro-
files of one image were summarized and aligned to the apex (zero coordinate of the
x-axis) to obtain averaged microgel profiles and not to bias the results. The averaged
profiles are presented with the standard deviations as the error. The apex height of
the averaged microgels was computed using the Matlab function findpeaks and the
averaged diameter of the microgels was determined by the knnsearch [176] with a
threshold of 1.5 nm.

Figaro

Figaro is a high flux, flexible resolution time-of-flight (TOF) reflectometer with a
horizontal sample stage. It is used for studies of thin films at air-liquid, liquid-liquid,
and solid-liquid interfaces. The instrument is capable of upward and downward
reflection at a wide g-range between 0.0045 to 0.45 A~!. The g-range is controlled
by the incoming beam wavelengths (2 to 30 A) and the grazing angle of incidence,
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O¢, (0.615 to 3.766°). Here, two configurations were used to cover a g¢-range of
0.0089 to 0.35 A~ with the incoming beam wavelengths between 2 to 20 A and 2
to 30 A at Oy 0.615 and 3.766°, respectively. The resolution, Aq/q, of Figaro can
be varied between 1.2 and 9.8% to maximize the flux at very low grazing angles.
In all Figaro experiments the resolution was set to 7%. Typically, an area of ~ 10
x 40 mm? is illuminated with the neutron beam. Reflected neutrons are detected
by a two-dimensional multitube detector positioned at a distances of 3 m from the
sample. The detector consist of an aluminum plate with 64 squared channels cut
into it, giving a horizontal resolution of 8 mm and a vertical resolution of 2 mm.
Each of these tubes is filled with *He and CF, and contains Stablohm wire, which
detects neutrons by charge division.

For the experiments a teflon Langmuir trough with an area of 100 cm? and a
volume of ~ 60 mL equipped with two parallel moving teflon barriers was used.
The trough was placed inside an gas-tight box with heated sapphire or quartz glass
windows to prevent condensation. The box is placed on an active anti-vibration
stage which can be moved vertically and horizontally. Prior to a measurement series
(measurements between 10 and 40 °C in 10 °C steps) the trough was carefully cleaned
and a fresh air-water (D;O or ACMW) interface was created. For temperature
control, the trough was connected to an external water bath. The trough was
cooled down to 10 °C and left to equlibrate for 30 mins. The microgels were added
to the interface from solution with a concentration of 1 mg mL~! in deuterated
chloroform. Subsequently, the interface was compressed to 13 mN m~' and the
first measurement was conducted. Afterwards the trough was tempered to the next
temperature and left to equilibrate for 30 mins. For each contrast measurements
at 10, 20, 30, and 40 °C were conducted. A feedback loop controlled and adjusted
the surface pressure during the experiments. Surface pressures were measured with
paper Wilhelmy plates.

Amor

Amor is a neutron reflectometer capable of measuring in both TOF and monochro-
matic mode, with polarized and unpolarized neutrons at PSI. Amor has a horizontal
sample-plane geometry to study air-liquid, liquid-liquid, and solid-liquid interfaces.
In TOF mode a g-range up to 0.2 A1 is attained by varying the wavelength of
the incoming beam between 1.5 and 13 A and the grazing angle of incidence be-
tween 0.5 and 3.0°. Here, three configurations to cover the g-range from 0.009 to
0.2 A=! were used with the neutron wavelengths between 3.5 and 12 A and grazing
angles of ©g = 0.5, 1.4, 3.0°. The area the neutron beam illuminates is approxi-
mately 100 mm?. Amor is equipped with a multi detector system consisting of two
3He-detector tubes and a multi-wire *He-chamber with 2 mm spacial resolution.

In the experiments NR measurements were performed at the air-liquid inter-
face. A temperature-controlled teflon Langmuir trough with a single teflon barrier
was used to reach and control different the surface pressures. The initial trough
area is 160 cm? and compression is possible down to 70 cm?, to leave enough space
for the surface pressure sensor and the neutron path. Surface pressures were mea-
sured with paper Wilhelmy plates. Previous to the measurements the trough was
carefully cleaned and a fresh air-D,O interface was created. Microgels were spread
from a 1 mg mL~"! solution in deuterated chloroform directly to the air-water inter-
face with a Hamilton syringe. Subsequently, the monolayer was compressed to the
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desired surface pressures and the reflectometry measurement was conducted. The
surface pressures were between 1 and 30 mN m™! and could not be reached with
one compression. Thus, different initial amounts of microgel solutions were spread
to fresh air-D,O interfaces to reach all measurement points. The temperature was
set to T =(20 £ 0.5) °C.

6.2.5. Data Correction and Reduction

The reflectivity of a sample is the ratio of the number of reflected and incident neu-
trons. The number of incident neutrons is recorded by a direct beam measurement,
that is, without the sample environment in the neutron path. As the collimation and
wavelength of the neutron beam changes for different grazing angles, direct beam
measurements are conducted for each setup. The reflection of the clean interface,
i.e., without a thin film present, is measured to obtain the background. The back-
ground measurements are conducted for each sub-phases, DoO and ACMW, and
each grazing angle of incidence. The results of the specular NR measurements of
the sample are then corrected and reduced to one-dimensional reflectivity curves
as a function of the normal scattering vector ¢q. A full reflectivity curve, over the
whole ¢-range, is obtained by merging together the results from the different angle
of incidence. It is important to have significant ¢ overlap of the different measure-
ments to reduce errors. The reduction is performed using computer programs such
as COSMOS [205] in the LAMPS [206] framework.

6.2.6. Data Analysis

The resulting 1D-reflectivity curves have to be analyzed to obtain physical meaning-
ful parameters. Generally, a direct inversion of the experimental data is not possible
due to the loss of phase information. Therefore, a model-based approach is used
to fit the data. The model consists of n parallel layers placed between the fronting
or top-phase and the backing or sub-phase. Each distinct layer of the film consists
of a homogeneous material with a scattering length density, N, ,, a roughness, o,
and a thickness, d,,. From these values the reflectivity curve of the model system is
calculated using the recursive Parratt- [207], Born and Wolf matrix-formulism [143],
or Abeles matrix method [146]. The calculated reflectivity curve is compared to the
experimental data and the goodness of the fit is determined, for example by the
least-squares method or x2-test. The parameters, Ny ,,, 0,,, and d,,, are optimized by
a recursive algorithm reducing x? until the best fit of the given model is achieved.
Here, the program Motofit [208] was used to create and optimize a model for the
thin films. Motofit employs Abeles matrix method: starting from the Fresnel coef-
ficients (Equation 3.8 and 3.9 in Chapter 3.4) the roughness or diffuseness between
the layers n and n + 1 is accounted for by an error function, following Névot and
Croce [209] (Equation 6.1).

kn - kn—i—l

T _2knkn n,n 2 ) 1
kn + kn+1 eXp( +10n,n+1 ) (6 )

'nn+l =

where k, is the wave vector of each layer given by k, = \/ k% — 47 (Npn — Npo).
ko = q/2 and Ny is the scattering length density of the top-phase or fronting.

The thickness of each layer is introduced by a phase factor 3, = k,d,. The method
of Abeles defines a characteristic matrix, C,,, for each layer in terms of the modified
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Fresnel coefficients and the phase factor:

_ exp (ﬁn) Tnn+1 €XP (/Bn)
O = { Tnnt1€Xp (—Bn)  exp(—0y) 1 : (6.2)

The product of the characteristic matrices for each layer, M = [C1][Cy]...[Cy], gives
the reflectivity of the sample:

My |2
Mol
With the parameters, N, 0, and d,,, of the best fit the scattering length density
profiles normal to the interface, N, ., are calculated using Equation 6.4.

R = (6.3)

n

an—an+1( (Z—Zn))
Ny, = § —2n O (] + erf , 6.4

0

where z is the distance from the top-phase, and erf is the error function [210].
Similar to microgels in bulk [49], the total thickness of the microgel monolayer

can be approximated taking into account the thickness, d,, of the layers and the

smearing into the top- and sub-phase, i.e the roughness. The total layer thickness

is defined by:

dtotal = done“-dn + 200716 + 2Ubkg . (65>

It has to be clarified that due to the naming in Motofit [208] oyp. is the roughness
between the zero and first layer (top-phase and first layer of the film) and oy, is
the roughness between the nth layer and the background (last layer of the film and
the sub-phase).

In the fitting process of the data, the resolution, Ag/q, given by Equation 6.6
for TOF measurements is account for by a constant factor (Ag/q = 7%).

() -G () 69

where At is the pulse time length, and ¢ is the time-of-flight of the pulse.

6.3. Results and Discussion

6.3.1. Neutron Reflectivity as a Function of Temperature

Figures 6.1A and B present the reflectivity of pNIPAM microgels at T = 10, 20, 30,
and 40 °C and at two contrasts, DO or ACMW, with N, = 6.36 and 0-1076 A2
[211], respectively. The microgels are the very same as already characterized in
Chapters 4 and 5. The measurements were conducted at constant surface pres-
sure of IT ~ 13 mN m™!, where the microgels have a center-to-center distance of
approximately NND = 500 nm.

Reflectivity curves of thin films typically have oscillations, called Kiessig frin-
ges [146, 212|, or Bragg-peaks [213|. These features appear due to destructive or
constructive interference of reflected beams from the different interfaces, e.g., the
top-phase-thin-film, or thin-film-substrate interface. Their amplitude and frequency
are greatly affected by roughness, diffusiveness, film thickness, and scattering length
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Figure 6.1: Reflectivity curves of pNIPAM microgels at T = 10, 20, 30, and 40 °C
at the air-D,O (A,C) and air-rACMW (B,D) interface. Black circles in A and B
correspond to the reflectivity of the bar interface. For reasons of clarity, error bars
are not plotted. Reflectivity curves with fits (black solid lines) at the air-D,O (C)
and air-rACMW (D) interface. The curves are shifted in y-direction to make them
more recognizable. (E) Scattering length density profiles at the air-DoO interface
from the fits in C. (F) Scattering length density profiles at the air-ACMW interface
from the fits in D. Dashed black lines indicate zero SLD and zero distance from the
interface.

density (SLD) contrast, which is the difference in SLD between two neighboring
layers. [214]. For example, the spacing of the fringes can be used to calculate the
thickness of the film by d = 27 /Aq.

For the pNIPAM microgel films (Fig. 6.1A and B) no features are observed and
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all reflectivity curves decay smoothly until they reach the values of the background
(between 1077-107%). This can be related to the structure and conformation of
microgels; their solvent swollen polymer network, without a clearly defined surface,
composed of pNTPAM (N, = 0.939-10-% A=2) [211] damps the oscillations until no
features are visible.

Nevertheless, a clear difference in reflectivity is observed for the pNIPAM mi-
crogel films (colored circles) compared to the bare interface (black circles) at both
contrasts. Furthermore, with increasing temperature also the reflectivity curves of
the pNIPAM microgel monolayers change. This effect is rather small at the air-D50,
but well pronounced at the air-rACMW interface. In Fig. 6.1A and B it is shown
that increasing the temperature above the VPTT of the microgels (around 32 °C)
leads to an increase of reflectivity (yellow and red circles) while at T' = 10 and 20 °C
the curves coincident (green and blue circles). In bulk the polymer network of a mi-
crogels expels solvent and deswells, increasing its density and refractive index with
temperature. Consequently, we interpret the change of reflectivity as a decrease in
the thickness of the film. These measurements once more confirm that microgels are
still thermo-responsive normal to the interface.

A more quantitative description of the influence of temperature on the reflectivity
of the microgel films is obtained fitting the curves with an appropriated model. In
the absence of a well-described neutron reflectivity model for microgels, we used the
model proposed by Zieliriska et al. for nanogels. [170]. This model consists of three
layers; the first is in direct contact with the top-phase, and therefore, is composed
of air, polymer (pNIPAM), and solvent (D;O or ACMW). The air is also taken
into consideration, as it has been shown that the microgels partially protrude into
the top-phase. [70, 72] However, this protrusion is dependent on the solubility of
the microgels in the top-phase and the surface tension between top- and sub-phase.
[83] For air-water interfaces, the lowest protrusion is expected because pNIPAM is
insoluble in air and the air-water interface has the highest surface tension. [169, 178,
215] The second and third layers are composed of polymer and solvent only and are
characterized by a decreasing amount of polymer with increasing distance from the
interface.

In Fig. 6.1C and D the reflectivity curves of the pNIPAM microgel are shown
again, this time, shifted in the y-direction to make them more recognizable and with
the fit of the three-layer model (solid black lines). In Table 6.1 the parameters of
the best fits and the total thickness of the film approximated with Equation 6.5
are presented. From these parameters, SLD profiles normal to the interface are
calculated using Equation 6.4. The profiles are shown for DoO and ACMW in
Figure 6.1E and F, respectively. Most informative are the SLD profiles at the air-
ACMW interface. Here, the profile of the microgels is directly visible, because
there is no contrast between the top- and sub-phase. Independent of temperature,
close to the interface a thin layer is observed that has a high SLD and protrudes
slightly into the air. Then the scattering length density of the film rapidly decays,
stays nearly constant for a certain distance until it gradually smears out. The
SLD of the fit, N sy, are directly connected to the polymer volume fraction by
Nosit = dpnipam Nopnipav + (1 — dpnrpan) Np solvent,; and consequently, the SLD
profiles are proportional to the volume fraction of the polymer network.

The influence of temperature on the microgel monolayers can be followed from
the values in Tab. 6.1 and the SLD profiles at the air-rACMW interface (Fig. 6.1F).
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Increasing the temperature above the VPTT of the microgels leads to changes in
the SLD profiles. The first layer of condensed polymer increases in thickness (= 17
to 29 A), roughness (25 to 30 A), and SLD (0.22 to 0.60-10~% A~2). For linear
pNIPAM polymers and nanogels at ambient temperature d-values in the range of
7-20 A were observed. [170] Furthermore, Fig. 6.1F shows that the protrusion into
air increases by a few nanometers. For the remaining part of the polymer network,
a scenario similar to the behavior of microgels in bulk is observed [49]: increasing
the temperature above the VPTT leads to a strong decrease of the size (thickness)
and solvent content. For the first three measured temperatures, the second layer of
the model does not significantly change, in contrast to the third layer (Tab. 6.1).
At 40 °C, the second and third layers display almost the same thickness and solvent
content with low roughness in between. For comparison with the other temperatures,
both layers are merged together. The results display a reduction of the thickness
(from ~ 1200 to 700 A), roughness (220 to 170 A), and solvent content (97 to
86 sol%). In the SLD profiles, this transition becomes evident by the decrease of
extension into the sub-phase and the increase of N, ,.

As expected, the total thickness of the microgel monolayer is constant at T = 10
and 20 °C and becomes smaller at T = 30 and 40 °C. The thickness decreases from
diotar = 180 to 110 nm upon crossing the volume phase transition temperature. This
result is consistent with ellipsometry measurements of the same pNIPAM microgels
(Chapter 4). Ellipsometry shows a decrease in the thickness of the layer from =~ 200
to 110 nm, and the same trend has been reported by other groups and methods.
[72, 79, 93]

The conformation of the microgels, that is their SLD profile, can be compared to
results obtained by computer simulations |72, 177, 216] or for nanogels [170, 204].
During the measurements the surface pressure was constant at II ~ 13 mN m~!. At
this value the center-to-center distance of the microgels is larger than the size of their
densely cross-linked core; “free space” is expected between neighboring microgels,
which is not occupied by polymer (Chapter 4). In the SLD profiles at the airr ACMW
interface this “free space” is filled with the solvent that is invisible for neutrons. In
comparison to simulations, the profiles displayed here present an average over a
large number of microgels because the illuminated spot size is roughly 10® times the
size of a microgel. Nevertheless, the experimental profiles of the pNIPAM microgels
(Fig. 6.1F) agree with simulated profiles of in silico synthesized microgels with a
similar cross-linker content (5.5 mol%). [72]

6.3.2. Neutron Reflectivity as a Function of Compression

In Figure 6.2A the results of neutron reflectivity measurements of the pNIPAM mi-
crogels at T = 20 °C as a function of compression are presented. Il-values were
chosen according to their compression isotherms (Chapter 4 and 5). The regular
cross-linked microgels display an isostructural phase transition between ~ 25 and
32 mN m™!, but unfortunately, surface pressures above 30 mN m~! could not be
reached with the Langmuir trough setup of Amor. Therefore the surface pressures
investigated were IT = 1, 10, 20, 26, and 30 mN m~!. At these values dried microgel
monolayers display averaged center-to-center distances in the range from & 600 to
220 nm (Chapter 5). During the measurements, surface pressures were kept constant
by the Langmuir trough setup. To study the influence of compression, NR experi-
ments were only conducted at the air-D,O interface, because the measurements at
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Table 6.1: Results of the three-layer model fit of the reflectivity curves in Figure 6.1
for the pNIPAM microgels at different temperatures. d is the thickness, d;, the
approximated total film thickness, o the roughness, and o4, the roughness with
the background. For the first layer the scattering length density, Ny rir, was a free
parameter. For layers two and three the concentration of solvent, sol, was fitted.
Both contrasts were fitted simultaneously to obtain the data.

