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Abstract

This thesis aims to develop microgels with improved adhesive and mechanical proper-
ties by drawing inspiration from the remarkable under-water adhesion of mussels. The
synthesised microgels are based on poly(N-isopropylacrylamide) (PNIPAM), known
for its temperature-responsive behaviour. Dopamine methacrylamide (DMA) can be
used as a co-monomer to mimic the mussel’s properties. Due to its catechol group, it is
capable of cross-linking microgel structures. However, its scavenging ability demands

a precise synthesis control.

In the first part of this thesis, the microgel synthesis is analysed and controlled through
kinetic studies. Time-samples, taken during the synthesis, are evaluated by using
mass spectrometry (MS) to determine the individual monomer consumption rates.
The incorporation of DMA is quantified using UV-vis and nuclear magnetic resonance
(NMR) spectroscopy. An optimised synthesis protocol is developed: A DMA injection
after 15min ensures the full NIPAM and cross-linker N,N’-methylene-bis-acrylamide
(BIS) consumption, while an overall synthesis reaction time of 60 min guarantees the
DMA incorporation. The synthesis is reproducible and independent of UV light. DMA
exhibits second-order reaction kinetics.

In the second part, the temperature-dependent swelling behaviour of P(NIPAM-co-
DMA) microgels with varying DMA incorporations is analysed: DMA lowers the vol-
ume phase transition temperature (VPTT) due to its higher hydrophobicity when com-
pared to NIPAM and sharpens the transition itself. Force spectroscopy measurements
on single adsorbed microgel particles reveal that the incorporation of DMA stiffens
PNIPAM microgels over their entire cross-section. The swelling behaviour and me-
chanical properties are linearly correlated as predicted by the affine network model for
both types of microgels. Nonetheless, when a large amount of DMA is incorporated,
catechol interactions within the network inhibit the shrinking of the microgel, while
maintaining its high mechanical stiffness.

In the final part of this thesis, the adhesive properties of the microgels are charac-
terised by colloidal probe atomic force microscopy (AFM) on monolayers of microgels
prepared by the Langmuir-Blodgett technique. P(NIPAM-co-DMA) microgels exhibit
superior adhesion when compared to pure PNIPAM microgels. Adhesive forces reach
their maximum at 10 mol% DMA content. However, higher DMA amounts lead to re-

duced adhesive but increased mechanical properties - this highlights the delicate bal-



xi

ance between the material’s cohesive and adhesive properties. When further increas-
ing the packing densities of microgel particles, the adhesion of P(NIPAM-co-DMA) mi-
crogels decreases, possibly due to catechol interactions within the densely compressed

microgels.
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Kurzzusammenfassung

Ziel dieser Arbeit ist die Entwicklung von Mikrogelen mit verbesserten adhésiven
und mechanischen Eigenschaften, inspiriert von der bemerkenswerten Unterwasser-
haftung von Muscheln. Die synthetisierten Mikrogele basieren auf dem Polymer
Poly(N-isopropylacrylamid) (PNIPAM), das fiir sein temperatursensitives Verhalten
bekannt ist. Dopaminmethacrylamid (DMA) kann als Comonomer verwendet werden,
um die Eigenschaften von Muscheln zu imitieren. Aufgrund seiner Catecholgruppe
ist es in der Lage, Mikrogelstrukturen zu vernetzen. Da DMA auch als Radikalfanger

wirkt, ist eine genaue Kontrolle der Synthese erforderlich.

Im ersten Teil dieser Arbeit wird die Mikrogelsynthese mithilfe von kinetischen Un-
tersuchungen analysiert und kontrolliert. Durch die Auswertung von Zeitproben, die
wahrend der Synthese entnommen werden, konnen die Verbrauchsraten der einzel-
nen Monomere mittels Massenspektrometrie (MS) bestimmt werden. Der Einbau von
DMA wird mittels UV-Vis-Spektroskopie und Kernspinresonanzspektroskopie (NMR)
quantifiziert. Ein optimiertes Syntheseprotokoll wird entwickelt, bei dem DMA
nach 15min zur Reaktion hinzugefiigt wird, um die vollstindige Umsetzung von
NIPAM und dem Vernetzer N,N’-Methylenbisacrylamid (BIS) sicherzustellen. Eine
Gesamtreaktionszeit von 60 min garantiert die Einbindung von DMA. Die Synthese
ist reproduzierbar und unabhédngig von UV-Licht. DMA zeigt eine Kinetik zweiter
Ordnung.

Im zweiten Teil wird das temperatursensitive Quellverhalten von P(NIPAM-co-DMA)-
Mikrogelen mit unterschiedlichem DMA-Gehalt analysiert: DMA senkt die
Volumenphaseniibergangstemperatur (VPTT) aufgrund seiner hoheren Hydrophobi-
zitit im Vergleich zu NIPAM und beschleunigt den Ubergang. Kraftspektrosko-
pische Messungen an einzelnen adsorbierten Mikrogelpartikeln zeigen, dass PNIPAM-
Mikrogele durch die Einbindung von DMA f{iber ihren gesamten Querschnitt hin
versteift werden. Das Quellverhalten und die mechanischen Eigenschaften werden
mithilfe des affinen Netzwerkmodells fiir beide Arten von Mikrogelen linear kor-
reliert. Fiir hohe DMA-Konzentrationen behindern Catechol-Wechselwirkungen im
Netzwerk jedoch das Schrumpfen des Mikrogels, wiahrend seine hohe mechanische
Steifigkeit erhalten bleibt.

Im letzten Teil dieser Arbeit werden die adhédsiven Eigenschaften der Mikrogele

mithilfe der kolloidalen Sonden-Rasterkraftmikroskopie an Mikrogel-Monoschichten
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untersucht, die mit Hilfe der Langmuir-Blodgett-Technik hergestellt werden.
P(NIPAM-co-DMA)-Mikrogele weisen im Vergleich zu reinen PNIPAM Mikroge-
len eine erhohte Adhdsion auf. Die Adhésionskréfte erreichen ihr Maximum bei
einem DMA Gehalt von 10mol %. Hohere DMA-Gehalte fithren zu einer gerin-
geren Adhdsion, aber besseren mechanischen Eigenschaften — was das empfindliche
Gleichgewicht zwischen den kohdsiven und adhésiven Eigenschaften des Materials
aufzeigt. Bei weiterer Erhohung der Packungsdichte der Mikrogelpartikel, nimmt die
Adhaésion jedoch ab. Dies konnte auf Catechol-Wechselwirkungen innerhalb der stark
komprimierten Mikrogele zurtickzufiihren sein.
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1 Introduction

Water covers 71 % of the earth’s expanse. 96.5 % of this water is kept in the ocean [1],
whose dark depths hide a lot of yet unknown. Throughout history, mankind has
drawn inspiration from nature for new developments in science and technology.
Marine organisms like mussels gained substantial attention in the scientific commu-
nity during the last decades due to their unique under-water adhesive capabilities
and remarkable mechanical properties. These properties are mainly attributed to
the mussel foot proteins (mfps) secreted by the mussel byssus, which contain large
amounts of the catechol-based L-3,4-dihydroxyphenylalanine (DOPA) [2]. Catechols
can adhere to various surfaces through multiple interaction mechanisms, including
hydrogen bonding and metal coordination. They also possess the ability to cross-link
structures [3H6]], which primarily contributes to the robustness of the mussel byssus.
Mussel-inspired properties are therefore highly interesting in biomedicine [7-9],
demanding robust adhesive materials. However, the extraction of mfps from the
mussel byssus provides substantial costs [10-H12] and not to forget, the extraction
causes harm to the animals. The catechol-based dopamine methacrylamide (DMA)
can serve as a synthetic replacement to mimic the mussel’s properties and has been
successfully used as co-monomer [4) [13H15] and cross-linker [4) 6, [16] for polymers,
to improve the adhesiveness of materials [16-19] or to produce self-healing materials
[13]. When using DMA, it is crucial to consider the radical scavenging capability of
catechols, which can impact gel growth [20].