Temperature Layer 1 Layer 2 Layer 3 Background
d o Ny jir d o sol d o sol Obkyg dzgmz
(°C) A @A) @A) A A ) A ) (A) (A)
10 16 25 0.22 68 12 82 1233 74 97 215 (1797 £+ 233)
20 18 26 0.25 66 11 81 1170 90 96 225 (1756 + 246)
30 22 27 0.36 78 9 83 834 103 93 223 (1434 £ 287)
40 29 30 0.60 345 8 86 357 90 87 176 (1143 £ 263)

the air-rACMW interface would take to much time due to the lower neutron flux of
Amor (compared to Figaro) and the low contrast of the microgels.

Again, the reflectivity curves show a distinct different between the bare air-D,O
and the microgel laden interface. The interface with the lowest surface pressure,
i.e., at II = 1 mN m™!, has the highest reflectivity. With increasing compression,
the reflectivity of the monolayer decreases to 30 mN m~!. In comparison with the
reflectivity curves at different temperatures (Fig. 6.1A and B), this trend indicates
an increase of the microgel monolayer thickness with surface pressure. Furthermore,
at higher IT more and more air-D,O contacts are substituted by polymer. [174] In
other words, the increase of polymer density, and simultaneous decrease of D50,
leads to a reduction of the reflectivity, because DO has a much higher scattering
length density (N, = 6.36-10~% A=2) [211] than pNIPAM (N, = 0.939-10~% A-2)
[211].

The same model as described above was used to fit the reflectivity data at dif-
ferent compressions to obtain a more quantitative description of the microgel con-
formations. In Figure 6.2C, the reflectivity curves are shown with the fits, shifted
in the y-direction to make them more distinguishable. The results for the best fits
are presented in Table 6.2. The model shows that the microgels’ film thickness is
hardly influenced by compression until 20 mN m~!. Above this value, the thickness
strongly increases and is constant again between 26 and 30 mN m~!. We can com-
pare this trend with the height profiles of microgels at different II after deposition in
Chapter 5. At T = 20 °C, the deposited dried microgels show a monotonic increase
of the height between 1 and 26 mN m~! from roughly 20 to 31 nm. Starting from
the onset point of the phase transition (around 26 mN m™!) the microgels within
the monolayer display a nearly constant height.

We can explain the difference between the in situ film thickness and the dry
height considering the internal conformation and structure of microgels at inter-
faces. Upon adsorption microgels laterally stretch to roughly two times their size in
solution to maximize their contact area with the interface and display a core-corona
structure. |29, 76, 78, 79] In Chapters 4 and 5, it is shown that the onset point of
the isostructural phase transition for microgels below and above the VPTT coincides
with the lateral size of the microgel fractions situated in the aqueous phase. These
fractions are described by the size of the core, D.,.., in Table 5.1 of Chapter 5.
Concluding that until the total in-plane size of the microgels reaches a value close
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Figure 6.2: Reflectivity curves of pNIPAM and ULC microgels at different surface
pressures at the air-D,O interface. (A) Reflectivity curves of pNIPAM microgels
at IT = 1, 10, 20, 26, and 30 mN m~!. (B) Reflectivity curves of ULC microgels
at II = 1, 20, and 29 mN m~!. In A and B Only every fourth point was plotted
to enhance the visibility. The measurements were conducted at T = 20 °C. The
Reflectivity curves of pNIPAM (C) and ULC microgels (D) with fits at the air-
D,0O interface. Reflectivity curves are shifted to make them more recognizable. (E)
Scattering length density profiles at the air-D,O of pNIPAM microgels interface
from the fits in C. (F) Scattering length density profiles of ULC microgels at the
air-D,O interface from the fits in D. Dashed black lines indicate zero SLD and zero
distance from the interface.

t0 Deore only the corona, i.e., the part of the polymer network in direct contact with
the interface is compressed. This means, that the microgels fractions situated in the
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aqueous sub-phase should not be influenced by compression until a surface pressure
of about 26 mN m™!. Indeed the in situ NR measurements display a significant
change in thickness only at IT > 26 mN m™!.

Yet, for the microgel height profiles at different compressions, e.g., Fig. 5.6A,
an increase of H.,. is registered at surface pressures even before 26 mN m~!. In
Chapter 5, it is discussed that the lateral compression influences both the corona
and the core of the microgels, although the response of the core is attenuated due
to its higher cross-linker and polymer content. During the deposition and drying
of the microgels, this compression becomes visible, consequently the lateral (Do)
becomes smaller and the vertical dimension (Hc,..) increases (Chapter 5, Fig. 5.6).
Furthermore, it is speculated that in the hydrated state the flexibility of the pNIPAM
polymer network can dissipate the applied stress. These NR results strengthen this

hypothesis as no significant increase of the monolayer thickness is observed.

When the corona is fully compressed, i.e., II ~ 26 mN m™!, the fractions of the
microgels situated in the aqueous phase start to interact. Similar to bulk, these parts
repel each other due to steric and/or electrostatic interactions. As the microgels are
fixed at the interface (the desorption energy exceeds 10° kpT [69]) compression
leads to an increase of polymer density and thickness. Both effects are observed
with the NR measurements and captured by the model (Tab. 6.2). Compression
from IT = 20 to 26 mN m~* leads to a decrease of solvent inside the film by only 3 %
(93 to 90 s0l%), but an increase of the thickness of about 30 nm (1200 to 1500 A).
The work of further compression goes into the nucleation and growth of microgels
in the second hexagonal phase [76] and II increases slowly (Chapter 5). Between
II = 26 and 30 mN m™!, the NR data do not show a significant increase in the
microgel thickness. Unfortunately, measurements at surface pressures higher than
30 mN m~! were not possible, because of the used Langmuir-Blodgett setup.

The results of the NR display an interesting trend which should be investigated by
further measurements. The use of a different Langmuir trough setup, to reach higher
compressions, and with deuterated pNIPAM microgels to increase the contrast at
the air-rACMW interface appears reasonable. In addition, other techniques, such as
super-resolved fluorescence microscopy, cryo-TEM, or computer simulations, should
be used to investigate and verify the here discussed results.

Table 6.2: Results of the three-layer model fit of the reflectivity curves in Figure 6.2C
for the pNIPAM microgels at different compression. d is the thickness, d;., the
approximated total film thickness, o the roughness, and oy, the roughness with
the background. For the first layer the scattering length density, Ny fir, was a free
parameter. For layers two and three the concentration of solvent, sol, was fitted.

IT Layer 1 Layer 2 Layer 3 Background
§l o Nb‘,f/“ d o sol d o sol Obkyg diotal
@Nm™) A) @A) @A) @) A A A % (A) (A)
1 20 24 0.50 58 7 84 1087 50 94 241 (1695 £ 356)
10 19 27 0.39 58 10 82 1255 33 93 224 (1834 + 275)
20 19 24 0.30 56 11 82 1212 26 93 225 (1785 + 411)
26 20 25 0.80 29 13 79 1542 22 90 232 (2105 + 505)
30 20 24 1.00 30 10 76 1493 26 90 220 (2031 £ 366)
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6.3.3. Neutron Reflectivity of Ultra-Low Cross-Linked Microgels

Lastly, we discuss NR measurements of ultra-low cross-linked (ULC) microgels.
These microgels are discussed in more detail in Chapter 8. ULC microgels are
the microgels with the lowest number of cross-linking points that can be made by
precipitation polymerization. For the synthesis of ULC microgels, no additional
cross-linker, such as BIS, is used, and cross-linking of the polymer network takes
only place via transfer reactions. [199, 217| This low number of cross-links results
in an extreme softness, and they have a distinct polymer-to-particle duality. [30,
31] In contrast to regular cross-linked microgels, such as the pNIPAM microgel dis-
cussed before, they do not display a core-corona structure at interfaces. AFM images
Fig. 8.6 of Chapter 8 show that they deform into disk-like objects or pancakes, have
a height below 2 nm, and a large size polydispersity in the dried state. The same
structure was found in the literature. [197, 199, 218] In contrast to regular micro-
gels, which form colloidal crystals confined in 2D, ULC microgels form a uniform
polymer film and the single microgels become indistinguishable in the dried state,
just around the onset point of the compression isotherm. With increasing surface
pressure, the ULC microgels start to become distinguishable again. heir compression
isotherms display a single increase with the formation of a (pseudo-) plateau around
IT = 28 mN m~!. Based on the isotherms and the AFM images of deposited mono-
layers surface pressures for the NR measurements were chosen to be Il = 1, 20, and
29 mN m~!. Again, NR experiments were conducted only at the air- D,O interface
and at T = 20 °C.

The reflectivity curves are presented in Figure 6.2B and show the same general
trend as the curves of the pNIPAM microgels: increasing the surface pressure de-
creases the reflectivity of the film. Fitting to the picture of the ULC microgels as
a soft object with low density, the reflectivity of the bare air-D,O interface and at
of ULC microgels at II = 1 mN m~! are nearly identical. As displayed by gradi-
ent Langmuir-Blodgett type depositions, ULC microgels form a closed monolayer
at IT = 1 mN m~!. We suggest that the agreement of the curves is not due to the
formation of islands and sample inhomogeneity, but due to the nature of the ULC
microgels themselves.

The reflectivity curves of the ULC microgels were fitted with a two-layer instead
of the three-layer model model; one of the solvent-polymer mix layers was removed,
due to their pancake structure at the solid-air interface. A two-layer model is typi-
cally used to fit linear (pNIPAM) polymer at air-water interfaces. [170, 219| It has
been reported that nanogel systems can not be fitted with this model [170], empha-
sizing the special structure of the ultra-low cross-linked microgels. The fits to the
reflectivity curves of the model at different compressions are shown in Figure 6.2D
and the parameters are summarized in Table 6.3. The corresponding SLD profiles
are shown in Figure 6.2F.

The SLD profiles display a similar behavior as the pNIPAM microgels. A thin
polymer layer (=~ 15 A) is in direct contact with the interface, and the second layer
composed of polymer and solvent extends into the sub-phase. For example, the
second layer at 1 mN m~! is composed of 99 % solvent. In contrast to the regu-
lar cross-linked microgels, ULC microgels display a significant increase in thickness
in the first increase of the compression isotherm, i.e., between 1 and 20 mN m™!
(Tab. 6.3). This difference has to be related to the different structures of the mi-
crogels. As discussed above, in the case of regular microgels the coronae have to be
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overcome before the cores can be laterally compressed. The absence of the corona
for the ULC microgels leads to lateral compression of the whole polymer network
starting from the contact point, that is when the surface pressure deviates from
0 mN m~!. Due to the softness of the network, the lateral compression does not
fully translate into an increase of the vertical dimensions (700 to 840 A) but also into
condensing the polymer network (99 to 95 sol%). Further compression above the
onset point of the pseudo-plateau (Fig. 8.5A in Chapter 8) leads to an even stronger
increase in both, the thickness and polymer content of the monolayer (Tab. 6.3,
I = 20 and 29 mN m™'). The same effect was observed for the deposited ULC
microgel monolayers. [30] Since the ULC microgels become indistinguishable at cer-
tain compressions, the root means square roughness, orrg, of the deposited film was
measured (Fig. 8.7B in Chapter 8), instead of analyzing height profiles. The mono-
layers display a modest increase of ogyrg between 1 and 28 mN m™!, but a strong
increase above 28 mN m™!, given complementary results to the data presented here.

To fully elucidate the out-of-plane structure of ULC microgels at liquid-liquid
interface further NR measurements, not only at different surface pressures but also
as a function of temperature are needed. Recently, deuterated ULC microgels were
synthesized by Brugnoni et al. [217], allowing contrast variation experiments at air-
D50 and ACMW interfaces. With multiple contrasts a more sophisticated, model-
based analysis of the reflectometry data becomes feasible.

Table 6.3: Results of the two-layer model fit of the reflectivity curves in Figure 6.2D
for the ULC microgels at different compressions. d is the thickness, d;q the ap-
proximated total film thickness, o the roughness, and oy, the roughness with the
background. For the first layer the scattering length density, IV, ¢, was a free pa-
rameter. For layer two the concentration of solvent, sol, was fitted.

II Layer 1 Layer 2 Background
d ag Nb,fit d g sol Obkg dtotal
mNm™) (A) (A  (10°A2) X)) A (%) (A) (A)
1 15 19 0.12 697 6 99 160 (1070 + 150)
20 15 19 0.35 841 7 95 190 (1274 + 175)
29 15 15 0.84 1290 9 90 270 (1875 + 300)
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6.4. Conclusion

In this chapter, neutron reflectometry data of regular and ultra-low cross-linked
pNIPAM microgel monolayers are presented. The experiments were conducted as
a function of the sub-phase temperature and/or compression of the monolayers. A
distinct influence on the neutron reflectivity is observed. The resulting reflectivity
curves were analyzed by a model-based approach. In absence of a well-defined NR
model for the microgel monolayers, a model proposed for nanogels [170] was used,
which consists of three distinct regions: a dense polymer layer in direct contact with
air and lower water content, followed by two fully hydrated layers with decreasing
amount of polymer.

The temperature-dependent measurements at the air-D,O and air-ACMW in-
terface affirm ellipsometry measurements [29, 93| and computer simulations [29, 72,
79]. Parts of an adsorbed microgel, in direct contact with the interface, do not dis-
play any thermo-sensitivity. However, the majority of a microgel is situated in the
aqueous phase. Upon an increase of temperature, these fractions still deswell and
undergo a volume phase transition. A strong point of neutron reflectometry is that
the phase contrast can be changed readily through isotropic substitution (contrast
variation). Contrast variation was used to obtain reflectivity curves arising only
from the microgel monolayer. The resulting SLD profiles (Fig. 6.1F) display good
agreement with simulated out-of-plane density profiles [72].

A series of measurements at different surface pressure was realized to elucidate
the influence of lateral compression on the vertical extension of microgel monolay-
ers. These experiments were conducted for two different microgel systems, namely
regular and ultra-low cross-linked microgels. Regular cross-linked microgels display
a core-corona or fried-egg structure at interfaces, |70, 76, 78, 83, 89| while ULC mi-
crogels display a disk-like or pancake conformation [30, 197, 199]. Differences in the
evolution of the out-of-plane extensions were observed and connected to the micro-
gels’ structural characteristics. For regular cross-linked microgels, the thin corona
of adsorbed polymer must first be overcome, in contrast to ULC microgels where
the absence of the corona leads to a direct increase in monolayer thickness.