Besides from the use of mussel-inspired materials, hydrogels have gained con-
siderable attraction in science [21H23] as for example tissue adhesives [24-26], in drug
delivery [23] 27, 28] or as self-healing materials [13, 29, 30]. Hydrogels are defined as
polymer networks that can swell by absorbing large amounts of water [31], similar
to human body tissues. They feature a micro-network, characterised by the mesh

size, which influences the diffusion and transport of oxygen, nutrients and drugs.



2 Chapter 1: Introduction

Hydrogels can be manufactured with good biocompatibility and a large variety of
properties. Nonetheless, they are often limited by their low stiffness, which can restrict
their use for applications demanding mechanical robustness [22]. To overcome this
limitation, stiffness can be introduced and adjusted by chemically cross-linking the
polymer network. In the biomedical context, hydrogels need to replicate the stiffness
of the tissue they mimic [21]. While the cartilage, for example, has a Young’s modulus
of around 700 kPa, muscles only possess moduli around 10 — 15 kPa [21]].

Hydrogels undergo reversible changes in their physical or chemical properties in
response to specific external stimuli such as temperature [32-34], pH [33} 35437], ionic
strength [33] 37], light [38, [39] or magnetic fields [40]. Smaller hydrogels, e.g. micro-
gels, exhibit quicker response to external triggers [41] 42] and are easier adaptable
to the size of defects [23] 43, 44], thereby facilitating their filling. The preparation
of surface coatings is furthermore easier when prepared from microgels than from
macrogels [45)] 46].

Among microgels, poly(N-isopropylacrylamide) (PNIPAM) microgels have been
widely employed. PNIPAM microgels can be easily synthesised with a narrow size
distribution [47] by free radical precipitation polymerisation [48]. The microgels
undergo a volume phase transition (VPT) when heated above the lower critical
solution temperature (LCST) of the linear PNIPAM polymer, which is around 32°C
[49] in water. To cross-link the microgel structure, N,N’-methylene-bis-acrylamide
(BIS) is typically used. BIS exhibits a faster reaction kinetic compared to NIPAM
and thus, accumulates in the microgel’s core leading to a core-shell structure [50, 51].
The versatility of PNIPAM extends further as it can be easily co-polymerised [52-55]
with monomers holding specific properties like charge or hydrophobicity. This
enables the design of polymer architectures tailored to defined needs. Introducing
hydrophobic or hydrophilic co-monomers allows the VPTT to be tuned to lower or
higher temperatures. Tuning the sharpness of the transition additionally affects the
release rate of e.g. drugs incorporated in the microgel network, making it possible to

accelerate or decelerate drug delivery [56].

The combination of these two outstanding systems - the catechol-based chem-
istry of mussels with microgels - enables the possibility to create systems that fuse
stimuli-responsiveness, mechanical durability, self-healing properties [13, 29| 30]
and high surface adhesion [57-59]. The main goal of this thesis is therefore the
development of mussel-inspired microgels based on PNIPAM, aiming to enhance



the mechanical and adhesive properties of the microgels. We use the co-monomer
dopamine methacrylamide (DMA) to mimic the properties of mussels. This approach
requires a balance between the material’s cohesion and adhesion, with the microgel’s
swelling behaviour having the potential to weaken both characteristics [60].

To enable the precise synthesis control for further research, especially paying attention
to the scavenging effect of DMA [20], in-depth investigations of the co-polymerisation
of PNIPAM with DMA are provided in chapter 4. Reaction kinetics of the components
are determined by analysing time-samples taken throughout the microgel synthesis
by mass spectrometry (MS). To date, the kinetics of DMA co-polymerisation is
rather unknown. Particularly, the examination of different synthesis parameters
is of high importance to further control the synthesis process and characterise the
co-polymerisation. The reproducibility and UV influence of the synthesis is tested.
The incorporated amount of DMA is investigated with a combination of UV-vis and
nuclear magnetic resonance (NMR) spectroscopy.

In chapter 5, we explore the effect of an increasing DMA incorporation on the swelling
behaviour and nanomechanical characteristics of P(NIPAM-co-DMA) microgels.
Their correlation is investigated using the affine network model, derived from the
Flory-Rehner theory. Changes in their swelling behaviour are studied in bulk solution
through dynamic light scattering (DLS), revealing insights into how DMA influences
the microgels” volume phase transition (VPT) behaviour, swelling ratio, and mesh
size. The microgel’s nanomechanical properties (at the solid surface) are studied by
atomic force microscopy (AFM), more precisely by the force spectroscopy technique.
A tip is indented into individual microgel particles to gain information about their
laterally resolved mechanical properties (local elastic modulus Ey,.) [61].

In chapter 6, the influence of DMA on the adhesive abilities of the microgels is
investigated by AFM, indenting a colloidal probe into a closed microgel layer. Col-
loidal probes are especially suitable in the determination of adhesive forces, as they
provide a well-defined contact area in contrast to the tips used in chapter 5 [62-64].
The cross-linking ability of DMA can counteract the adhesion of microgels at the
surface, providing the challenge to optimise the microgel’s adhesive properties while
preserving the material’s toughness. The global mechanical properties of the layers
can be determined from the measurements, yielding a global elastic modulus Egqp.
This work contributes significantly to the tailoring of P(NIPAM-co-DMA) microgels,
aligning their properties with the requirements needed for further applications in both

bulk solution and at solid surfaces.






2 Scientific background

This chapter explains the scientific background of polymer gels, especially microgels.
Microgels based on poly(N-isopropylacrylamide) (PNIPAM) are introduced. The syn-
thesis of microgel particles is discussed including aspects of reaction kinetics. Prin-
ciples of thermodynamics are explained to understand the swelling of microgels and
provide information about their elasticity. The chapter also examines the behaviour
of microgels adsorbed at interfaces. Additionally, it includes a scientific background
about the remarkable under-water adhesion exhibited by mussels, offering insights
into selected mussel-inspired materials. For a more comprehensive and in-depth ex-
ploration of these topics, readers are encouraged to refer to more specialised literature

sources.