It should be made clear that significant improvements in the experiments and
data analysis are needed to fully experimentally elucidate the out-of-plane struc-
ture of microgels at liquid-liquid interfaces. Experiments could be conducted with
deuterated pNIPAM with a higher contrast to increase the reflectivity of the microgel
monolayers or other modeling methods, e.g., the recursive Parratt-formalism [207],
could be used to increase the agreement between model and NR data. Nevertheless,
the data presented here are the first step and could be used, for example, to build
more sophisticated models and stimulate further studies of microgels at air-water
interfaces under compression with computer simulations.
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7. Influence of the Architecture on the Interfacial
Properties of Microgels: Transition from Linear
Chains to Hollow Microgels

7.1. Introduction

At interfaces and in bulk, microgels are on the boundary between polymers and
particles. Adsorbed to interfaces they have on one hand, strong polymer-like char-
acteristics, showing barrier-free adsorption [69] and conformational (or structural)
changes [68]. On the other hand, they have superior stability like Pickering emul-
sion, due to their strong anchoring to the interface, exceeding thermal energy by
a factor of 10%. [69] Among others properties, this intriguing duality makes them
interesting for both applications and fundamental research.

In solution not only the number of cross-linking points within the polymer net-
work can be used to tune the polymer-to-particle duality of microgels to either side
[4, 220] but also the architecture plays an pivotal roll for their softness and deforma-
bility. [165] When adsorbed to interfaces the cross-linking density has been shown
to effect both the deformation and the phase behavior of the microgels. [30, 86, 89|

In this chapter, we investigate pNIPAM-polymer systems whose topologies or
architecture are varied by the increase of cross-linking (or grafting) points and also
by incorporation of a solvent filled cavity in the center of microgels. Starting from
linear pNIPAM, through star-shaped, ultra-low cross-linked, regular cross-linked, to
hollow microgels the interfacial behavior of pNIPAM-based systems is investigated
with compression isotherms.

7.2. Experimental

7.2.1. Materials

For all compression isotherms, Milli-QQ water (Merck KGaA, Germany) with a resis-
tivity of 18,2 MOhm-cm was used as a sub-phase. Decane (Merck KGaA, Germany)
was used as an oil-phase. The decane was filtered three times over basic aluminium
oxide (90 standardized, Merck KGaA, Germany). The last filtration step was done
immediately before the experiment. To facilitate spreading, propan-2-ol (Merck
KGaA, Germany) was used. Pentaerythritol tetrakis(2-bromoisobutyrate) (4f-BiB)
and copper(I) bromide were purchased from Sigma-Aldrich, USA. Methoxybenzene
(anisole) and N-isopropylacrylamide (NIPAM) was purchased from Acros Organics,
Belgium, N, N’-methylenebisacrylamide (BIS) from Alfa Aesar, USA, and chloroform
(CHCl3) from Merck KGaA, Germany. For the synthesis of linear and star-shaped
pNIPAM polymers, NIPAM was recrystallized from n-hexan at 55 °C. If not stated
otherwise chemicals were used as received.

7.2.2. Synthesis

Star-shaped pNIPAM polymers (pNIPAM-star) with four arms were synthesized
by atom transfer radical polymerization (ATRP). [221, 222| Therefore, anisole was
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destabilized over basic aluminum oxide, dried with molecular sieves (3 A), and de-
gassed under argon atmosphere. 0.001 g of the core (4f-BiB), 0.00156 g of CuBr,
and 0.30874 g recrystallized NIPAM were weight-in and placed into a round bottom
flask under argon atmosphere for at least 15 minutes. Subsequently, the destabi-
lized anisole was added and the reaction mixture heated to 80 °C. After temperature
equilibrium, the reaction was initiated by addition of 0.00251 g of the ATRP ligand
MegTREN. The reaction was carried out for 24 h and then stopped by quenching
with chloroform. The product was purified by column chromatography with basic
aluminum oxide to remove the CuBr. The purified star-shaped pNIPAM polymer
was analyzed with proton nuclear magnetic resonance spectroscopy, 'H-NMR, and
gel permeation chromatography, GPC. The weight averaged molecular weight of the
star-shaped pNIPAM polymer is M,, = 52650 g mol~!. The polydispersity index
is PDI = M,,/M,, = 1.67. The repeating number of monomer units per polymer
is npr ~ 460. This means, under the assumption that all arms have equal length,
the repeating number per arm is 115 monomer units. The 'H-NMR shows broad
peaks at characteristic chemical shifts, dysr, of pNIPAM at 'H-NMR, (400.13 MHz,
CDCI3) énymr (ppm): 1.0-1.9 (N-CH-(CHj)2); 1.9-2.3 (2H, CHy); 2.4-2.85 (m, 1H,
CH,-CH-CON); 3.8-4.1 (bs, 1H, NH).

The synthesis and characterization of star-shaped pNIPAM polymer were con-
ducted by T. Kurtschildgen in the scope of his research thesis ‘Synthese von NIPAM-
Sternpolymeren und deren Oberflacheneigenschaften’ supervised by Dr. A. A. Stein-
schulte and myself. Linear pNIPAM polymer (pNIPAM-lin) was synthesized by
A. P. H. Gelissen and Dr. A. A. Steinschulte. [30] The same pNIPAM-based 5
mol% cross-linked Microgels, labeled pNIPAM microgels, as in Chapters 4, 5 and 6
were used. The synthesis protocol can be found in Ref. [29]. Ultra-low cross-linked
(ULC) microgels and hollow (HS60 and HS105) microgels with different cavity sizes
were synthesized and analyzed by M. Brugnoni. Hollow microgels were synthesized
by precipitation polymerization of pNIPAM shells with 5 mol% BIS onto sacrificial
silica cores with a hydrodynamic radius of ~ 60 and 105 nm. The instructions and
results can be found in Ref. [165]. Synthesis protocol of ULC microgels can be found
in Chapter 8.

7.2.3. Compression Isotherms

Compression isotherms were measured at the decane-water interface for all sam-
ples. Experiments were conducted in a commercially available liquid-liquid Lang-
muir trough (KNIC220, KSV NIMA, Biolin Scientific Oy, Finland) and a customized
liquid-liquid Langmuir-Blodgett trough (KSV NIMA, Biolin Scientific Oy, Finland)
made of poly(oxymethylene) glycol with areas of ~ 397 and 402 cm?, respectively.
The minimum area for both troughs was fixed to approximately 40 cm?. Decane
was chosen as oil-phase as pNIPAM is not soluble in alkane oils. [82, 83] For
each measurement, the trough was carefully cleaned with Milli-Q water and a fresh
decane-water interface was created. Both troughs were temperature controlled by
an external water bath. The measurements were conducted at (20.0 £ 0.5) °C. All
samples were in aqueous solutions and mixed with 20 vol-% of propan-2-ol to fa-
cilitate spreading and minimizing partial loss of the interfacial active species. The
samples were applied with a glass syringe forming droplets above the air-decane
interface and then gently touching the interface. The syringe was weighed before
and after application to obtain the mass of added solution.
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The surface pressure, II, was probed with a highly porous platinum Wilhelmy
plate (perimeter = 39.24 mm, KSV NIMA, Biolin Scientific Oy, Finland) to ensure
optimal wetting with the aqueous sub-phase and thus a contact angle of 0°. The
probe was attached to an electronic film balance (KSV NIMA, Biolin Scientific Oy,
Finland) and placed parallel to the barriers. For all measurements, the barriers were

closed with a velocity of 10 mm min~?.

7.3. Results and Discussion

The linear and star-shaped pNIPAM-based polymer samples (pNIPAM-lin and pNI-
PAM-star) were characterized by 'H-NMR and GPC; the parameters for M, and
ny are summarized in Table 7.1. Microgel samples (ULC, pNIPAM, HS60, and
HS105 microgels) were analyzed by multi-angle dynamic light scattering, DLS (for
details see Chapter 4). Additionally, the molecular weight of ULC and pNIPAM
microgels were computed by the combination of the viscosity of microgel suspensions
and DLS. For this, the time of fall, ¢, of a fixed volume of differently concentrated
suspensions through a thin capillary of an Ubbelohde viscosimeter was measured
and the kinematic viscosity, ng, calculated. With a known sample density that
can be approximated with the one from water (pm,0), due to the low microgel
concentrations, 7, can be converted into the viscosity, n = nrpu,0. The relative
viscosity (7, = 17/Nsolvent) s a function of the suspension concentration is fitted with
the Einstein-Batchelor equation [223] to obtain the conversion constant k. This
constant is related to the volume of the swollen microgels (Vi = 4/37 R} 20 o) and
the mass of the particle. [165, 220] The values for the hydrodynamic radius in the
swollen state, R, 29 oc, the viscosity averaged molecular weight, M,;s, the number of
monomer units, n,s, and the concentration of cross-linker in the synthesis, c., are
summarized in Table 7.1.

Table 7.1: List of used samples and summary of the parameters in solution and at
the interface. M, is the weight averaged molecular weight, M,;, is the viscosity
averaged molecular weight, nj; is the number of monomer units, R 29 oc is the
hydrodynamic radius from dynamic light scattering, c.; is the concentration of cross-
linker in the synthesis, area/mass., is the area/mass at the contact point, and Gyass
is the mass fraction of adsorbed polymer.

Sample ]\/jw/]vjm's npm Rh,Z(] °C Cel area,/ma,sscp C’mass
(g mol ) () (mm)  (mol%) (cm?mg) ()

pNIPAM-lin 113000 ~ 1000 - - ~ 1.6-10* (0.90 + 0.12)
pNIPAM-star 52650 ~ 500 - - ~ 1.5-10"  (0.83 & 0.07)
ULC microgel (1.36 £ 0.1) - 108 =~ 1.2-10% (134 +£ 1) 0 ~ 6.7-103 (0.43 £ 0.04)
pNIPAM microgel (4.6 4+ 0.4)-10%* =~ 4.3-10%* (153 & 3) 5 ~2.0-10> (0.13 & 0.08)
HS60 microgel - - (206 + 3) 5 ~4.7-10°  (0.34 + 0.09)
HS105 microgel - - (230 £ 5) 5 ~4.7-10°  (0.34 £ 0.07)

* values were determined by combination of dynamic light scattering and viscosimetry
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The interfacial phase behavior of the different pNIPAM-based systems was in-
vestigated with compression isotherms at the oil-water interface at 20 °C. The II-
area isotherms were normalized to the amount of species added to the interface,
area/mass, and are presented in Figure 7.1. The errors and uncertainties associated
with the repetition of the measurements and the amount of added spreading solution
are indicated as shaded areas in the appropriate color.
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Figure 7.1: Il-area/mass compression isotherms of all samples at T = 20 °C..

Most generally, the compression isotherms of the different samples display two
trends: for the pNIPAM polymers, pNIPAM-lin and pNIPAM-star, and for the ULC
and HS105 microgels a single increase is observed (Fig. 7.1, red, purple, green, and
orange curves, respectively), which then passes over into a plateau at higher surface
pressures. This course agrees with isotherms of linear pNIPAM homopolymers with
different molecular weights and at different compression ratios found in the liter-
ature. [186, 187, 224] The pNIPAM (blue) and HS60 (golden) microgel isotherms
in Figure 7.1 display two increases separated by a pseudo-plateau, representing the
typical 2D phase behavior of microgel monolayers below the volume phase transition
temperature (VPTT). |23, 76, 78, 84, 88| Besides this classification, all isotherms
have similar slopes in the first increase.

For systems with more constraints, e.g., grafting points or cross-links, the iso-
therms start to increase at lower area/mass. Starting from the pNIPAM polymers,
pNIPAM-lin and pNIPAM-star, at the highest area/mass values (Fig. 7.1, red and
purple curves), a monotonic decrease towards lower area/mass is observed for the
ULC (green curves) to the pNIPAM microgels (blue curves). The introduction of
a cavity into the polymeric network (HS60 and HS105 microgels) has the opposite
effect; the onset point of the first increase is at larger area/mass values (Figure 7.1
golden and orange curves) compared to the regular pNIPAM microgels with the
same cross-linker amount and similar hydrodynamic radius.

The distinct onset points can be related to the architecture of the different species
by calculating the mass fraction of adsorbed polymer, (,,qss. Therefor, (qss is de-
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fined as the ratio of the amount of the polymer which contributes to the compression
isotherms plotted in II versus area/mass, Magsorped, and the initial amount of sam-
ple added to the interface, Magded, (Cnass = Madsorbed/Madded). Because Magsorbed
is unknown, (s is calculated by collapsing the compression isotherms (II ver-
sus area/mass) onto the isotherm of a reference sample, the linear pNIPAM, using
Gnass = . (area/mass)sampie/ Y, (area/mass) eference- Here, the isotherms dis-
play a similar slope in the first increase and all area/mass values in the range of II
= 5 to 20 mN m~! were used to compute Cmass-

Clearly, this calculation is dependent on the amount of pNIPAM segments of
the linear polymer adsorbed to the interface. However, (.55 gives a measure of the
strength of the samples’ deformation in comparison to the most flexible state, the
linear polymer. In other words, (,,qss defines the amount of polymer in proximity to
the interface, contributing to the compression isotherm in the IT versus area/mass
plot, and how much polymer is inaccessible, for example, because the network con-
strains further spreading. Besides making the polymer network more rigid, it has to
be considered that (,,.ss decreases strongly with the size of the object because the
volume is proportional to r* and the area to r.

The isotherms collapsed onto the isotherm of pNIPAM-lin are shown in Fig-
ure 7.2A and the values of (,,.ss for the samples are presented in Figure 7.2B and
summarized in the last column of Table 7.1. First, the influence of conformational
constraints by the addition of grafting point or cross-links, pNIPAM-lin, pNIPAM-
star, ULC, and pNIPAM microgels, are discussed. The conformation of polymers
at liquid interfaces is related to the flexibility of the polymer and the interaction
strength with the interface. [226] pNIPAM is a highly flexible polymer with a strong
adsorption to the (decane-water) interface (gain of surface free energy > k,T). [2,
227, 228| Typically, flexible polymers adsorb to an interface having trains (adsorbed
segments), loops (segments in proximity to the interface between two trains) and
tails (dangling chains into the aqueous phase). For non-linear polymers, such as
star-shaped, brush-like, or branched polymers, the grafting points, i.e., the center of
the star, result in a decrease of conformational freedom at the interface. Adsorption
of the same amount of polymer to the (same) interface would result in a significant
decrease of entropy, consequently, less polymer is adsorbed. [229, 230| Here, for the
used homopolymer stars with four arms, a slight decrease is visible to (455 = 0.88
compared to pNIPAM-lin (Fig. 7.2B, purple circle).

The introduction of cross-links, i.e., the formation of a polymer network, leads to
a further constraint of the stretching. Additionally to the decrease of conformational
freedom, now due to the interconnected network, straitening or deformation of parts
of the polymer are passed onto regions outside the interfacial plane. Indeed, one
can see in Figure 7.2B that the ULC polymer displays a significantly smaller (455
value of 0.43. Although the ULC microgels display the softest pNIPAM microgels
which can be synthesized with precipitation polymerization [1, 199, 220] and thus
one can assume that their polymer network has the lowest amount of cross-links, a
large reduction of (,,4ss 1S Observed.

Increasing the cross-linker content to 5 mol%, which is the pNIPAM microgel,
leads to a reduction of the polymer adsorbed to the interface in relation to pNIPAM-
lin to &~ 0.13. As already discussed in Chapters 4 - 5, these microgels, in fact, display
a large fraction of polymer that is situated in the aqueous phase. In agreement with
the literature [30, 86|, Gnass shows that an increase of cross-linker in the synthesis
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Figure 7.2: (A) Il-area/mass compression isotherms of all samples at T = 20 °C
shifted to the isotherm of pNIPAM-lin. (B) Calculated mass fraction of adsorbed
polymer, Gyqss, of the different species. (C) II-mass/area (I') compression isotherms
in log-log representation for all samples at T = 20 °C. The isotherms of pNIPAM-
star, ULC, HS60, HS105, and pNIPAM microgels were shifted to the one of pNIPAM-
lin using the (455 values. No errors were plotted to make the curves more distin-
guishable. (D) II-mass/area (I') compression isotherms in log-log representation for
all samples at T = 20 °C. Isotherms of ULC, HS60, HS105, and pNIPAM microgels
were shifted for better visibility. The black dashed line is a fit with a power-law de-
pendence to the semidilute regime. The straight line in the log-log plot has a slope
of myp = 3.5960 and v = 0.65. The black dotted and dash-dotted lines display
experimental values of v = 0.56 and 0.79. [225] For theta conditions, the straight is
parallel to the y-axis.

leads to more rigid, less deformable (or soft) objects. The very same trend has al-
ready been reported for a series of differently cross-link pNIPAM microgels (from 1 to
10 mol%) at the air-water interface. [86] Furthermore, we can compare the results of
our pNIPAM microgels to larger microgels with 5 mol% cross-linker (R;, = 330 nm).
[89] These microgels display a area/mass value of ~ 900 cm? mg~! at the contact
point and thus a (,,.ss of roughly 0.06.

Interestingly, as aforementioned, the isotherms of ULC microgels do not show
a second increase confined in 2D, although ULC microgels form stable polymer
networks and display crystallization in three-dimensions [30]. The two-dimensional
phase behavior and the influence of the extreme softness of the ULC microgels in
solution and at the interface are discussed in more detail in Chapter 8.
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The hollow microgels (HS60 and HS105) were synthesized by polymerization
of a pNIPAM shell (with 5 mol% of BIS) around differently sized silica cores (Ry,
~ 60 and 105 nm). In a second step, the silica core was removed by the means
of sodium hydroxide (NaOH) solution. The dissolution of the cores leads to the
formation of a solvent filled cavity. [165, 231] Figure 7.2B shows that this cavity
leads to an increase of (,,,ss compared to the pNIPAM microgels, although the
polymer network contains the same amount of cross-linker and the HS microgels
have slightly larger hydrodynamic radii (Tab. 7.1). Thus, we can conclude that the
substitution of a densely cross-linked core with the cavity increases the softness or
deformability of microgels at interfaces. In fact, a similar correlation was observed
for silica core-shell and hollow microgels, where the equivalent HS microgels display
larger area/particle-value than the core-shell microgels. [88] On top of that, a recent
study of the very same hollow-microgels (HS60) in overcrowded environment reports
that the HS microgels display an even larger deswelling with an increase of the bulk
concentration compared to ULC microgels. [165]

The behavior of the different samples within the first increase, sometimes re-
ferred to as the semidilute regime for linear polymers at interfaces, can be compared
in more detail when plotted in a log-log representation (Figures 7.2C and D). In
Figure 7.2C, the isotherms are shown as surface pressure versus the mass/area or
surface coverage, I'. The isotherms of the pNIPAM-star, ULC, HS60, HS105, and
pNIPAM microgels were shifted to the one of pNIPAM-lin using the (.. values
depicted in Figure 7.2B. The curves are in agreement at low compressions (I <
0.7 mN m™1), implying that the first interaction of all samples is the same. In Fig-
ure 4.3D of Chapter 4, it is even shown that even isotherms of microgels above their
VPTT coincidence in this surface pressure range with the one of linear pNIPAM.
At higher compressions (IT > 1 mN m™!), the isotherms deviate, but strikingly, all
microgels samples show similar behavior. Furthermore, the isotherms of pNIPAM-
lin, Figure 7.2C, red curves, display a linear course in the semidilute regime, typical
for linear polymers.

In three dimensions, the scaling theories express that all physical properties
of polymer solutions have power-law dependencies. [232, 233| For example, the
radius of gyration, Ry, of an isolated chain can be written as R, oc N¥, where N
is the number of bond segments and v the critical exponent describing the solvent
quality. This theory can be expended into the two-dimensional case of polymers in
the semidiluted state. [225, 234] As a result, a power-law dependence, relating
[' and the surface pressure (II o I'"2P), is obtained. Here, the exponent msp
gives the critical exponent, v, by maop = 2v/(2v-1). |225] The value of the critical
exponent displays the quality of the interface as a solvent for the polymer. For theta
conditions, v is predicted to be 1/2, and for a good solvent v & 3/4. [225, 233, 235]

The linear increase in the log-log representation of pNIPAM-lin was fitted with
the power-law, Figure 7.2D, red curve and black dashed line, respectively. From
the slope in the narrow region between 2.5 to 17 mN m™! and 1 to 1.6 mg m~2, it
was determined that v has a value of 0.65 £+ 0.04, taking the error of the isotherms
into account. This estimate of the 2D Flory exponent is in between the value for
polymers in good and theta solvent conditions at interfaces. [225, 234] The literature
reports experimental data of poly(butyl acrylate) [225], poly(methyl methacrylate)
[234], and poly(vinyl acetate) [225] with v values of 0.56, 0.57, and 0.79, respectively.
For comparison, straights with the corresponding slopes for v = 0.56 and 0.79 are
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plotted in Figure 7.2D, dotted and dash-dotted black lines. Although the liquid
interface is a solvent with distinct different quality for these polymers, they are all
insoluble in water. However, this could also be an explanation for the 2D Flory
exponent of pNIPAM in between the theta and good solvent: Upon compression
in the semidilute regime polymer segments of the linear pNIPAM might be easily
pushed into the aqueous sub-phase. [187| As a consequence, the slope, i.e., v, is
underestimated. [225]

In Fig. 7.2D, one can see that all other II-mass/area isotherms are different and
do not follow this power-law dependence in the semidilute regime. While for the
pNIPAM-stars a linear increase can still be conjectured, none of the microgel sam-
ples’ isotherms follow the scaling law. Please note again that the curves of ULC,
HS60, HS105, and pNIPAM microgels (Fig. 7.2D, green, golden, orange, and blue
curves) had to be shifted along the x-axis to a lower surface coverage for better visi-
bility. Consequently, we learn from Figures 7.2C and D that although the isotherms
of ULC and HS105 microgels (Fig. 7.1, green and orange curves) display only a
single increase and that although the initial slope of all isotherms (Fig. 7.2A) looks
very similar, when observed in more detail, their compressibility is different from
linear pNIPAM. This difference has to be related to the stronger constraints of the
network and the resulting larger amount of polymer within the aqueous side of the
interface.

Lastly, we explore the difference in the compression isotherms for the HS60 and
HS105 microgels more. The golden and orange curves in Figure 7.1 show that
hollow microgels with a small cavity (and thicker polymer shell) have two increases
and hollow microgels with a larger cavity (and thinner polymer shell) have a single
increase. Thus, gradient Langmuir-Blodgett trough depositions were conducted (for
details regarding the procedure see Chapter 4). In Figure 7.3A, C, and D, atomic
force microscopy images of the deposited microgels in the dried state are shown.
The HS60 microgels exhibit a circular shape with a flat center of constant height.
Height profiles through the apices of the microgels in Figure 7.3A were extracted
and averaged. The averaged profile, presented in Figure 7.3B, reveals that the HS60
microgels have a dent in their center, in contrast to regular microgels which display
a bell-like shape (Chapter 5). Logically, this dent has to be related to the structure
of the hollow microgels with a solvent filled cavity in the center: upon drying the
solvent is removed and the polymer collapses. As there is no polymer in the center,
it displays a lower height. Still, these microgels describe a core-corona structure.

In contrast, depositions of HS105 microgels at low compression (Fig. 7.3C, II
= 5 mN m™!) display irregularly shaped structures and (polymer) fragments of
different heights. Upon close inspection, one can see that some of these fragments
are connected forming larger regions that resemble popped balloons. The orange
edging in the Figure 7.3C enframes a single connected region. At IT = 30 mN m™!
(Fig. 7.3D), nearly circular objects are observed. Therefore, it appears that the
regon in the AFM image at lower II (Fig. 7.3C) are indeed the HS105 microgels,
which under compression regain their shape. Whether this peculiar structure is a
result of the strong adsorption of the network to the interface (chain scission [236]), a
consequence of the deposition and drying, or if the structural integrity of the sample
was lost before the Langmuir trough experiment is beyond the scope of this study.
Nevertheless, their monolayer resembles much more a polymer layer, explaining the
absence of the second increase in the compression isotherm.
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Figure 7.3: Atomic force micrographs and height profile of hollow microgels at T =
20 °C. (A) AFM image of HS60 at approximately 20 mN m~!. (B) Corresponding
height profiles of the AFM image in A of HS60 microgels. The profile is averaged
from 17 profiles through the apices of the microgels and at different angles with
respect to to the fast scan direction. (C) AFM image of HS105 at approximately
5mN m~!. A single connected fragment is enframed by an orange edging. (D) AFM
image of HS105 at approximately 30 mN m™?.

7.4. Conclusion

In this chapter, the effect of softness and deformability of different pNIPAM-based
samples at decane-water interfaces was investigated using Langmuir trough experi-
ments. [l-area compression isotherms normalized to the added amount of surface-
active species display two general trends: for the pNIPAM polymers the isotherms
display the expected course of polymers [186, 187, 224| at interfaces with a single
increase. Surprisingly, the curves of ultra-low cross-linked and hollow microgels with
a large cavity also have this trend. In contrast, the isotherms of regular microgel
and hollow microgel with a small cavity in Figure 7.1 display two increases sepa-
rated by a pseudo-plateau, representing the typical 2D phase behavior of microgel
monolayers below the VPTT. [23, 76, 78, 84, 8§]

Additionally, we introduced the mass fraction of adsorbed polymer, (455, which
gives a measure of the polymer contributing to the Il-area/mass isotherm in rela-
tion to the most flexible architecture, a linear polymer. This parameter allows a
comparison of samples with different numbers of grafting or cross-linking points and
architectures.

Measurements of star-shaped polymers, ultra-low cross-linked, and regular cross-
linked microgels display that increasing the number of cross-links leads to a signifi-
cantly lower amount of polymer in the proximity of the interface (lower (,qss). As
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already reported in the literature [86], we conclude that the increase of cross-linker
leads to a reduction of deformability or softness not only in solutions but also at
oil-water interfaces. Accompanied by the reduction of their deformability, the course
of their compression isotherms changes from a single to two increases. The case of
ultra-low cross-linked microgels, which show an eminent polymer-to-particle duality,
is elucidated in more detail in Chapter 8. In solution, it has been shown that the
architecture, e.g., the introduction of a solvent filled cavity has an enormous effect
on the deswelling behavior due to temperature and overcrowding. [165, 231| Here it
is shown that this architectural change plays also an important role in their softness
and deformability at oil-water interfaces. We investigated regular and hollow (HS)
microgels and observed a strong increase of (,,.ss for the latter. This means that
due to the presence of a solvent filled cavity, the HS microgels become softer and
can deform stronger upon adsorption.

We observed that the compression isotherms of hollow microgels have two in-
creases for the smaller cavity size (radius ~ 60 nm) and a single increase for the
larger cavity size (radius ~ 105 nm). To elucidate this difference more, deposition
experiments were conducted. For HS microgels with a small cavity, the averaged
height profiles describe a “w” shape with lower heights in the center of the micro-
gel. Interestingly, we observed that hollow microgels with large cavities do not keep
their structural integrity and they resemble popped balloons. It is not clear whether
this happens due to the strong adsorption to the interface, the deposition, or if the
structure was already compromised before the interfacial experiments.
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8. Exploring the Colloid-to-Polymer Transition for
Ultra-Low Crosslinked Microgels from Three and
Two Dimensions!

8.1. Introduction

Aqueous solutions of flexible polymers and suspensions of colloids are two of the
most important classes of materials in soft matter. Flexible polymers, which bend
at length scales longer than their Kuhn length, have high degrees of entanglement
and interpenetration, typical for linear polymers. [237] In contrast, colloids maintain
their individuality as particles and show phase transitions between disordered and
crystalline arrangements both in two and three dimensions. [238]

Microgels have properties of both flexible polymers and solid colloids particles.
As a polymer, their swelling is affected by the solvent quality, and microgels can
present volume phase transitions, i.e., a microgel-to-colloid transition, depending
on external stimuli. [68, 239] Furthermore, in the swollen state, they are soft and
can be compressed or interpenetrate once in concentrated suspensions. [164, 165,
240] Nevertheless, their flow properties and phase behavior are the same as those
of colloids interacting via soft potentials. This is due to the less cross-linked fuzzy
periphery of microgels, which is composed of dangling polymeric chains. In addition,
microgels are highly interfacially active and can be employed, similarly to solid
particles, as emulsifiers. [60-64]

Due to the predominant colloidal-behavior, poly(/N-isopropylacrylamide)-based
(pNIPAM) microgels have been widely used as a model system for soft spheres to
investigate fundamental questions related to strong and fragile glass formers |3, 4],
to melting-freezing [9, 10, 195] and to solid-solid phase transitions, both in two-
(“2D”) |76, 241, 242] and three dimensions (“3D”) [7, §|.

In this chapter, the polymer-to-particle transition is addressed and the question
of whether microgels can be prepared with a predominant flexible-polymer-nature
is studied. Obviously, the amount of cross-linker within the polymer network is
responsible for the individual shape and swelling of the microgels. Higher incorpo-
ration of cross-linker produces stiffer microgels that behave more similar to hard
incompressible colloids. [9] In contrast, therefore, decreasing the amount of cross-
linker as much as possible will lead to microgels where the colloidal-nature should
be minimized. Here, we use ultra-low cross-linked pNIPAM microgels. They rep-
resent the softest microgels that can be obtained by precipitation polymerization.
Although no cross-linking agents are present during the synthesis, the formation of
a polymeric network is still promoted via transfer reactions, leading to extremely
soft micro- and nanogels. [197, 199, 243]

We investigate ultra-low cross-linked (ULC) microgels both in bulk aqueous so-
lution as well as at fluid interfaces. Our results show that while the ULC microgels
present a colloidal-like behavior in three dimensions, their nature changes once they
are confined at interfaces. In two dimensions, the interplay between the extreme

IThis chapter has been adapted and reprinted in part with permission from Scotti, A., Boch-
enek, S.; et al., Nature Communications, 2019, 10, 1418. Copyright 2019 Nature Research.
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softness of the polymer network and the action of surface tension leads the ULC
microgels to show properties typical of flexible polymers within a certain concen-
tration range, as it can be seen in their compression isotherms or by the observed
microstructure of deposited monolayers.

8.2. Experimental

8.2.1. Materials

N-isopropylacrylamide (NIPAM) (Acros Organics, Belgium), N,N’-methylenebis-
acrylamide (BIS) (Alfa Aesar, USA), sodium dodecyl sulfate (SDS) (Merck KGaA,
Germany), and potassium peroxydisulfate (KPS) (Acros Organics, Belgium) were
used as received.

For all interface experiments, ultrapure water (Astacus®, membraPure GmbH,
Germany) with a resistivity of 18,2 MOhm-cm was used as sub-phase. Decane
(Merck KGaA, Germany) was used as oil-phase. The decane was filtered three
times over basic aluminium oxide (90 standardized, Merck KGaA, Germany). The
last filtration step was done just before the experiment. To facilitate spreading,
propan-2-ol (Merck KGaA, Germany) was used.

2

8.2.2. Synthesis

Ultra-low cross-linked microgels (ULC microgels) were synthesized by precipitation
polymerization according to Ref. [199]. Briefly, 3.9606 g NIPAM and 0.1802 g SDS
were dissolved in 495 mL filtered (0.2 pm regenerate cellulose, RC, membrane filter)
double-distilled water. In contrast to Ref. [199], SDS was used to have better control
over the size polydispersity of the particles [244|. The monomer solution was purged
with nitrogen under stirring at 100 rpm and heated to 70 °C. Separately, 0.2108 g
of KPS in 5 mL filtered double-distilled water was degassed for one hour. The
polymerization was initiated by transferring the KPS solution using a nitrogen-
washed syringe and needle into the monomer solution. The reaction was left to
proceed for 4 hours under constant nitrogen flow at 70 °C and 100 rpm. The
resulting microgels were purified by threefold ultra-centrifugation at 50000 rpm and
subsequent redispersion in freshwater. During the synthesis, many polymeric chains
are trapped within the collapsed precursor particles but they are not linked to the
polymeric network. These chains are then washed out of the particles during the
purification process. Lyophilization was applied for storage.