2.1 Microgels

Microgels are colloidal gel particles consisting of a three-dimensional polymer net-
work, which is physically or chemically cross-linked. They highly swell when exposed
to a solvent like water [31] with water contents ranging from 10 to 90 wt% [42]. How-
ever, microgel particles are also dispersed in the solvent [42] ("colloidal dispersion”).
Colloidal dispersions can undergo aggregation, either flocculation or coagulation, al-
though they often maintain colloidal stability due to the presence of surface charges.
The unique combination of colloidal and polymeric properties is what makes micro-
gels highly interesting for many applications. Microgels possess sizes of colloidal di-
mension (several nanometers to micrometers, 10 — 1000nm) [42, 65]. In contrast to
macrogels, microgels reveal advantages over larger hydrogels [23] 43, 44]. They act
minimally invasive because they can be introduced with needles and are highly adapt-

able when filling defects of various sizes. Moreover, microgels respond more rapidly
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to environmental changes [41), 42] than macrogels, which follows from the relationship
derived by Tanaka [66]]: )
R

T= =D (2.1)
where T represents the characteristic time of the gel volume change, R is the gel radius
and D its diffusion coefficient. In addition, the preparation of surface coatings is easier
when prepared from microgels than from macrogels [45, 46]].
Environmental changes, which affect the shape and volume of the microgels and thus
the microgel’s properties, can be caused by external stimuli. The change in the mi-
crogel’s volume upon swelling and collapsing (volume phase transition) is illustrated
in fig. Stimuli are for example temperature [32434], pH [33] 35H37], ionic strength

[33,137], light [38],139] or magnetic fields [40].

Figure 2.1: Microgels reversible swell and deswell due to the application of an external
stimulus. Microgels in the swollen state possess a heterogeneous structure
due to a faster consumption of the cross-linker compared to the monomer.

The mesh size ¢ characterises the micro-network of the microgel.

The introduction of a cross-linker supplies a stable micro-network within the micro-
gel’s structure. This micro-network is characterised by the mesh size (see fig.2.T).
Microgels prepared through the classical free radical precipitation polymerisation
(batch synthesis) possess a non-uniform cross-linker distribution, originating from
the different reaction kinetics of cross-linker and monomer. The cross-linker typically
exhibits a faster reaction kinetics compared to the monomer and thus, accumulates
in the microgel core [16| 50, 51]. This results in a heterogeneous, core-shell microgel

structure [67] with a cross-linker-rich core and a loosely cross-linked shell with dan-
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gling polymer ends (see fig.[2.T|left). Rudyak ef al. [68] demonstrated that for microgels
with a 1mol% cross-linker concentration, the dangling ends account for almost the
half of the total microgel mass. However, the formation of this heterogeneous mi-
crogel structure can be suppressed through a continuous feeding approach ("feeding
method"), where both monomer and cross-linker are continuously feeded into the
reaction mixture [69, [70]. This method leads to a more homogeneous distribution of
cross-linking. In the recent years, there has been also growing scientific interest in
exploring "self-cross-linked" microgels [71-73].

Nonetheless, the stiffness and swelling ability of microgels can be finely tuned by
adjusting the cross-linker concentration: with an increasing cross-linker concentration,
microgels become stiffer [51, 74 75] and show a reduced swelling ability [67, [76].
Microgels can also be easily functionalised by introducing a co-monomer [52-55]. This
enables the incorporation of various triggers for stimuli-responsiveness, adhesion, or
the improvement of mechanical and colloidal stability. Such functionalisation offers

the opportunity to design architectures tailored to desired needs.

A large amount of research focuses on poly(N-isopropylacrylamide) (PNIPAM)
microgels, composed primarily of the monomer N-isopropylacrylamide (NIPAM).
They can be easily synthesised with a narrow size distribution [47] through free radical
precipitation polymerisation [48]. Usually N,N’-methylene-bis-acrylamide (BIS) is
used to cross-link the microgel structure, resulting in the characteristic heterogeneous
microgel structure.

PNIPAM microgels undergo a volume phase transition (VPT) when heating beyond
the lower critical solution temperature (LCST) of the linear polymer at 32°C in water
[49]. Below the volume phase transition temperature (VPTT), PNIPAM is soluble in
water. The amide groups of PNIPAM form hydrogen bonds with the surrounding
water molecules. When heating above the VPTT, these hydrogen bonds break and a
phase separation occurs. Inter- and intramolecular hydrogen bonds among PNIPAM
side chains form, leading to the formation of a polymer-rich and a polymer-poor phase
in the system [49]. The VPT consequently induces a collapse of PNIPAM microgel
particles when the temperature exceeds the VPTT, as depicted in fig.2.1} The phase
diagram of PNIPAM shown in fig.2.2] [49] illustrates the two-phase and one-phase
regime of the polymer (PNIPAM) and solvent (water) mixing. The VPTT is defined as
minimum of the binodal curve.

The collapse of heterogeneously cross-linked PNIPAM microgel particles was pro-



8 Chapter 2: Scientific background

posed to happen in three different stages [77]: The initial core collapse (25 — 35°C)
is followed by a partial collapse of the shell (35 — 38°C). As temperatures increase
even further to 38 — 50°C, the core experiences an additional collapse. It leads to the

formation of a hard particle surrounded by a partially collapsed and non-rigid shell.

T &

2 phases

VPTT
1 phase

c(PNIPAM)

Figure 2.2: Phase diagram of PNIPAM in water, adapted from [49]. Below the volume
phase transition temperature (VPTT), PNIPAM and water are mixed. The
microgels are swollen. Above the VPTT, PNIPAM and water demix, result-

ing in the collapse of the microgel particles.

2.1.1 Microgel synthesis

The most widely used technique for preparing microgels is free radical precipitation
polymerisation. The polymerisation kinetics in free radical precipitation polymerisa-
tion [78] and the particle formation mechanism [42, 68, 79-81] should be discussed in

this section.

Polymerisation kinetics in free radical precipitation polymerisation

Free radical precipitation polymerisation involves several kinetic aspects, as illustrated
in the reaction scheme in table2.1} (1) Initiation, (2) propagation, (3) termination and

(4) chain transfer.
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Table 2.1: Kinetic scheme of free radical precipitation polymerisation adapted from

[78]].
(1) Initiation Decomposition initiator I k—D> 2[-
Formation active species M-+I- BLEGEV?
(2) Propagation Pn-+M LN Pni1-
(3) Termination Recombination Pn-+Pm- k—T> Prim
Disproportionation Pn-+Pm- k—T> Pa+Pm
(4) Chain transfer Pn-+Pm kC—T> Pp+Pm-

I: initiator, M: monomer, P;: polymer with i repeating units, - denoting radical,

k different reaction rate constants.

(1) During initiation, the radical initiator (I) thermally decomposes, subsequently
reacts with a monomer (M) and then generates an active species. The amount of
radicals increases during this phase.

(2) Chains grow and form polymers P; with i repeating units during the propagation
phase through the addition of monomers to the initiated species. The amount of free
radicals stays constant during this phase, since initiation and termination of radicals
are in equilibrium, considering the initiator’s half-life time. Monomers are rapidly
consumed.

(3) The termination of chains results from recombination or disproportionation
processes. Recombination describes the circumstance when two growing radicals
meet and form a bond, generating an inactive species. In contrast, disproportionation
describes when a hydrogen atom is transferred from one radical to another, leading
to the saturation of one polymer chain. Termination events slow down the monomer
consumption rate and can be induced by introducing stoppers into the reaction
system.