The yield of the precipitation polymerization for ULC microgel formation is only
~ 10 % while for regular cross-linked microgels is ~ 90 %. This means that many
chains containing initiator fragments carrying charges are not incorporated into the
ULC microgels. In other words, only a few of the formed chains become part of the
polymeric network of the ULC microgels. Therefore, those microgels are expected to
incorporate a negligible amount of charges that will not produce significant effects
on the interaction potential between the ULC microgels.

Ultra-low cross-linked were synthesized by M. Brugnoni. Linear pNIPAM poly-
mer was synthesized by A. P. H. Gelissen and Dr. A. A. Steinschulte. [30] Regular
5 mol% cross-linked pNIPAM microgels, labeled pNIPAM microgels, are the same
microgels used in Chapters 4, 5, 6 and 7. Details about the synthesis can be found
in Chapter 4.
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8.2.3. Capillary Viscosimetry

To obtain the viscosity, the average time of fall, ¢, of a constant volume of microgel
suspension through a thin capillary of an Ubbelohde tube viscometer immersed
in a water bath at a fixed temperature of (20.0 £ 0.1) °C was measured. The
average fall times of the suspensions at different concentrations are linked to the
kinematic viscosities, ng, by a constant, C, that only depends on the geometry of
the capillary: 7, = Ct; in our experiments, C' = 3.156 - 107 m? s=2. By knowing
the sample density, that can be approximated with that of water (pp,0) due to
the low concentration of microgels in all the measured suspensions, the viscosity of

the microgel suspensions as a function of microgel concentration can be computed,
1 = MkPH20-

8.2.4. Rheology

Oscillatory rheology has been used to probe the flow properties of the suspensions.
A Kinexus Pro Rheometer (Malvern Panalytical Ltd) with a cone-plate geometry
(40 mm, 1.0°) was used. Before each frequency sweep, amplitude sweeps were per-
formed to verify that the suspensions were in the linear viscoelastic regime at the
frequencies w = 0.1, 1, and 10 rad s~! and in the range of Yspain — 0.5-30 %. At
the end of the oscillatory experiments, a final amplitude sweep at w = 1 rad s™! was

repeated to check that the system was still in the linear viscoelastic regime.

8.2.5. Langmuir-Blodgett Trough

The mechanical properties of two-dimensional monolayers of microgels and linear
pNIPAM at the decane-water interface were probed using a Langmuir-Blodgett
trough with customized dipping well (KSV NIMA, Biolin Scientific Oy). The same
strategy to synchronize the continuous compression of the monolayer and the depo-
sition of the microgel arrangements to a solid substrate, reported in Chapter 4, was
used. In short, two parallel-moving barriers were closed (v = 6 mm/min) to increase
the concentration of microgels at the interface by decreasing the available area. To
probe the surface pressure a platinum Wilhelmy plate parallel to the barriers at-
tached to an electronical film balance was used. At the same time, a cleaned piece
of a silicon wafer was lifted up in between the barriers at an angle of ~ 20° with
respect to the interface. Thus, the monolayers were immobilized in a Langmuir-
Blodgett-type deposition on silicon wafers and subsequently investigated ex situ by
atomic force microscopy. Compression isotherms and depositions were conducted at
(20.0 £ 0.5) °C. More details can be found in Chapter 4

8.2.6. Atomic Force Microcopy

AFM measurements were performed using a Dimension Icon with a closed-loop
(Veeco Instruments Inc., software: Nanoscope 8.15, Bruker Corporation). The mea-
surements of the microgels in the dried state, at the solid-air interface, were recorded
in tapping mode with TESPA tips with a resonance frequency of 320 kHz, a nominal
spring constant of 42 N m~! of the cantilever and a nominal tip radius of ~ 8 nm
(Bruker Corporation). Images of 7.5 x 7.5 um (512 x 512 pixels) in a straight
line along the gradient direction on the substrate every 250,500 or 1000 um were
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captured. For each line, an image at the position of highest compression was taken
to obtain the position of the fixed point.

8.2.7. Image Analysis

Obtained AFM images were processed with the analysis software Gwyddion 2.48.
The images were leveled to remove the tilt, the mean values were fixed to zero
height and converted to grayscale. The AFM micrographs of ULC and pNIPAM
microgels were analyzed with the custom-written Matlab explained in Chapter 4.
An averaged height profile of the ULC microgels were determined, in contrast to
Chapter 5 profiles, from a single microgel through the apex and at different angles
with respect to the fast scan direction (every 10 °). This was done because ULC
microgels show large size polydispersity (< 20 %). The analysis of the ULC microgel
monolayers was extended by determining the roughness of the interface, Yrars. Yruvs
was computed as the second moment of the height distribution, s, over one AFM
image using the free software Gwyddion according to the following equation [245]:
1

gammagys = p2. Given errors are the root-mean-square deviation.

8.3. Results

8.3.1. Characterization of Microgels in Solution

For regular microgels, the addition of cross-linker, e.g. N, N’methylenebisacrylam-
ide (BIS), has two important consequences: first, it enforces the stiffness of the
network; second, it leads to a characteristic fuzzy sphere architecture. This is due
to the fact that the cross-linker has a faster reaction rate than the monomer leading
to the formation of a more cross-linked core with higher polymer density, surrounded
by a fuzzy corona with fewer cross-links and a lower polymer density [49, 158|. As
a consequence of this architecture, the scattered intensity measured in a small-
angle neutron (or X-ray) scattering (SANS) experiment of diluted suspensions of
microgels, presents typical oscillations. This profile can be fitted using a model that
accounts for a denser core with radius R, surrounded by a fuzzy shell of length
205, with decreasing polymer content [49, 240|. The smaller is the core, the more
inhomogeneous is the polymer distribution within the microgel. This form factor is
similar to that of hard colloids, except for the less defined periphery. In contrast,
it is significantly different with respect to the form factor of flexible polymers [246,
247] that does not show any oscillation, but after a plateau for low scattering vector,
¢, has a monotonic decrease.

Figure 8.1A shows the SANS intensity plotted versus g obtained by measuring a
diluted suspension of ULC microgels in heavy water below and above their volume
phase transition temperature (VPTT), at T = (20.0 £ 0.5) and (40.0 + 0.5) °C,
respectively. The total size of the microgel is R = R.+20,. The structure parameters
are obtained from the fits, and the radial distributions are shown in Figure 8.1B.

The microgels have a total radius in the swollen state (Figure 8.1A, blue circles)
of (126+1) nm with R. = (96.1 & 0.5) nm and 205 = (29.8 + 0.3) nm. The fuzzi-
ness of the shell of the ULC microgels is less pronounced as compared to regular
cross-linked microgels (Chapter 4). Still, the ULC microgels have the typical fuzzy
sphere architecture. Thus, the polymer distribution within ULC microgels is more
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Figure 8.1: (A) Small-angle neutron scattering form factor, P(q), versus scattering
vector, ¢, for ultra-low cross-linked microgels in dilute suspensions of D,O at (20.0+
0.5) °C, blue circles, and (40.0 = 0.5) °C, red circles. The solid black lines are fits
with the fuzzy sphere model [49]. (B) Relative polymer volume fraction versus radius
obtained from the data fit for ultra-low cross-linked microgels at (20.0 + 0.5) °C,
blue solid line, and (40.0 £ 0.5) °C, red solid line.

homogeneous than for microgels synthesized with additional cross-linker. The poly-
dispersity is (11.3 £ 0.7)%. The ULC microgels collapse to (41 & 1) nm and the fit
shows that the external fuzziness disappears ((2 + 1) nm.) once the temperature
is above the VPTT of pNIPAM. Independent of the temperature, the fuzzy sphere
model was used to fit the form factor above the VPTT to not impose any a priori
knowledge to the data.

Temperature-dependent size measurements of the ULC microgels were performed
with dynamic light scattering, DLS. Form the intensity autocorrelation functions,
the average decay rate, I', was obtained with second cumulant analysis. [248] The
decay rates depend on the scattering vector via the average diffusion coefficient D:
I' = Dyq®. The average diffusion coefficient was obtained by plotting I versus ¢ and
fitting the data with linear regression. [249| Finally, the Stokes-Einstein relation was
used to obtain the hydrodynamic radius, R,. R as a function of the temperature
is shown Figure 8.2, green squares, in comparison with the pNIPAM microgel (blue
squares).

Microgels with different sizes can be compared by their swelling ratio between the
hydrodynamic radius, Ry, and the radius at 20 °C, Rgwonen.- This ratio is plotted
in Figure 8.2B for the ULC and the pNIPAM microgels, green and blue squares,
respectively. For both microgels, the volume phase transition temperature (VPTT)
is at & 32 °C. The collapsed size of the pNIPAM microgels is about 55 % of the
swollen radius (153.2 £ 0.6) nm. In contrast, the ULC microgels deswell to (44.8 +
0.2) nm; ~ 34 % of their initial size, (134 + 1) nm.

Estimating the number of cross-links within the polymeric network is difficult
and distinguishing between cross-links due to self-cross-linking of pNIPAM pro-
moted by KPS and cross-links induced by BIS is impossible. However, the ratio
of the hydrodynamic radii below and above the VPTT (R (20 °C)/Ry(40 °C) can
be a measure of the softness of the polymeric network. Recently, Lopez and Rich-
tering have collected literature data and found a strong correlation between the
effective amount of cross-linker incorporated within a microgel, f, and the hydro-
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Figure 8.2: (A) DLS data of ULC and pNIPAM microgels. Rj, versus temperature
showing the volume phase transition temperature expected for pNIPAM polymers.
(B) Swelling ratio, defined as the ratio between the hydrodynamic radius R, and
the hydrodynamic radius at (20.0 + 0.1) °C, Rswolen, versus the temperature for
ultra-low cross-linked and pNIPAM microgels, green and blue squares, respectively.
(C) Contin analysis (green solid line) of the DLS data (green solid squares) of ULC
microgels at 20 °C.

dynamic radii below and above the VPTT [163]. They obtained the relationship
Ru(20°C)/Ry(40°C) = 0.966 - f~%2 [163] for f. From the DLS data, we obtained
for the ULC microgels f = 0.35 %. The literature data reported in Ref. [163] have
always values larger than f = 0.35 %. This confirms that the ULC microgels have
the polymeric network that contains the lowest amount of cross-linker.

Contin analysis [250, 251] implemented with L-curve criteria [252] has been per-
formed to directly obtain the size distribution of the suspensions and evaluate the
size polydispersity, p. Figure 8.2C displays an example of the Contin analysis for
the ULC microgels at 20 °C. Sizes and size polydispersities obtained by SANS agree
with the results of the analysis of the DLS data. The values for diluted samples at
T = (20.0 £0.1) °C are shown in Table 8.1.

Table 8.1: Radii (Rj, or Rsans) and size polydispersities (p or o) for the samples
as obtained from DLS (second and third column) and SANS data (fourth and fifth
column). Also, the conversion constants, k, from viscosimetry are shown. All the
values refer to dilute samples at (20.0 £+ 0.1) °C.

Sample DLS SANS Viscosimetry
Ry p Rsans op k
(nm) (%) (nm) (%) (-)
ULC microgels (134 £1) (10 £1) (126 1) (11.3£0.7) (44.7 £ 0.1)
pNIPAM microgels (153 £3) (9+3) (150 £2) (7% 1) (18 + 1)

8.3.2. Bulk Phase Behavior

A marked difference between flexible polymers and colloidal suspensions is that
the former shows a pronounced entanglement and interpenetration with increasing
concentrations. In contrast, colloids reveal a liquid-to-solid transition depending on
the concentration, which is connected to a transition from a disordered fluid to a

104



Chapter 8

colloidal crystal with a coexistence region in between liquid and fully crystalline
samples. Similarly, microgels can form crystals but at higher concentrations with
respect to rigid colloids due to their soft interparticle potential. [9, 195] A shift of the
transition boundaries is observed for other colloids interacting with soft potentials,
e.g. slightly charged hard spheres. [253|

Bulk suspensions of the ULC microgels were investigated to understand if their
extreme softness makes their phase behavior different with respect to that of the
colloids. The phase behavior of microgels is a function of the generalized volume
fraction, { = (NVswollen)/Vios Where N is the number of microgels in the sample
and Vswonen and Vi are the volume of the microgel in the swollen state and the
total volume of the sample, respectively. In case of rigid colloids, ( equals the
volume fraction ¢; however, for soft microgels ¢ can reach values well above 0.74
reflecting deformation [173|, deswelling [195, 240] or interpenetration [164]. The
generalized volume fraction, (, is proportional to the mass concentration of polymer
within the suspension, c,;%, via a conversion constant, k: ( = kc,%. k is obtained
using viscosimetry [9], by measuring the average time of fall of a constant volume
of microgel suspension through a thin capillary of an Ubbelohde tube viscometer
at a fixed temperature. The relative viscosity (7. = 7/Nsolvent) @s a function of
the sample concentration is fitted with the Einstein-Batchelor equation [223] to
obtain the conversion constant k. The experimental data with solid lines representing
Ny = 142.5¢+5.9¢% = 1+2.5kcy0+5.9(kcyio )? for the ULC and pNIPAM microgels
are presented in Figure 8.3A and B, respectively. The conversion constants are given
in Table 8.1.

A s ‘ ‘ ‘ ‘ B s
nr ne
1.7 = fit b 1.7 = fit
16 b 1.6
151 b 151
T 14t 1 ORPY
& &
13+ b 13+
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Figure 8.3: Relative viscosity, 7,, versus sample concentration, ¢, (cyan circles)
with fit of the Einstein-Batchelor equation (red solid lines). (A) ultra-low cross-
linked microgels. (B) regular 5 mol% cross-linked microgels (pNIPAM microgels).

With the obtained conversion constant a series of ULC microgel samples, covering
a (-range between 0.50£0.01 and 3.02+0.07, was made and stored at T = 20.0 &
0.5 °C. The freezing point, i.e., the onset of the coexistence of liquid and crystals,
was found at ¢y = 0.80 £ 0.02. With increasing ¢, fully crystalline samples were
observed above (,, = 0.83 £ 0.02; this value is called the melting point. Before
the samples became a glass, at ( = 0.89 £ 0.02, crystalline samples are reported in
Fig. 8.4A, demonstrating that ULC microgels behave like other colloids interacting
with soft potentials |9, 195, 253, 254].

The softness is solely shifting the boundaries of the phase transitions to higher
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¢ with respect to regular cross-linked microgels [9, 195]. This is a consequence of
concomitant effects from deswelling [195], interpenetrating [164] and the interparticle
potential [255]. Indeed, the potential between microgels can be modelled as ®(r) o
r~", where r is the microgel-microgel distance and n contains information on the
softness; smaller values of n correspond to softer potentials. The form of ®(r) leads
to a power-law dependence of the plateau modulus of G’ on the volume fraction:
G, o (™. [256] The green line in Fig. 8.4B represents a fit of the data to (™ that
leads to m = 2.88+£0.02. This exponent is linked to the exponent n by the equation:
m=1+n/3. n=(5.6+0.1) is estimated from rheology measurements as a function
of ¢. This value is significantly lower than for regular cross-linked microgels (golden
and orange lines) and soft PMMA particles (light blue line) where it lies between 9
and 20 [9, 256, 257|. Nevertheless, ULC microgels still behave as colloids; for flexible
macromolecules a linear behavior with a slope n = 2.3 is expected (purple line in

Fig. 8.4B). [237]
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PMMA, Coross. = 10 mol%

pNIPAM, ceis = 1.5 mol%

= pNIPAM, cais = 1.4 mol%
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Figure 8.4: (A) Image of a series of samples of ultra-low cross-linked microgels of
increasing volume fraction in water. (B) Plateau value of G’, G, (green squares),
versus the generalized volume fraction, ¢. Green line: data fit with G, oc (™. light
blue, golden, orange and purple lines are taken from Refs. |9, 237, 256, 257|, see text
for details.