(4) Chain transfer describes the transfer of an active centre to another molecule.

All of these reactions occur with a different reaction rate constant k. The overall

rate of polymerisation Rp can finally be described by [78]:

~d[M]

. <Mz, (2.2)

Rp =
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where [M] is the monomer concentration and [I] the initiator concentration. This im-
plies that the polymerisation rate increases with increasing temperature (faster decom-
position of initiator) and with an increasing initiator concentration. Reaction kinetics
are important factors when controlling the microgel synthesis and therefore when tun-

ing the properties of the final microgel particle.

Formation of microgel particles by free radical precipitation polymerisation

Microgel particles form through homogeneous nucleation during free radical precipi-
tation polymerisation. As explained in the previous section, the polymerisation starts
with the initiation (1) phase, followed by the (2) propagation phase. Initially, it is cru-
cial for all reactants to remain soluble in the chosen solvent. However, when the grow-
ing chains reach a critical size, they precipitate due to the insolubility of the polymer
in the solvent under the reaction conditions. Typically, the reaction temperature falls
within the range of 50 — 80°C, where temperature-responsive polymers collapse. If
these conditions are not met, macrogels will form as polymers may continue to inter-
connect, forming a three-dimensional gel-like network. In contrast, when precipitation
occurs, particle nuclei ("precursor particles") form, initially lacking colloidal stability.
According to Rudyak et al. [68], who simulated the particle growth of 1mol% BIS
cross-linked microgels, this process lasts up to monomer conversions of 0.11 — 0.12
(equivalent to 2 — 3min in the synthesis). Due to their instability, precursor particles
tend to aggregate into larger entities known as "primary particles" or grow by reacting
with further monomers or oligomers. The charges originating from the initiator tend
to accumulate at the outer part of the microgel particle, electrostatically stabilising the
primary particle. This process takes up to 9 — 13 min during the synthesis [68]. Once
particle stabilisation is achieved, the number of particles remains constant until the
end of the reaction [81]. Primary particles grow further by aggregation of additional
precursor particles until the final particle size is reached. This process begins after ap-
proximately 40% of monomer conversion [68]. The introduction of a cross-linker like
BIS during the polymerisation of PNIPAM microgel particles prevents them from dis-
solving in water at low temperatures. BIS was shown to decrease the particle number
density, while increasing the particle volume [81]. The formation of microgel particles
is illustrated in fig.2.3]

This procedure can yield highly monodisperse particles. The particle growth was

found to follow pseudo-first order kinetics [81], as the initiator concentration stays
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mainly constant throughout the synthesis when considering its half-life time. There-
fore, the reaction kinetics are mainly determined by the concentration of unreacted

monomer and the initiator concentration.

| @ * IVI oin\ [}
M aw @’\e
M M ® .
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| ®
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Starting Growing chains Precursor
solution particles

Primary particles Final microgel particle

Figure 2.3: Formation of microgel particles by free radical precipitation polymerisa-
tion. After starting the reaction, chains start to grow until they form unsta-
ble precursor particles. These aggregate to stable primary particle. At the
end of the reaction, the final particle size is reached. The figure is adapted
from [42].

2.1.2 Swelling thermodynamics

The VPT exhibited by microgels is characterised by an abrupt change in their swelling
in response to an external stimulus. This section provides a more detailed theoretical

framework [82] needed to understand the swelling behaviour of microgels.

The change of swelling is characterised by a change in the Gibbs energy AG.
For neutral PNIPAM microgels, it can be expressed by:

AG = AGpix + AGq. (2.3)

AGmix describes the contribution to the Gibbs energy arising from the mixing of poly-
mer chains with solvent molecules (Flory-Huggins theory). In contrast, AG,| describes
the contribution resulting from the deformation of the elastic microgel network, re-
covering after the deformation (Flory-Rehner theory). For charged microgels, an addi-

tional ionic contribution is added to the term, although it is not required for this thesis.
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In thermodynamic equilibrium, contributions to the osmotic pressure in the microgel
become zero:
I = Ty + [T = 0. (2.4)

Swelling (positive osmotic pressure) or deswelling (negative osmotic pressure) occurs,

when the microgel is out of equilibrium.

Flory-Huggins theory

Microgel particles can be regarded as a binary mixture of polymer chains and the sol-
vent. Solvents can be categorised as either "good" solvents, resulting in a homogeneous
mixture of both, or "bad" solvents, resulting in a heterogeneous mixture. For PNIPAM
microgels, water is a good solvent below the VPTT, but becomes a bad solvent upon
heating. The mixing can be described using the lattice model by Flory [83] and Hug-
gins [84]: In this model, the lattice can be described by the addition of np polymers
with a length of x segments to ng solvent molecules, giving a total number of lattice
sites by ng = ng + xnp.

The mixing process is primarily influenced by the internal mixing energy Upn,;x and the
mixing entropy Smix. While entropy always promotes mixing, the internal energy can
either promote or inhibit it. The total free energy can be described by the Helmholtz en-
ergy Fmix, which equals the Gibbs energy AGpix, as pressure, volume and temperature

are assumed to be constant:

AGmix ~ AFmix - Aumix - TASmix

(2.5)
= kBT[Tls In &g + np In Pp + Xs,phs In CDP] .

s = ng/ng and Pp = xnp/ng are the volume fractions of the solvent and polymer.
Xsp = kAB—ET denotes the Flory-Huggins interaction parameter, describing the interaction
between solvent and polymer. The replacement of a polymer-polymer or a solvent-
solvent contact by a polymer-solvent contact requires a change of energy AE. It's im-
portant to note that the model only considers nearest neighbour interactions, some-
times failing to describe the swelling behaviour of microgels. Therefore, other models
have been developed to provide more accurate results [85], such as a series expansion
of xsp [86] or a Hill-like model [87, 88], although their detailed discussion is beyond
the scope of this chapter.
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The process of mixing additionally leads to a change in osmotic pressure:

1 /9dAGy;
ITmix - (ﬁ)
Vs ans T,pnp

(2.6)
NakgT
= — A;/SB [@p + 11’1(1 — CDP) —+ XS,PqDIZ)] .

Ny is the Avogadro’s constant and vg the molar volume of the solvent molecule.

Flory-Rehner theory

The presence of cross-links imparts a permanent structure to the microgel network,
allowing the microgels to recover after a deformation process, such as during swelling
- the microgel network is elastic. The change in the elastic free energy AGg turns out to
be mainly of entropic nature. The entropy change can be calculated by using the affine
approximation [89], where the relative deformation of each polymer chain is equal to
the deformation of the whole polymer network. By using this assumption, Flory and
Rehner [90, 91] calculated AG by:
AGe = —TASg
kTN, (2.7)
= B%W —1—InAl

N, is the number of polymer chains and A defines the volume change due to swelling.

In the case of homogeneous and isotropic swelling it follows:

(VN (@) _ (Ru
A= (VO) ( Pp ) (RH,O> ' 28)

®p is the polymer volume fraction for a particle volume Vj and a hydrodynamic ra-
dius Ry p. The notation 0 always refers to the reference state (mostly collapsed state).