8.3.3. Mechanical Response of Monolayers

Next, we present the behavior of ULC microgels under two-dimensional confine-
ment. For this purpose, the microgels are placed at the oil-water interface in a
Langmuir-Blodgett trough. This allows us to determine the surface pressure as a
function of concentration and simultaneously deposit the microgel monolayers onto
a solid substrate (for details see Chapter 4). The structure of the deposited films of
microgels is then probed wvia atomic force microscopy (AFM) in the dried state on
the solid substrate.

In Fig. 8.5 the compression isotherms of ULC microgels (green lines) are pre-
sented. The surface pressure, II, is plotted against the area normalized by the added
amount of microgel (area/mass). For comparison, the isotherms of regular cross-
linked microgels (pNIPAM microgels) and linear pNIPAM (PNL) are also reported,
with the same colors as in Chapter 7, blue and red, respectively.

The blue curves in Fig. 8.5 exhibit two distinct increases after the contact. The
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Figure 8.5: (A) Compression isotherms for linear pNIPAM, ULC, and regular pNI-
PAM microgels. Surface pressure, 11, versus the area normalized by added mass of
microgels (area/mass) for 5 mol% cross-linked microgels (blue lines), ULC micro-
gels (green lines) and linear pNIPAM (red lines) at T = (20.0 £ 0.5) °C. The black
squares with letters A-L indicate the II values of the atomic force micrographs in
Fig. 8.6A-L. (B) Plot of II versus the trough area normalized by the trough area at
the contact point, Area/Areacontact, of 5 mol% cross-linked microgels (blue lines),
ULC microgels (green lines) and linear pNIPAM (red lines) at T = (20.0 £ 0.5) °C
in log-log scale.

first, between area/mass ~ 6 - 10> cm? mg=! and ~ 2 - 103 cm? mg~!. The second

between ~ 1.4 - 102 cm? mg! and ~ 2.5 - 10? cm? mg~!. This two-stepped course
is typical for microgels synthesized with the addition of cross-linker |29, 76, 84, 86,
89| and is due to their well-defined core-shell structure. Upon adsorption, microgels
are deformed, but their well-defined cross-linking density profile produces hetero-
geneities in polymer fraction laterally 78| and vertically [155] to the interface. The
different stiffness of the core and the shell under compression is the reason for the
presence of the two distinct plateaus.

The linear homopolymers, Fig. 8.5 red curve, have a single-stepped course, in
agreement with literature. [186, 187, 224]| The reason for this is that flexible poly-
mers can fully spread and cover the interface uniformly. [258] The compression
isotherms of ultra-low cross-linked microgels (Fig. 8.5 green lines) exhibit a single-
step increase, virtually identical to the linear pNIPAM. This also indicates that
the ULC microgels cover the interface homogeneously due to the absence of a well-
defined cross-linking density profile as highlighted by SANS. In other words, they
behave as flexible polymers once confined at the interface. In contrast, for an ideal
gas of hard spheres, II is expected to be determined by the excluded area effects and
the collision rate before diverging at the maximum packing fraction in 2D (7/(2v/3)).
[259]

Figure 8.5B gives a closer look at the course of the compression isotherms at low
IT. Here it is clear that the differences between the linear polymer and the ULC
microgels (red and green lines) are less pronounced than the differences between
ULC microgels and regular cross-linked microgels (black and blue lines). Neverthe-
less, deviations between the ULC microgels and the linear pNIPAM are visible for
2mN m™! <II <25 mN m™!. Those differences are larger than the experimental
errors associated with the repetition of the measurements given by the shaded areas.
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This suggests that the monolayer of the ULC microgels presents characteristic fea-
tures. We further investigate this by determining the structure of the monolayers of
all three systems. We have previously demonstrated that a Langmuir-Blodgett-type
deposition of the microgels from the oil-water interface onto a solid substrate does
not affect the structural order of the microgels in the monolayer. [108] Consequently,
the phase behavior of microgels at interfaces can be investigated after deposition on
a solid substrate by means of AFM in the dried state (Chapter 4).

8.3.4. Two Dimensional Phase Behavior

AFM micrographs are reported in Figure 8.6 for regular 5 mol% cross-linked micro-
gels (blue box), ULC microgels (green box), and linear polymers (red box). pNIPAM
microgels present a pronounced core-shell structure at the interface, Fig. 8.6A. In
literature, it is shown that this fried-egg structure is observed even when a very low
amount of cross-linker is added during the synthesis. [194] This indicates that micro-
gels synthesized with little addition of cross-linker always present a more cross-linked
core, harder to deform, surrounded by a soft fuzzy shell.

In contrast to regular microgels, before contact ULC microgels are strongly
spread and flattened at the substrate into disks, surrounded by a very thin, less
dense fuzzy shell (Fig. 8.6D). The phase contrast image in Fig. 8.6M shows the
same structure. Height profiles in Figure 8.6A give a direct comparison of the dried
pNIPAM (blue solid lines) and ULC microgels (green solid lines). The ULC microgel
has a uniform height of ~ 1.5 nm and lateral extension of roughly 650 nm, while the
more cross-linked cores of the pNIPAM microgels protrude to approximately 20 nm.
This difference emphasizes the lower volume fraction of polymer within the ULC
microgel. Although both microgels have comparable sizes, the ULC microgels have
less than one-tenth of the height.

Furthermore, the ratio between the radii in two- and three-dimensions for ULC
microgels is 2.3 while for the regular cross-linked microgels in Fig. 8.6A is ~ 1.8
(Chapter 4). This ratio is a measure of the microgel stretching. The larger ratio of
the ULC microgels suggests that their polymeric network is more stretched at the
interface with respect to regular cross-linked microgels. This observation and the
fact that ULC microgels have a larger mesh size in bulk suggest that even at the
interface the mesh size of ULC microgels is larger. [30]

It is important to notice that ULC microgels maintain an individual and almost
circular shape while linear polymers are not distinguishable from the substrate,
Fig. 8.6J. The higher capability of a flexible polymer to spread, produces an ex-
tremely flat profile. [187, 258] The individual polymers are indistinguishable from
the substrate due to a height that is comparable to the substrate roughness and the
finite dimensions of the tip. [260]

When the monolayers are compressed, the pNIPAM microgels remain distin-
guishable and arrange in a hexagonally packed lattice (Fig. 8.6B) as expected for
colloids. Fig. 8.6E, however, shows that ULC microgels form a uniform polymer film
where the single microgels are indistinguishable in both the phase and the height
images, Figure 8.6E and N. This behavior is typical for both flexible polymers where,
under compression, interpenetration and entanglement are not restricted by cross-
links and soft macromolecules, e.g. arborescent microgels at liquid interfaces [261],
where strong deformations produce a uniform coverage of the interface. Thus, at
low compressions, ULC microgels cover uniformly the interface in contrast to col-
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phase images
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Figure 8.6: AFM Micrographs of deposited monolayers on solid substrates. Series
of AFM images in the dried state corresponding to the positions A-L in Fig. 8.5 for
pNIPAM microgels (blue box), ULC microgels (green box) and linear pNIPAM (red
box) after deposition of the monolayer to a solid substrate at T = (20.0 £ 0.5) °C.
(M) and (N) Phase images of of (D) and (E). Scale bars correspond to 2 pm.

loids that always maintain their individual shape. Whether this is due to strong
interpenetration, large deformation or both, cannot be deduced from Fig. 8.6E.

Upon further compression the ULC microgels become distinguishable again. The
evolution shown in Fig. 8.6F-1 makes ULC microgels different to flexible polymers
confined at the interface where individual polymers remain indistinguishable inde-
pendent of the compression Figs. 8.6K and 8.6L. In Figure 8.7B the root-mean-square
roughness, Ygrarg, of the ultra-low cross-linked microgel monolayers is plotted as a
function of the II. In the graph the positions of the AFM images in Figure 8.6F-I
are highlighted and four regimes (i-iv) are observed. For regime i the ULC microgels
are separated and the roughness of the image is not computed. In regime ii, the
microgels are virtually indistinguishable and we obtain yzys < 300 pm, the same
as the substrate. With increasing I, the roughness slowly increases (Fig. 8.7B iii)
as the microgels are laterally compressed. In regime iv, vgarg increases steeply from
~ 500 pm to 1.3 nm at the highest investigated II (Fig. 8.6I). This observation can
be understood considering that lateral compression increases the polymer fraction
within a ULC microgel. At the transition from regime iii to iv (IT = 28 mN m™!), in-
plane compression of polymer network becomes energetically unfavorable and more
and more sub-chains are pushed out-of-plane. These segments become hydrated, but
are still part of the network and connected by the polymer confined at the interface.
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Consequently, the ULC microgels regain there colloidal shape.
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Figure 8.7: Averaged height profiles of dried ULC and pNIPAM microgels and ygass
of ULC monolayers at T = 20 °C.(A) Averaged height profiles of the pNIPAM
microgels, blue solid lines, and ULC microgels, green solid lines. Standard deviations
are plotted as error areas in the corresponding color. (B) The roughness, ygass, of the
deposited ultra-low cross-linked microgel monolayers in the dried state as a function
of surface pressure II. The positions of the images in Fig. 8.6E-I are highlighted.
Black dashed lines delimit the different visible regimes: (i-iv).

Similarly to the three-dimensional case, a significant difference between spherical
colloids and flexible polymers at interfaces is that the former can have three differ-
ent phases liquid, hexatic and crystalline. Those phases are characterized by two
second-order transitions, meaning that no fluid-crystal or hexatic-crystal regimes
can coexist. [238] The pNIPAM microgels in Figure 8.6B show a hexagonal lattice
that under compression evolves into another hexagonal lattice with a smaller lattice
constant (Fig. 8.6C). The evolution from a crystal where microgels are in shell-shell
contact, to a new lattice characterized by a core-core contact, is well illustrated in
the literature. 29, 76, 89] For the pNIPAM microgels this is extensively investigated
at both air- and oil-water interfaces in Chapter 5.

Figure 8.6F-1 highlight that no crystallization of the ULC microgels at the in-
terface is observed. The reason for the suppression of crystallization is the increase
of size polydispersity of the ULC microgels once confined in 2D. The radius prob-
ability functions of ULC and pNIPAM microgels at low and high compression are
presented in Figure 8.8A-D. For the ULC microgels the size polydispersity passes
from (11.3£0.7) % in bulk to (23+5) % at the interface. In contrast, pPNIPAM micro-
gels display in both two- and three-dimensions a polydispersity of ~ 7 %. This can
either significantly slow down the crystallization kinetic as observed in polydisperse
suspensions of microgels in 3D [195], or suppresses the crystallization since polydis-
persity has a value higher than the theoretical limit that hinders crystallization for
hard disks in two dimensions [262|. At higher compressions the polydispersity of
the ULC microgels decreases, but is still too broad to allow crystallization. Even
assuming that the distribution can become narrow enough, the ULC microgels with-
ing the monolayer are in too close contact, 7.e., jammed, to allow reorganization into
ordered lattices.

This significant change between the size distribution in bulk and at the interface,
can be understood by considering that microgels radially stretch and deform upon
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Figure 8.8: Radius probability distributions of ULC (A and B) and pNIPAM mi-
crogels (C and D). In A r(nm) represents the interfacial radius measured from 64

ULC microgels. In B-D r(nm) represents the half of the nearest neighbor distances,
NND.

adsorption [70, 89| due to the interfacial free energy reduction as far as the internal
elasticity of the network allows it. SANS and DLS both show that ULC microgels
have a softer network and a less-defined cross-linking density profile, i.e., they are
more homogeneous, compared to regular cross-linked microgels. Larger variations
in the topology of the networks of different ULC microgels can be expected, causing
significant size variations upon interfacial adsorption.

8.4. Conclusion

To summarize, in this study we have shown that ultra-low cross-linked microgels be-
have as colloids in three dimensions but not in two. At interfaces, within a certain
range of concentrations, their properties are very similar to those of flexible poly-
mers. Therefore, a key parameter for the predominance of the colloidal-behavior is
represented by the interplay between the softness of the network and the dimension-
ality.

In three dimensions, SANS highlights that ULC microgels are spherically shaped
with a fuzzy shell architecture typical of microgels. [49]. However, they present a
large homogeneous core surrounded by a thin fuzzy shell. Furthermore, their phase
behavior is the same as that of colloids with liquid, crystalline, and glassy phases.
[68, 253, 254] Rheology measurements show that their interaction potential is softer
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than for usual microgels but still different from the scaling law of flexible polymers.
[9, 237, 255] The sole consequence of the soft interaction potential is to shift the
onset of the liquid-to-crystal transitions to higher concentrations as expected for
soft microgels. [9, 195]

The confinement of ULC microgels at oil-water interfaces makes their polymeric
nature dominant over their colloidal behavior. The compression isotherms of ULC
microgels show a single-step increase as expected for flexible homopolymers. [186,
187, 224] Their weakly cross-linked network spreads more than regular cross-linked
microgels creating a homogeneous coverage similar to linear pNIPAM. Nevertheless,
a unique feature of ultra-low cross-linked microgels with respect to other soft objects
is that with increasing concentration the topography at the interface changes.

This can be explained considering that the structure of regular cross-linked mi-
crogel is controlled by a competition between the elasticity of the network, which
causes a spherical shape, and the gain in the interfacial energy due to adsorption
of polymer sub-chains. The maximum gain would be achieved if all sub-chains are
adsorbed (pancake shape), but this would be accompanied by a high penalty in elas-
ticity. As a result, regular microgels at the solid interface show the typical fried-egg
structure. [29, 86, 194]

In the case of ULC microgel, the amount of cross-links is low and adsorption of
polymer segments to the interface is not accompanied by a high penalty in elastic-
ity. Therefore, ULC microgels form a pancake structure, with a homogeneous core
and thin fuzzy shell. In other words, strong adsorption overcomes elasticity. Com-
pression and interpenetration lead to a higher polymer fraction inside the microgel
making it stiffer since the elasticity of networks depends on the polymer fraction
within a microgel. [4, 173] Therefore, starting from IT = 28 mN m™!, for further
compression of the monolayer, an increase of the concentration of polymer at the
interface becomes energetically unfavorable with respect to desorption and folding
some of the polymer sub-chains of the microgels out-of-plane. As a consequence the
ULC microgels tend to restore their individual shape: the stronger the compression,
the higher the protrusion.

ULC microgels also present differences with respect to other soft colloidal objects
like block copolymer micelles, which irreversibly change their internal conformation
upon adsorption at an interface, exposing hydrophilic and hydrophobic blocks to
the polar and non-polar phases, respectively. [263, 264] In contrast, the transition
of ULC microgels from a homogeneous coverage to a disordered microgel-like layer
is fully reversible. Furthermore, the interfacial phase behavior of ULC microgels,
that only show disordered arrangements, differs from colloids that can crystallize.
[265, 266]

This can be explained since the confinement of the ULC microgels in two dimen-
sions produces a heterogeneous stretching of their loosely cross-linked polymeric net-
works. This is a consequence of both the few cross-links they have and the absence
of a well-defined cross-linking profile: a more cross-linked core will preserve more
the shape and limits the increase in size polydispersity as for regular cross-linked
microgels. The consequent increase in the size polydispersity of the ULC microgels
suppresses the crystallization of the system. With increasing the compression of the
monolayer of ULC microgels their size distribution becomes narrower, but still too
broad to allow crystals to form (Fig. 8.8B). [262] Even assuming that as in 3D [195]
a higher compression further decreases the polydispersity, microgels are jammed
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together making any rearrangements impossible and the materials fail to crystallize.