Based on A a swelling ratio & can be derived:
1% Ry )3
N = R — o _— . 2.9
( Yo ) < Ri &
Again, the change in the Gibbs free energy AG results in a change of osmotic pres-
1 /oA
VS 1’[5 T,P,nP

kTN [ @p [ Dp \?
- 2Bpy  \2®pg) |

sure:

(2.10)

Vo
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The affine network factor g is then defined as:
r 1
B—— Pp [ DPp 3
2dp) 2dp)

_ |1 (Ruo\’ _ (Rup
2 \ Ry Ry

(2.11)

2.1.3 Microgels adsorbed at interfaces

Microgels deform when adsorbing at interfaces due to their softness. This deformation
not only alters their shape, but also impacts their physical properties, including their
swelling ability, volume phase transition and stiffness. Understanding the behaviour
of microgels when adsorbed at interfaces in comparison to their behaviour in bulk
solution is crucial for developing "smart" stimuli-responsive microgel systems, such as

surface coatings, and should be regarded in this section.

Deformation in shape and change in swelling ability

In general, microgels tend to stretch radially after adsorbing at the interface, while
expanding laterally due to their soft nature. The interfacial adsorption of microgels
results from an interplay between two factors: The adhesive energy favours large con-
tact areas to minimise energy. In contrast, the elasticity of the microgel network works
against the deformation [92} 93]. Therefore, the cross-linking degree highly influences
the microgel’s shape at interfaces as it defines the conformational flexibility of the mi-
crogel network.

Microgels with a lower cross-linking density possess a lower network elasticity, con-
sequently being more flexible and deforming more easily at the surface. In the case of
heterogeneously cross-linked microgel particles, the highly cross-linked core possesses
a hemispherical shape, which deforms less. Conversely, the surrounding loosely cross-
linked shell flattens extensively at the surface [92] [94-96], often referred to as "fried
egg" structure. Increasing the degree of cross-linking results in stiffer microgel parti-
cles and increases the elasticity. As a consequence, the "fried egg" structure vanishes.

The microgels adopt a more pronounced hemispherical shape and protrude more from
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the surface [51, 74} 92,97, 98]. So for higher cross-linker concentrations, microgels ap-
proach a behaviour resembling that of hard spheres at the surface, which do not de-
form at all. Differences in deformation of microgels adsorbed at interfaces based on
their cross-linking degrees are illustrated in fig.[2.4|

In this context, Mourran et al. [92] could show that co-polymer microgels based on
PNIPAM with a minimal amount of cross-linker (0.05 mol% of cross-linker BIS) deform
evenina "pancake" like structure when adsorbed at the surface. The spreading of those
microgels at the surface is high. They observed the scission of polymer strands on the
outer shell of these microgels. However, a slight increase in the cross-linker amount
to 0.5mol% leads to the typical "fried egg" structure. Microgels with 1 — 3 mol% of
cross-linker exhibit a hemispherical shape, where the diameter of the sphere is similar
to the hydrodynamic diameter of the microgels in bulk solution.

It should be noted that homogeneously cross-linked microgels, prepared by the feed-
ing method, exhibit distinct surface deformations due to their uniform cross-linking
density [98]. Witte et al., for example, demonstrated that microgels with a homoge-
neous cross-linking density of 10 mol% cross-linker are softer than their counterparts
prepared via the conventional free radical precipitation polymerisation with the same

cross-linker amount.

Low cross-linking density
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Figure 2.4: Deformation of microgel particles upon adsorption at the interface for dif-

ferent cross-linking degrees and depending on the temperature.

Additionally to changes in their shape, the swelling ability of microgels alters notably
upon adsorption at interfaces. It has been observed that adsorbed microgel particles

exhibit a reduced swelling ability compared to their counterparts in bulk solution, with
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the reduction reaching one order of magnitude [99,[100]. This phenomenon is primarily
attributed to the interaction of polymer chains with the substrate, resulting in a partial
collapse of them [100]. The decrease in swelling ability increases with increasing cross-

linker content within the microgel structure [51].

Temperature-dependent behaviour

The temperature-responsiveness of microgels plays a crucial role in their interfacial
behaviour. Heating induces changes in the shape of microgels adsorbed at interfaces
[51, 54, 97]: microgel particles tend to decrease their width, while increasing their
height. The change in shape varies depending on the cross-linking amount. Micro-
gels with 2 — 5mol% cross-linker primarily collapse laterally, becoming flatter due to
their low cross-linker content. In contrast, those with a higher cross-linker content of
10 mol% exhibit both, radial and lateral collapse, retaining their shape due to the in-
creased elasticity of the network [51]]. The highly cross-linked core provides structural
stability after the adsorption [98]. The behaviour is illustrated in fig.[2.4]

Notably, this behaviour is different for homogeneously cross-linked microgels. These
microgels exhibit a larger collapse than heterogeneously cross-linked microgels with
the same cross-linker amount of 10 mol% [98], as they lack the structural stability of a
highly cross-linked core.

Another parameter to consider is the VPTT. It was shown that the VPTT of microgels
adsorbed at surfaces tends to be higher than in bulk solution. This has been explained
by the suppression of internal fluctuations, normally facilitating the VPT [51) [101].
The temperature-induced swelling and deswelling of adsorbed microgel particles was
shown to be reversible [51] 101, 102], although some reported a hysteretic behaviour
[51)102].

A study by Burmistrova et al. [51] investigated P(NIPAM-co-acrylic acid) (P(NIPAM-
co-AAc) microgels with different cross-linking degrees adsorbed at silicon wafers.
They observed a hysteresis for microgels with 2mol% cross-linker during the first
swelling/deswelling cycle, which decreases with repeating cycles and with increas-
ing cross-linker content. The underlying mechanism is attributed to the formation of
hydrogen bonds: when hydrogen bonds between water molecules and polymer chains
break, intra- and inter-polymer chain hydrogen bonds form [103]. These act as addi-
tional cross-linker, suppressing the swelling of the microgels to their initial size and

resulting in the observed hysteresis of the VPTT. Higher cross-linked microgels do not
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exhibit this effect because their cross-linking density is already too high to enable the
formation of these additional intra- and inter-polymer hydrogen bonds.

Mechanical behaviour of adsorbed microgels

In the present thesis, the change in mechanical behaviour upon adsorption at the in-
terface was investigated by atomic force microscopy (AFM), particularly through force
spectroscopy measurements. Indenting an AFM probe into adsorbed microgel parti-
cles allows the determination of an elastic modulus E, which expresses their stiffness.

The elastic modulus E is known to increase with an increasing cross-linker concentra-
tion within the microgel network [51] 74, [75]. As depicted in fig.2.5, the augmen-
tation in E is attributed to an increasing polymer and cross-linking density, effec-
tively probed by the AFM cantilever. Elastic moduli E obtained from measurements
conducted in the centre of microgel particles were found to vary from 17 to 600 kPa
[51, 174,197, 98| 104-106] for PNIPAM microgels cross-linked by BIS. For microgels con-
taining around 1 — 2mol% cross-linker BIS, values between 17 — 100 kPa [51} (74} [104]
were determined. Higher cross-linked PNIPAM microgels with around 10 mol% cross-
linker possess E moduli between 312 — 600 kPa [51, [74] 98, [106]].

Low cross-linking density
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Figure 2.5: Mechanical behaviour of microgel particles upon adsorption at the inter-
face for different cross-linking degrees and depending on the temperature.
To determine their elastic modulus E, an AFM probe is indented into the
particles and compresses the polymer including its cross-links (illustrated
by grey area).
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The stiffness of the microgels also increases significantly with rising temperature
[51, 75,197,107, 108]. When microgels are heated above their VPTT, the adsorbed mi-
crogel particles shrink [51], as explained before, leading to a denser polymer network
(see fig.2.5). It has been demonstrated that the E modulus increases by a factor of 5
(for low cross-linked PNIPAM) to 110 (for high cross-linked PNIPAM) when the tem-
perature exceeds the VPTT [51, 175,107, 109-111].

It's important to note that because of the heterogeneity of the microgel particles,
possessing a highly cross-linked core and a loosely cross-linked outer shell, the E
modulus decreases from the centre of the microgel particles to the outer periphery
[51, [70, 98, 112]. In contrast, homogeneously cross-linked microgel particles show a
constant E modulus distribution over the whole cross-section [70], 98, [112] due to the

absence of the core-shell structure.

2.2 Mussel adhesion

Marine organisms such as mussels gained popularity in science owing to their
extraordinary under-water adhesive properties and exceptional mechanical, as well
as self-healing capabilities. This section gives brief insights into the underlying
mechanism of mussel adhesion and cohesion [3, 5, 113, 114] and presents illustrative

examples of materials, especially hydrogels inspired by mussels.

The unique properties exhibited by mussels can be primarily attributed to six
proteins that they secrete to form the mussel byssus. Those proteins are called
mussel foot proteins (mfps) and contain large amounts of the catechol-based L-3,4-
dihydroxyphenylalanine (DOPA), in addition to other components like tyrosine,
phenylalanine or lysine. However, DOPA was identified as the key element of the
adhesive properties of mussels [2]. Importantly, the mussel byssus exhibits not only
remarkable adhesive, but also cohesive properties, providing the byssus with the
necessary mechanical stability and self-healing capabilities needed in rough sea water

conditions.

Therefore, the DOPA content in the mfps varies in dependence on their location in the
mussel byssus and their function, as depicted in fig.2.6l Mfp-1 acts as a protective
skin of the mussel byssus and comprises approximately 10 — 15mol% of DOPA [115].
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Figure 2.6: Overview of mussel composition: Depending on their location in the mus-
sel byssus, mussel foot proteins (mfps) possess different DOPA contents,
which is the key element of the mussel’s properties. Different interaction
mechanisms of the catechol group of DOPA enable the adhesive, as well as
cohesive properties of mussels. Exemplary, hydrogen bonding and metal
coordination with surfaces for adhesion, as well as metal coordination and

covalent cross-linking for cohesion are illustrated.

Mfp-3 and mfp-5 were predominantly found in the lowest part of the mussel byssus,
called plaque, which directly adheres to different surfaces. They are the principal
adhesive mfps [115H117]. Thus, it’s obvious that these proteins contain the highest
amounts of DOPA (10 — 30 mol%) [118H120]. Mfp-6 is located in the same area within
the byssus, but it only contains 3 mol% of DOPA [120]. Though, mfp-6 is acidic and
contains high levels of thiol groups. To comprehensively understand this distinctive
composition of mfp-6 and the various interaction mechanisms enabled by the catechol
group of DOPA, responsible for the adhesive as well as the cohesive properties of
mussels, it’s essential to understand catechol chemistry.
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Catechols like DOPA exhibit pH-dependent oxidation behaviour [121]. At acidic
pH’s, catechols predominantly exist in their reduced state. It was demonstrated
that reduced catechols possess high adhesion strength to surfaces [3] 5, 113} 114].
Conversely, at basic pH’s, they easily oxidise to quinones in the presence of oxygen.
These oxidised catechols are electrophilic and highly reactive [5]. Their reactivity
allows the further interaction through covalent cross-linking, thereby contributing to
the cohesive characteristics of mussels [3,5, 113, [114].

For the adhesion of mussels to surfaces, four main catechol-surface interactions [3]
have been identified: Hydrogen bonding, -7t stacking, metal coordination and
covalent bonding with amine groups of the surface [3] 113 114]. The two relevant
interactions in this work are hydrogen bonding and metal coordination as illustrated
fig.[2.6f Metal coordination describes the interaction of the catechol group of DOPA
bonding with surface metals. These catechol-metal complexes form by donating a
non-bonding electron pair to the metal. However, it is worth noticing that various
interaction mechanisms exist, but they fall beyond the scope of this work. For further
details, refer to [3,/5, 113 [114].

The cohesive properties of the mussel byssus are arising from either covalent cross-
linking of oxidised catechols or from metal coordination [5], which is illustrated in
fig.[2.6las well. The catechols of DOPA can reversibly cross-link via metal coordination
[5], conferring self-healing properties to the mussel byssus. Here, catechols and metal
ions form either mono, bis or tris complexes. The tris complex of DOPA with Fe3*
ions, found in significant quantities within the mussel byssus, is depicted in fig.[2.6]
The type of catechol-metal complex is highly depending on the pH: mono-complexes
dominate under acidic conditions, while tris-complexes dominate under basic pH

conditions. At intermediate pH values, bis-complexes are formed [122].

The unique properties of the mussel byssus are a balance of both - adhesion and
cohesion. This is highlighted on the example of mfp-6. The composition of mfp-6,
being acidic and rich in thiol groups, serves multiple purposes: Since oxidation can
suppress the adhesive properties of DOPA, mfp-6 creates an acidic environment
around mfp-3 and mfp-5 to ensure that DOPA remains in its reduced state. This
guarantees the adhesive properties of those mfps located in the mussel plaque. Fur-
thermore, thiols can serve as reductants to reverse the oxidation of catechols [5, [123]],
further enhancing the adhesive properties of mfp-3 and mfp-5.

This underscores the uniqueness of mussels as organisms, utilising the versatility of
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catechol mechanisms to create out-standing properties. This can be used to develop
mussel-inspired materials for various applications.

2.2.1 Mussel-inspired materials

Mussel-inspired materials, especially hydrogels, have acquired significant attention
in scientific research due to the unique properties of both systems, as discussed in
the previous sections. Hydrogels with self-healing ability [13} 29, [124], great adhesive
properties [124), [125], high toughness [125, 126] and stimuli-responsiveness [13| 29]
have been developed based on these findings. These hydrogels find applications in
various fields, including biomedicine for use as tissue adhesives or drug delivery
systems [8} 124} 127, 128], bioelectronics [125], and as adhesive coatings [57, 58].