The capability of ULC microgels to behave either like flexible, linear polymers
or like colloids depending on dimensionality and compression, makes them the per-
fect model system to explore common properties and differences between them and
regular microgels and other polymer architectures, such as star-, hyperbranched-,
and linear macromolecules. Consequently, these materials may also be of great in-
terest for applications as biomaterials. For example, since ULC microgels are more
deformable than the regular cross-linked microgels [199] they are particularly suit-
able for the development of nanomaterials for selective adsorption in physiological
solution [197], or as bio-sensors [267], as recent findings show that the softness of
microgels improves their adsorption onto a solid substrate [268]. Furthermore, it has
been proven that ultra-low cross-linked microgels are a perfect system to generate
porous fibrin networks facilitating cell migration and growth [269]. The capability
of this system to have a topography under adsorption that depends on the compres-
sion and the suppression of crystallization in two dimensions would be of interest
in these fields. Here we have also shown that while ULC microgels have a behavior
similar to linear polymers at the interface, their flow properties are more compara-
ble with colloids. This might be of interest to realize polymer coatings with surface
morphologies ranging from flat, uniform films, e.g. linear or star polymers [270], to
randomly close-packed monolayers of microgels [271].

8.5. Data Availability

Research data for this chapter may be accessed at https://hdl.handle.net/21.
11102/0£3e60d7-9576-11e8-9b95-e41f1366df48.
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9. Conclusion and Outlook

The main objectives of this thesis were the investigation of the influence of temper-
ature on microgel monolayers (Chapters 4, 5, and 6) and the polymer-to-particle
transition (Chapter 8). Additionally, the effect of the top-phase, which is decane
or air, and the influence of the microgels’ architecture were studied in Chapters 5
and 7, respectively. In section 9.1 the main findings are shortly summarized and
concluded. In section 9.2 future prospects for microgel at interfaces are given.

9.1. Summary and Conclusion

We studied the influence of temperature on the two-dimensional phase diagram of
microgels confined at interfaces. Therefore, the compressibility, the in-plane di-
mensions, and the out-of-plane thickness were investigated below and above their
volume phase transition temperature (VPTT). It was found that adsorbed micro-
gels posses thermo-sensitive (core) and non-thermo-sensitive (corona) regions and,
consequently, their phase behavior differs only at high compressions.

Compression isotherms at the decane- and air-water interfaces of microgel mono-
layers at elevated temperatures do not display the typical behavior with two increases
[70, 76, 78], but only show a single increase. However, the core-corona structure of
the adsorbed microgels is preserved. The total diameter of individual microgels at
the interfaces, Dyp, is nearly constant. In contrast, fractions of the microgels that
are not in close proximity to the interface, i.e., the core, can still deswell upon an
increase of temperature; both the in-plane diameter of the core, D, and the total
thickness of the monolayer significantly decreases (Chapters 4 ad 6). This empha-
sizes that fractions of the microgels in direct contact with the interface lose their
temperature-sensitivity due to the gain in surface free energy.

Accordingly, the first two stages of the compression isotherms and the microstruc-
ture of the microgel monolayers are identical below and above the VPTT (for area
fractions below 2). Once the microgel cores get into contact, i.e., the microgels’
center-to-center distance ~ D, their 2D phase behavior differs. Below the VPTT,
the fractions of the microgels that are located in the aqueous phase remain swollen
during and after the isostructural transition, explaining the occurrence of a second
increase. In contrast, at temperatures larger than the VPTT, these fractions are
deswollen and the averaged polymer density of the core is increased. Thus, an inter-
mediate phase, where the microgels can be further laterally compressed, is absent
and no further increase of the surface pressure is registered.

The direct comparison of microgels monolayers at decane- and air-water inter-
faces at temperatures below and above the VPTT in Chapter 5 shows that Dsp
changes significantly, but D,,,.. is constant between the two interfaces; Giving a fur-
ther proof that parts of the microgels’ polymeric network in close proximity to the
interface are dominated by the surface free energy. In contrast, the cores keep their
thermo-sensitivity leading to the same temperature-dependent 2D phase behavior
independently of the top-phase. Nevertheless, the higher surface free energy of the
air-water interface in contrast to the decane-water interface leads to the adsorption
of more polymer. This becomes clearly visible when the monolayers are fully com-
pressed. Close to the monolayer failure, the microgels at the air-water interface have
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larger center-to-center distances.

In conclusion, it is shown that microgels have a core-corona structure indepen-
dent of temperature and top-phase. As the polymer segments within the interface
lose their temperature-sensitivity, due to the surface free energy, the interactions be-
tween adsorbed microgels at low compression are governed by their highly stretched
corona. At high compression, however, the portions of the microgels that are situ-
ated in the aqueous phase become relevant and prevail in the microgel interactions.
These fractions can deswell, altering the isostructural phase transition. It is shown
that the temperature-dependent swelling perpendicular to the interface (“3D”) af-
fects the compressibility parallel to the interface (“2D”). Most generally, a microgel
at interfaces has to be considered a quasi-2D object, since its perpendicular, out-of-
plane structure is a crucial factor to always take into account.

Compression isotherms of different pNIPAM-based systems at the decane-water
interface were studied to elucidate the influence of deformability or softness, respec-
tively. Thereby, the number of grafting or cross-linking points was increased from
linear polymer trough star-shaped polymers to regularly cross-linked microgels. Fur-
thermore, hollow microgels, which posses a solvent filled cavity in the center of their
polymeric network, were investigated. The compression isotherms were normalized
to the amount of material added to the interface. The fraction of adsorbed polymer
relative to linear pNIPAM was calculated to compare the stretching or deformability
of the different systems. Unsurprisingly, a decrease of deformability with increasing
constraints, i.e., an increasing number of grafting or cross-linking points, was ob-
served. However, not only the number of constraints but also the architecture is an
important aspect to take into account to predict the softness of adsorbed microgel
systems. Similar to the 3D case, hollow microgels are distinctively more deformable
than their regular counterparts (with similar sizes and cross-linker amount). In-
terestingly, hollow microgels with a thin polymer shell do not keep their structural
integrity.

A closer look at the polymer-to-particle transition is taken in the last chapter
(Chapter 8). The phase behavior of linear polymer, ultra-low cross-linked (ULC),
and regularly cross-linked microgels at the decane-water interfaces is directly com-
pared. It is found that for ULC microgels the dimensionality has a profound influence
on their phase diagram with a polymer-like behavior at the interface (“2D”) and a

colloidal particle-like behavior in bulk (“3D”).

In bulk, ULC microgels have a spherical shape with a fuzzy shell, typical for
microgels. [49]. However, they present a large homogeneous core surrounded by a
thin fuzzy shell. Their phase behavior is the same as that of colloids with liquid,
crystalline, glassy, and jammed phases. [68, 253, 254| Although, rheology measure-
ments show that their interaction potential is softer than for usual microgels it is
still different from the scaling law of flexible polymers. [9, 237, 255] The sole conse-
quence of the soft interaction potential is to shift the onset of the liquid-to-crystal
transitions to much higher volume fractions.

Once confined at interfaces, ULC microgels display a dominant polymeric nature.
The compression isotherms of ULC microgels show a single-step increase, virtually
the same as linear pNIPAM polymer. [186, 187, 224| Gradient Langmuir-Blodgett
type depositions reveal that their weakly cross-linked network spreads more homo-
geneously than regular cross-linked microgels, creating pancake structures. Further-
more, ULC microgel monolayers have a concentration-dependent topography: at
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low concentrations, they form a homogeneous film, similar to linear polymers; upon
increasing the compression this topography changes into a monolayer of distinguish-
able microgels.

In conclusion, ULC microgels have a distinctly different phase behavior than
regular microgels. Their extremely soft polymer network leads to large variations
in their topology, causing significant size variations upon interfacial adsorption,
preventing crystallization. Furthermore, at interfaces, they show a concentration-
dependent topography ranging from flat, homogeneous films to monolayers of dis-
tinguishable microgels. Therefore, ULC microgels are on the verge of the polymer-
to-particle transition and are an interesting model system for fundamental studies
and applications.

9.2. Outlook

Understanding of the demulsification (and defoaming) mechanism of microgels sta-
bilized emulsions (and foams) is the key point in application-driven research of
microgel monolayers. Already in 2008, Brugger et al. [60] suggested that the main
property leading to the demulsification is the viscoelasticity of the microgel mono-
layer. Since then, some studies regarding these proprieties were conducted, note-
worthy, the works of Rey et al. [76] and Maestro et al. [93] in which it is shown that
the viscoelasticity of the interfaces is a function of compression and temperature.
Maestro et al. explained the transition from a solid-liquid behavior (and the change
in surface pressure) with increasing temperature due to the decrease in the in-plan
diameter (and thus, to the formation of a free interface). Our two-dimensionalal
phase diagrams (Chapters 4 and 5) and measurements as a function of temperature
by Harrer et al. [79] show that the total diameter of the microgels is not significantly
affected. However, the size of the core is reduced, and therefore, we suggest that the
change of viscosity with temperature is in fact due to the collapse of the microgels
core. At high coverage and low temperatures, the “thick” and solvent swollen inter-
facial film dominates the rheological properties. When the temperature is increased,
the cores deswell and only a “thin” layer of directly adsorbed polymer contributes;
as a consequence, the monolayer becomes more liquid-like.

We emphasize the need for further interfacial rheology measurements to clarify
the above contradictory findings. In the Appendix A.2, we present a setup based on
the design of Vermant et al. [272, 273| using a double wall-ring (DWR) geometry.
The DWR can be used to perform shear rheology at air- and oil-water interfaces
and its operation window is well suited for microgel monolayers. [274] In contrast
to other methods |76, 93, 275|, the Langmuir-trough-DWR setup allows for precise
surface pressure control, does not need tracer particles, and has a large torque range.
Furthermore, the custom made Langmuir trough can be tempered and used to mea-
sure the rheological properties as a function of temperature. Thus, one can expect
that this setup will be ideal to study the viscoelasticity of regular cross-linked mi-
crogel monolayers at different compressions and temperatures but also as a function
of other environmental changes, such as ionic strength or pH. Additionally, it will be
interesting to look at different systems, such as ultra-low cross-linked microgels. In
Chapter 8 it has been shown that their extreme softness and large variations in net-
work topology give a distinctly different behavior compared to regular cross-linked
microgels. A recent study reveals that ULC microgels combine the flow properties of
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polymers and colloidal particles even in solution. [31] A comprehensive evaluation of
their interfacial rheological properties might help to further understand the impact
of softness on the polymer-to-particle transition.

Another important aspect is the out-of-plane structure of adsorbed microgels
to fully understand the demulsification. We showed that the fractions situated in
the aqueous phase play a dominant role, especially at higher area fractions. While
the here presented reflectometry techniques (ellipsometry in Chapter 4 and neutron
reflectometry in Chapter 6) are a powerful tool, a combination with imagining pro-
cedures would yield a more in-depth description of the microgels’ conformations.
State of the art super-resolution fluorescence microscopy (SRFM) has been used to
determine their structure in an overcrowded environment in bulk. [276] Similarly,
the structure and interaction of interface-bound microgels could be investigated.
Such results will not only increase our understanding but also can be used as ref-
erences for computer simulations and theoretical studies. Well tuned simulations
can generate high output and allow time-efficient screening of the effects of different
parameters, such as polydispersity, architecture, or solubility.

Besides further techniques, also the recent developments in the synthesis of hy-
brid and anisotropic microgels give novel opportunities for applications and funda-
mental studies. In Chapter 7 we already presented the compression isotherms of
hollow microgels. From these measurements, it is shown that another parameter
controlling the deformability of microgels is their architecture, i.e., the incorpora-
tion of a solvent filled cavity. Therefore, the architecture is another property to tune
the phase behavior of microgels in both 2D and 3D [165].

Furthermore, it has been proposed that hollow microgels are excellent drug de-
livery systems. [277, 278] An important factor to consider for this purpose is the
adsorption and deformation of the microgels onto cell tissue. We present first AFM
images of deposited hollow microgels in Chapter 7. Remarkably, the micrographs
show that a thin shell leads to the disintegration of the microgels at the interface;
while a hollow microgel with a thick polymer shell keeps its structural integrity.
This effect can be both an advantage and a disadvantage, for example, whether a
rapid or slow release is desired.

Lastly, an exciting system to investigate at interfaces are the anisotropic, thermo-
responsive microgels with and without an inorganic core that have been realized
recently. [201] Anisotropic building blocks are an essential tool to study ordering
phenomena, not only in 3D but also at the interface. Their rod-like shape, coupled
with their responsiveness and their soft interaction potential, is an ideal playground
to explore liquid crystals and isotropic-to-nematic phase transitions. Additionally,
their core is made from a magnetic material (hematite, or after reduction magnetite)
which can be used to further explore their phase ordering in two dimensions as a
function of the magnetic field, temperature, and compression.
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Appendix

A.1. Microgel Synthesis and Characterization

Four different microgel model systems with different VPT'Ts were synthesized for this
thesis. All systems contained small amounts of the comonomer APMH (= 2 mol%)
to allow for post modification of the microgels, such as covalent labeling with flu-
orescent dyes. [160, 161] This primary amine is positively charged at neutral pH.
Therefore, a cationic initiator (V50) and surfactant (CTAB) were used to prevent
aggregation during the synthesis. There are no indications that the small amount of
APMH influences the interfacial behavior of the microgels. All microgels were syn-
thesized with the same following procedure, the values (mass of monomers, volumes,
and so forth) are given in Table A.1. pNIPAM, pDEAAM, pNIPAM-co-DEAAM,
and pNIPAM-co-DEAAM;,,,.; correspond to the sample codes SB_ 104c¢, SB_ 105¢,
SB_103c, and SB_ 106¢ in the lab journal and the sample codes SFB985 B8 SB -
MO000585, SFB985 B8 SB MO000586, SFB985 B8 SB_MO000587, and SFB985 -
B8 SB_ MO000588 on the SFB 985 sharepoint, respectively. Additional experimental
data may be found on the SFB 985 sharepoint using the sample codes.

Table A.1: Synthesis parameters for different microgel systems. The first two rows
contain the sample code in the lab journal and the used abbreviations in Chap-
ter 4 to 8. The weighed mass of NIPAM, myrpan, weighed mass of DEAAM,
mpeaam, weighed mass of APMH, mapyg, weighed mass of BIS, mpgrg, weighed
mass of CTAB, merag, and weighed mass of initiator (V50), Mipitiator, are given in
grams (g). Tyesser 18 the temperature measured in the reaction vessel. Viegser is the
total volume of water used for the synthesis. ¢ is the total monomer concentra-
tion. The molar composition of the initiator, mol;,itiator, molar composition of the
cross-linker, molgg, molar composition of APMH, molspym, is calculated from the
weighed-in masses. The revolutions per minute, RPM, and the relative centrifugal
force, RC'F, of the rotor for purification are given.

Parameter  Unit SB104c SB105¢ SB103c SB106¢
- - pNIPAM pDEAAM pNIPAM-co-DEAAM pNIPAM-co-DEAAN,,.au
MNIPAM (g) 5.4546 0 2.0069 2.71019
MDEAAM (2) 0 5.5140 3.4854 4.7246
MAPMH (2) 0.1474 0.1327 0.1384 0.1632
mprs (2) 0.3398 0.3607 0.3748 0.4998
MCOTAB (g) 0.0340 0.0221 0.0251 0.0574
Minitiator (2) 0.2253 0.2165 0.2151 0.2822
Thessel (°C) 65 65 62 72
Viessel (mL) 370 333 346 808
Ctotal (mM) 141.23 142.57 142.42 82.31
molinitiator  (MO1%) 1.59 1.68 1.61 1.56
molgrs (mol%) 4.22 4.93 4.93 4.87
molapyy  (mol%) 1.98 1.97 1.97 1.73
RPM (rpm) 30 000 30 000 30 000 33 000
RCF -) 70 000 70 000 70 000 84 000

Microgels were synthesized by precipitation polymerization. The monomers,
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NIPAM, and/or DEAAM, BIS, and APMH were dissolved in double-distilled water.
The monomer solution was heated and purged with nitrogen under constant stirring.
Simultaneously, the initiator (V50) and CTAB were each dissolved in 20 mL water in
two separate vessels and degassed for one hour. The surfactant was injected into the
reaction vessel and stirred for 30 more minutes to equilibrate. The polymerization
was initiated by adding the initiator solution. The reaction was carried out for 4 h
at Tyesser under constant nitrogen flow and stirring. The obtained microgels were
purified by threefold ultra-centrifugation at RPM and subsequent re-dispersion in
fresh, double-distilled water. Lyophilization was applied for storage.