For instance, Wang et al. [30] synthesised negatively charged poly(acrylic acid)
(PAAc) polymers containing 30 mol% catechol moieties. These polymers demonstrate
pH dependent, irreversible switchable behaviour when combined with the weak
metal chelator Zn?*. It's noteworthy that Zn?* is rarely used in mussel-inspired
materials due to its low cross-linking ability. However, the inclusion of zinc offers
additional advantage, as it promotes wound healing [129], which is highly beneficial
for biomedical applications.

The switching of the polymer from a coacervate to a self-healing hydrogel is explained
as followed: At low pH values, positively charged zinc ions interact with the neg-
atively charged PAAc chains by electrostatic interactions, leading to the formation
of reversible cross-links. This coacervate exhibits exceptional dry and wet adhesive
properties when compared to conventional glues. Interestingly, in the dry state, the
coacervate even surpasses the adhesive strength of comparable Fe> adhesives (strong
metal chelator) and mussel adhesives. Irreversible oxidation of the DOPA groups
occurs with an increase in pH, involving the ionisation of hydroxyl groups. This
process enables the metal chelation between Zn?* and the catechol group, resulting
in cross-links. Nonetheless, this transition from the coacervate to the hydrogel leads
to a significant decrease in the material’s adhesive properties. The formed hydrogel
exhibits rapid self-healing capabilities. Wang et al. [30] harnessed the principles of

catechol chemistry at varying pH values to develop a promising material.
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A common strategy in the design of mussel-inspired polymers or hydrogels in-
volves the initial synthesis of the monomer dopamine methacrylamide (DMA)
[4, 13,117,117, 19,114} 130]. In the second step, polymers or hydrogels are synthesised
via radical co-polymerisation with DMA.

This approach was applied in a study by Xue et al. [4] to synthesise microgel particles
based on various acrylamide-based monomers, including NIPAM, by free radical
precipitation polymerisation. The microgels were co-polymerised with unprotected
DMA, serving as a cross-linker. Remarkably, this synthesis does not require the
addition of any supplementary cross-linking agent or stabiliser. The researchers
demonstrated that, owing to the scavenging ability of unprotected DMA [20], DMA
needs to be introduced at a later point of the reaction. Phenols function as radical
scavengers, where ortho-structured phenols such as catechols possess the highest
scavenging abilities [20]. Xue et al. added DMA approximately 10 min after initiating
the polymerisation for NIPAM-based microgels. When DMA is introduced at the
beginning of the synthesis, no microgel particles form. However, the study does
not involve a systematic investigation of different injection times of DMA. Xue et al.
identified the cross-linking mechanism of the microgel network using UV-vis spec-
troscopy: interchain C-O or C-C bonds are responsible for the cross-linking, wherein
the catechol group of one polymer chain reacts with radicals from another polymer
chain during the polymerisation. All synthesised microgel particles exhibit reversible
thermo-responsive behaviour, as studied by dynamic light scattering measurements
(DLS). This work enables the design of temperature-responsive microgel particles by
only using the reactivity of catechol moieties.

Vatankhah-Varnoosfaderani et al. [13] used the same approach, synthesising DMA
tirst, to develop P(NIPAM-co-DMA) co-polymers. These co-polymers exhibit sen-
sitivity to different stimuli: temperature, pH and ion type and concentration. The
co-polymers were reversibly cross-linked by metal coordination of the catechol
groups with boron, introduced by the addition of boric acid. The cross-linking
can be manipulated by changing the pH value, using the fundamental principles
of catechol chemistry: Under basic conditions, cross-links are formed as catechol
oxidation is promoted, favouring cohesive coupling. Conversely, under acidic pH
values, hydrogen bonds of the catechol group are protected, breaking the bond.
The gelation process is significantly influenced by the catechol concentration in the
respective P(NIPAM-co-DMA) copolymer. While for low catechol contents of 1 mol%
no gelation is observed, for higher catechol contents of 5mol% complete gelation
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occurs. The reason is the number of catechols per chain, which is crucial to build a
stable gel. All P(NIPAM-co-DMA) co-polymers show thermo-responsive behaviour,
and the LCST of the co-polymer solutions shows to be dependent on the DMA content,
explained by the higher hydrophobicity of DMA when compared to NIPAM. The
formed macroscopic gels demonstrate fast and full self-healing properties, which are
much faster than those of comparable systems. It can be attributed to the random
distribution of catechol moieties within the co-polymer network, as opposed to other
systems where functional groups are primarily located at the end chains.

Putnam et al. [59] employed DMA as a co-monomer during the synthesis of a terpoly-
mer, consisting of three different types of monomers. While methyl metacrylate was
incorporated to impart stiffness to the material, poly(ethylene glycol) methyl ether
methacrylate was used to incorporate flexibility. DMA plays the role as the adhe-
sive co-monomer, and its content within the terpolymer was systematically varied.
Through lap shear adhesion tests, the researchers were able to determine different
optimal catechol amounts for achieving adhesion to different substrate materials: An
optimal catechol content of 10 mol% is identified for adhesion to aluminium surfaces,
characterised by high surface energy. In contrast, for the adhesion to teflon surfaces
with low surface energy, a higher catechol content of 41 mol% is necessary. It becomes
evident that the increase in catechol amount additionally increases the stiffness of
the material, at the expense of its adhesive properties. This observation highlights
the critical importance of balancing adhesive and cohesive properties of the polymer,
which additionally depends on the target surface.

These examples serve to illustrate the unique potential of mussel-inspired polymers
and hydrogels, highly interesting for future applications.
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3 Experimental section

This chapter provides details on the materials and methodologies employed during
this thesis. It includes the synthesis protocols of dopamine methacrylamide (DMA)
and P(NIPAM-co-DMA) microgels. It further gives details about the measurement
techniques employed, offering both theoretical details and experimental insights. Parts

have been taken from the publications of the author.

3.1 Material

Dopamine methacrylamide (DMA) synthesis: 3,4-dihydroxyphenethylamine
hydrochloride (dopamine HCI) (purity =99 %) and sodium hydrogen carbonate (pu-
rity =99 %) were purchased from Alfa Aesar (Haverhill, Massachusetts, USA). Sodium
tetraborate (purity =99 %) was purchased from Sigma Aldrich (St. Louis, Missouri,
USA). n-Hexane (purity >99 %) and magnesium sulfate (anhydrous, purity > 98 %)
were purchased from TH Geyer (Renningen, Germany). Hydrochloric acid (HCI),
isopropanol (purity > 99.5 %), tetrahydrofuran (THF) (purity >99.5%) and sodium
chloride (NaCl) (purity > 99.5 %) were purchased from Carl Roth (Karlsruhe, Ger-
many). Ethyl acetate (purity =99.9 %) was purchased from VWR chemicals (Radnor,
Pennsylvania, USA). Sodium hydroxide (NaOH) solution (¢ = 1 mol/l) was purchased
from Merck (Darmstadt, Germany).