All microgel samples were characterized by multi-angle dynamic light scatter-
ing. The hydrodynamic radii, Ry, as a function of temperature are presented in
Figure A.1. The results for R at different swelling-states and temperatures are
highlighted in Table A.2.
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Figure A.1: Multi angle light scattering data of synthesized microgel samples. Plot
of Ry, versus Temperature, T, for different samples.
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The internal structure of pNIPAM, pNIPAM-co-DEAAM and pDEAAM mi-
crogels was additionally characterized by small-angle neutron scattering (SANS).
SANS form factors, P(q), versus scattering vector, ¢, for pNIPAM-co-DEAAM and
pDEAAM microgels in dilute suspensions of D;O at T = 20, blue circles, and 40 °C,
red circles, are presented in Figure A.2A and C, respectively. The SANS data of the
pNIPAM microgels are given in Figure 4.1C of Chapter 4. For both temperatures
and all microgels, the scattering curves were fitted with a fuzzy sphere model. The
results of the fits are shown in Figure A.2B and D for pNIPAM-co-DEAAM and
pDEAAM microgels. The results for pNIPAM microgels are shown in Figure 4.1D
of Chapter 4. The radii, Rsang, and size polydispersities, o}, are summarized in
Table A.2.
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Figure A.2: SANS data and analysis of pNIPAM-co-DEAAM and pDEAAM micro-
gels. (A and C) SANS form factor, P(q), versus scattering vector, ¢, for pNIPAM-
co-DEAAM and pDEAAM microgels in dilute suspensions of D,O at T = 20, blue
circles, and 40 °C, red circles. The solid black lines are fits with the fuzzy sphere
model [49]. (B and D) Relative polymer volume fraction versus radius obtained from
the data fits at T = 20, blue solid line, and 40 °C, red solid line.

In Figure A.3A-C, a direct comparison of the pNIPAM, pNIPAM-co-DEAAM
and pDEAAM relative polymer volume fraction profiles at T = 20 and 40 °C is
displayed.
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Figure A.3: Relative polymer volume fraction versus radius obtained from the data
fits at T = 20 and 40 °C. (A-C) pNIPAM, solid lines, pNIPAM-co-DEAAM, dotted
lines, pDEAAM, dashed lines. T = 20 and 40 °C are depicted in blue and red,
respectively. (A) Comparison at T = 20 °C. (B) Comparison at T = 40 °C. (C)
Comparison at T = 20 and 40 °C

The molecular weight, M., of all synthesized microgels was computed by the
combination of the viscosity of microgel suspensions and DLS. For this, the time
of fall, ¢, of a fixed volume of differently concentrated suspensions through a thin
capillary of an Ubbelohde viscosimeter (C' = 3.156 - 10 mm? s~2) was measured and
the kinematic viscosity, nx = Ct, calculated. With a know sample density that can be
approximated with the one from water (pm,0) due to the low microgel concentrations,
Ne can be converted into the viscosity n = nrpu,0. The relative viscosity (n, =
1/ Nsolvens) as & function of the suspension concentration is fitted with the Einstein-
Batchelor equation (7, = 1+ 2.5kcu9% + 5.9(kcuwio)?) [223] to obtain the conversion
constant k. The graphs of 7, versus the mass fraction are given in Figure A.4A-D.
All measurements shown were conducted at T = 20 °C. The conversion constant is
related to the volume of the swollen microgels (Vs, = 4/37Rp 20 o) and the mass of
the particle. [165, 220] The values for the viscosity averaged molecular weight, M,;s,
the number of monomer units, n,;, and the conversion constant, k, are summarized
in Table A.2.

Table A.2: Characterization of different microgel systems. The hydrodynamic radii
are given in swollen state, Rj, syoiien, at T = 20 °C, Rj 200c, and in deswollen state
R}, deswolien- The SANS radii were measured at T = 20 °C, Rgans,20°c, and T
= 40 °C, Rgans, a0°c. Size polydispersities, o, are the averaged values of both
temperatures. Converstion constants were computed in swollen state, kgyouen, and
at T = 20 °C, kygoc. The viscosity averaged molecular weight, M,;,, was averaged
from both temperatures if available.

Parameter Units SB104c SB105¢ SB103c SB106¢
- - pNIPAM pDEAAM  pNIPAM-co-DEAAM pNIPAM-co-DEAAN;,,a
R swolten (nm) (155 £ 3) (156 £ 2) (162 £ 1) (116 £ 1)
Ry, 200c (nm) (153 £ 3) (143 + 2) (127 £ 1) (94 £1)
R deswolien (nm) (76 + 2) (74 £ 1) (78 + 1) (50 + 1)
Rsans.20-c (nm) (150 £2) (137 £ 3) (113 + 3) §
Rsans, s0°c (nm) (72 £ 1) (73 £ 1) (73 £ 2) -
o, (%) (7T+1) 9+ 1) (8 +1) .
Ksuwolten ) (185 +0.1) (171 + 1) (16.6 + 0.9) -
sg o ) (18.5 & 0.1) (12.7 £ 0.2) (7.8 £ 0.6) (13.0 £ 0.1)
My, (105 g mol™!) (4.3 +£0.3) (5.7+0.2) (6.4 +0.2) (1.3 £ 0.5)
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Figure A.4: Relative viscosity of microgel samples. (A) pNIPAM microgels, (B)
pDEAAM microgels, (C) pNIPAM-co-DEAAM microgels and (D) pNIPAM-co-
DEAAM;,,,.; microgels. Red circles are measurement data with error bars and
blue lines are the fits with the Einstein-Batchelor equation [223]|. All measurements
were conducted at T = 20 °C.
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A.2. Interfacial Rheology

The rheological properties of microgel monolayers are of great interest to elucidate
the mechanisms of emulsion stabilization. [61, 279, 280] The measurement of these
properties is experimentally feasible with different methods. For dilational rheol-
ogy, a pendant drop or Langmuir trough setup can be used in oscillating drop or
barrier mode, respectively. Interfacial shear rheology can be conducted with special
geometries, such as bicone or double wall-ring (DWR), attached to a standard shear
rheometer or with a magnetic interfacial stress rheometer. Indeed, there are other
possible methods and techniques which can be used for interfacial rheology. |76,
274, 275, 281, 282]

In the scope of this thesis, it was planned to measure the rheological properties of
microgel monolayers with the commercial available double wall-ring (DWR) setup,
but this setup has an eminent disadvantage: measurement of the surface pressure or
interfacial tension and in situ control of the particle density at the interface is not
possible. Therefore, a device that combines a Langmuir trough with an interfacial
shear rheometer using a DWR geometry following Ref. [272] and [273] was built.

A top view

|
B bottom view
C P perspective view

/

\\ P
Y 4 \N
\
/

YA

Figure A.5: Three-dimensional model of the Langmuir trough for interfacial shear
rheology. (A) Top view of the inner and outer compartment, (B) bottom view of
the thermal labyrinth, and (C) perspective view. Lines in red, green, and blue are
the y-axis, x-axis, and z-axis, respectively.

A liquid-liquid Langmuir trough was custom made in cooperation with the shared
mechanical workshop of the institute of inorganic and physical chemistry. The com-
mercially available liquid-liquid troughs could not be used, because their size (width
= 54 mm) is not sufficient to fit reasonably sized DWR geometries. The trough was
cut directly from a single piece of poly(oxymethylene) glycol (POM). The inner com-
partment, for the sub-phase, has the dimensions of 790 mm x 85 mm X 10mm and
the outer compartment, for the top-phase, the dimensions of 790 mm x 105 mm X
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7mm (Length x Width x Height). Excluding the barriers, the trough has a maxi-
mum interfacial area of roughly 630 cm? and a minimum area of 60 cm?. Equipped
with the DWR extension the minimum area is ~ 120 cm?. A thermal labyrinth with
a large surface area that can be connected to a water bath was milled on the other
side of the POM block. The labyrinth is sealed watertight using a thin plate of POM
(=~ 3 mm). Top, bottom, and perspective views of the 3D model of the trough are
shown in Figure A.5. The finished rheo-Langmuir trough is shown in Figure A.8.

The double wall cup for the DWR geometry was grooved from POM. Two cups
were manufactured with two different diameters (o1 = 55 and 72 mm) for two
sizes of ring geometries. The inner, @;,, outer, J,,, and total diameter, Jipsar,
of the cups are given in Figure A.6. Both walls have a 1 mm sharp edge step
(Figure A.6C, notch) at 10 mm distance from the bottom to pin and create planar
interfaces. In contrast to the commercially available setup, the double wall cup has
inlets (Figure A.6C, opening) for the interface which are placed in direction of the
long axis of the trough. These opening allowing the surface-active material to enter
or leave the cup, for example, when the monolayer is compressed.

A B

Btotal = 55/72 mm C notch opening
Dout = 46.5/62 mm
@in = 26.5/37 mm

Figure A.6: Three-dimensional model and image of the double wall cups for inter-
facial shear rheology. (A) Top view, (B) perspective view with inner, &,,, outer,
Dout, and total diameter, Syopq, and (C) digital image of the double wall cup with
Diotar = 72 mm. The notch and openings are highlighted. Lines in red, green and
blue are the y-axis, x-axis and z-axis, respectively.

The ring geometries were custom made by direct metal printing (3D Systems
public, LayerWise NV, Belgium) from medical-grade titanium (Ti6Al4V Grade 23).
In Figure A.7A-B a 3D model of the geometries and in Figure A.7C the finished
product after 3D printing is shown. The ring itself has a diamond-shaped cross-
section with an edge length of v/0.5 mm to pin the interface. Furthermore, it has
three openings to enable the exchange of the inner and outer area while compression
of the monolayer and ensure homogeneous II. The diameters of the geometries, inner,
Din, outer, F,,; and averaged diameter, &,,;4, for both sizes are given in Figure A.7.
The two sizes can be used to extend the accessible strain or/and stress of the DWR
setup. [274]

Construction drawings of the double wall cups and ring geometries were provided
by the Vermant Group, ETH Zurich.

In Figure A.8 the “ready-to-measure” interfacial shear rheology devices is shown.
The whole setup is placed inside a poly(methyl methacrylate) box to reduce airflow

149



Gout = 36/49 mm opening
@mid = 35/48 mm :
@in= 34/47 mm

Figure A.7: Three-dimensional model and image of the ring geometries for interfacial
shear rheology. (A) Top view with inner, &;,, outer, &,,; and averaged diameter,
Dmid, (B) perspective view, and (C) digital image of the ring geometry with &,,;q =
48 mm. The openings are highlighted in (B) and (C). Lines in red, green, and blue
are the y-axis, x-axis, and z-axis, respectively.

and the adsorption of dirt to the interface. A passive damped optical table (air-
cushions) to reduce vibrations is used.

_— \ geometry socket
\ B : ‘ and extension
J\l. | -

Langmuir frame (8 ‘
\ KSV NIMA)

(

b
L ke o ‘ f

film balance [

connection to 70 ring geometry

water bath SR V. O —

.\

Figure A.8: Interfacial shear rheology setup with Langmuir trough and double wall-
ring.

The new interfacial shear rheology setup was tested by measuring compression
isotherms and amplitude sweeps of monolayers of the pNIPAM microgel discussed
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in Chapters 4, 6, 7 and 8 at T = 20 °C. Therefore, all components were carefully
cleaned. The ring geometry with a 48 mm diameter was attached to the rheometer
and calibrated. The double wall cup was inserted into the trough and roughly
720 ml of ultrapure water (18,2 MOhm-cm) were filled in. A highly porous platinum
Wilhelmy plate (perimeter = 39.24 mm) was mounted to the electronic film balance
and contacted with the interface. The Wilhelmy plate was aligned parallel to the
barriers. The air-water interface was cleaned by carefully removing dust and surface-
active impurities with a suction pump. Subsequently, the geometry was placed at the
interface while monitoring the axial force. A strong change in axial force was used
to identify whether the geometry was attached to the interface. Additionally, the
position of the ring was checked with the bare eye and a flashlight. After performing
a compression-expansion cycle to verify that the interface was clean, three times
filtered decane (=~ 280 mL) were added as top-phase. The decane was carefully and
slowly poured into the trough over the edge step to minimize irritation and prevent
detachment the geometry from the interface. The cleanness of the decane-water
interface was checked again by a compression and expansion cycle. The microgel
monolayer was created by the addition of an aqueous solution of pNIPAM microgels
with a Hamilton syringe.

Measurements of the compression isotherms and amplitude sweeps were per-
formed at the same time. The interface was compressed at 5 mm min~! and when
a desired II was reached all barrier movements were stopped. After equilibration
(roughly 20 min) amplitude sweeps at 1 rad s™* = 0.16 s™* and 3 rad s™! = 0.48 s7!
were performed. The amplitude, Yrpeo, was varied between 0.1 and 10 % (1.16 10~
to 2.32 1072 rad) in 25 steps. After the amplitude sweeps, the next surface pres-
sure was approached. The full compression isotherm was measured (Figure A.9A)
starting from different initial microgel amounts spread to the interface. Interfa-
cial shear rheology measurements were performed between 1 and 32 mN m~!. In
Figure A.9B-C examples at 1, 10, 20, 25, 30 mN m™! are shown by full circles,
diamonds, squares, hexagonal stars, and triangles, respectively. The measurement
points are highlighted with the same symbols in Figure A.9A.

Compression isotherms measured in the new trough show qualitatively the same
trend as in the commercial available Langmuir troughs (Chapter 5, Figure 5.1).
Differences in the area/mass-values can be seen at higher compression, which can
be explained by the reduced available area of the trough due to the double wall cup.
In this compression isotherm the area of the trough was not yet reduced by the area
the cup takes up, especially at high compression (low trough areas) this bias the
area,/mass-values.

The amplitude sweeps for 1 and 3 rad s~* (Figure A.9B and C) show the same
trend. At low compression, 1 mN m~!, values of G’ and G” are within or close to
the machine limits. Increasing II stepwise to 25 mN m™!, close to the onset point of
the isostructural phase transition, increases the storage modulus significantly and
the loss modulus slightly (Figure A.9B and C, blue and green diamonds, squares
and hexagonal stars). Compression the monolayer to values above 25 mN m~! leads
to a decrease of G’ (Fig. A.9B and C, blue triangles), while G” stays nearly con-
stant (Fig. A.9B and C, green triangles). The decrease of the elasticity of microgel
monolayers was already observed in Ref. [76] using a different interfacial rheology
setup (interfacial microdisk rheology) for similar microgels. Furthermore, the ab-
solute values for G’ and G” measured with the mircrodisk and DWR, method have
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Figure A.9: Compression isotherm and interfacial amplitude sweeps of pNIPAM
microgel monolayers. (A) Il-area/mass isotherm of pNIPAM microgel monolayers
measured with the new Langmuir trough at T = 20 °C. For more details see text.
(B-C) Storage (blue symbols), G’, and loss modulus (green symbols), G”, versus the
oscillatory displacement, Ygrpeo, of pPNIPAM microgel monolayers at 1, 10, 20, 25,
30 mN m~! and T = 20 °C. (B) Amplitude sweeps at 1 rad s™* = 0.16 s~%. For
1 mN m~ G’ is always below the machine limits and not shown. (C) Amplitude

sweeps at 3 rad s~ = 0.48 s~ 1.

the same order of magnitude. These measurements show that the Langmuir trough
interfacial shear rheology setup works within the expected parameters and is ready

for further measurements.
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