Microgel synthesis: N-isopropylacrylamide (NIPAM) (purity >99 %) and N,N’-
methylene-bis(acrylamide) (BIS) (purity > 99.5 %) were purchased from Sigma Aldrich
(St. Louis, Missouri, USA). 2,2’-azobis-2-methyl-propanimidamide dihydrochloride
(AAPH) (purity > 98 %) was purchased from Cayman (Ann Arbor, Michigan, USA).
Toluhydroquinone (THQ) (purity > 99 %) was purchased from Carl Roth (Karlsruhe,
Germany). Ethanol (purity > 99.8 %) was purchased from Fisher Scientific (Waltham,
MA, USA).
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NMR solvents: Dimethyl sulfoxide-dg (DMSO-dg) (purity =99 %) and methanol-dy
(CD30OD) (purity > 99.8 %) were purchased from Sigma Aldrich (St. Louis, Missouri,
USA).

AFM materials: Silicon wafers were purchased from SK Siltron (Gumi City, South
Korea). AC160TS-R3 and BL-AC40TS cantilevers were purchased from Olympus
Corporation (Tokyo, Japan). Tipless CSC38/No Al cantilevers were purchased from
pmasch (Tallinn, Estonia). Silica microspheres with a radius of R = 2.5pm were

purchased from Bangs Laboratories, Inc. (Fishers, Indiana, USA).

All chemicals were used as received without further purification. Ultrapure wa-
ter was obtained from a Millipore Milli-Q device (Merck, Darmstadt, Germany;
resistance 18.2 M2 cm at 25°C).

3.2 Dopamine methacrylamide (DMA) synthesis

Dopamine methacrylamide (DMA) was synthesised as described in literature [17]:
Sodium tetraborate and sodium hydrogen carbonate are added to protect the catechol
group of dopamine HCl. They were dissolved in ultrapure water. The solution was
then degassed with N, and dopamine HCI was subsequently added. Methacrylate an-
hydride was added dropwise to the solution while maintaining the pH value above 8
to keep the catechol groups protected. The reaction proceeded over night under pro-
tection from UV light, since the reaction is UV sensitive. Afterwards, the solution was
washed with ethyl acetate. The catechol groups were deprotected by lowering the pH
to 2 through the addition of HCIL. The product was extracted by washing the solution
again with ethyl acetate and dried over magnesium sulfate. The solution volume was
reduced using a rotary evaporator and the product was precipitated with hexane. It
was then stored at 4°C over night to facilitate the crystallisation. The product was dis-
solved in ethyl acetate and precipitated in hexane again for further purification. After
the purification, the product was dried in a vacuum oven overnight. A schematic rep-
resentation of the synthesis is provided in fig.[3.1 For more comprehensive details,

refer to [17]. DMA was stored in a Ny atmosphere in a freezer until further use.
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Figure 3.1: Synthesis scheme of dopamine methacrylamide (DMA).

'H and 13C nuclear magnetic resonance (NMR) spectroscopy confirmed the successful
synthesis (see fig.[AT, appendix; abbreviations corresponding to chemical groups
are included with apostrophes). The catechol hydroxy protons are very sensitive to
changes in temperature and concentration and can therefore slightly shift in the 'H
NMR spectra [131]. Details on NMR spectroscopy are given in chapter[3.7}

IH NMR (300 MHz, DMSO-dg, 301K): § =7.93 (t, 1H, "e"), 7.46 — 7.95 (m, 3H, "e"
and "b"), 6.65 — 6.58 (m, 2H, "a"), 6.44 (dd, 1H, "a"), 5.62 (s, 1H, "f"), 5.29 (m, 1H, "f"),
3.23 (m, 2H, "d"), 2.55 (t, 2H, "c"), 1.84 (t, 3H, "g"). 3C NMR (75 MHz, DMSO-dy):
0 =167.4("h"),145.1 ("b"), 143.6 ("b"), 140.1 ("}"), 130.4 ("k"), 119.3 ("a"), 118.9 ("f"), 116.0
("a"),115.5("a"), 41.0 ("d"), 34.7 ("c"), 18.7 ("g").

3.3 Microgel synthesis

Microgel particles were synthesised using free radical precipitation polymerisation [48]]
in a home-built reactor [16, 70]. More theoretical details on the reaction kinetics and
microgel particle formation can be found in chapter2.1.1} A schematic representation
of the reactor and the used reactants is depicted in fig.[3.2]
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Figure 3.2: Free radical precipitation polymerisation of microgel particles including the
home-built reactor on the left, and the used reactants on the right.

The synthesis protocol involves following steps: Initially, nnxpamy = 18.6 mmol of
the monomer N-isopropylacrylamide (NIPAM) and either ngis = 0.2 or 0.4 mmol
of the cross-linker N,N’-methylene-bis(acrylamide) (BIS) were dissolved in 120ml of
ultrapure water. The solution was directly poured into the reactor (Batch method
[69,170]), heated to 80°C and degassed with N for 1 h while being continuously stirred.
The polymerisation was initiated by the addition of 1ml of the positively charged
radical initiator 2,2"-azobis-2-methyl-propanimidamide dihydrochloride (AAPH; ¢ =
67 mgml~!). The solution turned opaque within the first 3 min, confirming a successful
polymerisation. To synthesise P(NIPAM-co-DMA) microgels, varying amounts of the
co-monomer dopamine methacrylamide (DMA, dissolved in 5 — 15ml pure ethanol;
npma = 1,2.1,3.3,5mmol) were injected at the time tpya. The timing of the DMA ad-
dition is critical, as the catechol groups of DMA are known for their scavenging ability
[4, 20], which can largely influence - impede or stop - the microgel formation. After the
addition of DMA, a colour change from white to orange-pink occurred in the reaction
mixture, indicating the formation of semiquinones or radicals [132]. Exceptions to this
colour change were observed in the case of the microgels MG-t;5 o #2 and #3, as ex-

plained in greater detail in chapterfd For these microgels, the reactor and fume hood
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were covered with aluminium foil to shield them from UV light. UV light can have
a significant effect on chemical reactions involving dopamine derivatives [133]. The
polymerisation was stopped at the reaction time t.c5c by the addition of 1 ml toluhy-
droquinone (THQ; ¢ = 1.24mgml ).

For reference, pure PNIPAM microgels were synthesised following the same procedure
but without the addition of DMA. Additionally, microgels were synthesised without
using the cross-linker BIS, solely relying on DMA's cross-linking properties [4].

To analyse the consumption of the reactants, time-samples were taken during the mi-
crogel synthesis, and analysed by mass spectrometry (MS) as described in sec.3.9]
The microgels were purified with dialysis against ultrapure water for 10d in a dialysis
tube with a molecular weight cut-off (MWCO) of 14000 Da. They were freeze-dried
afterwards for 2 d at -85°C with a pressure of 1 mbar. The freeze-dried microgels had a
white to orange-pink colour, as shown in the exemplary image in fig.[3.3| (more images
are available in fig.[A4} appendix). The microgels were stored in a freezer until further
use.

MG-t.er270 MG-tig270 MG-t4g60
\ ! Y/

Figure 3.3: Freeze-dried reference PNIPAM microgel MG-t,f070 compared to
P(NIPAM-co-DMA) microgels MG-t1g 270 and MG-tyg 0. These P(NIPAM-
co-DMA) microgels were synthesised with different total reaction times
treac (treac = 270 min and treac = 60 min), but identical DMA injection times
tpmMa = 10min. The reference PNIPAM microgel MG-t,ef270 exhibits a
purely white colour, while the P(NIPAM-co-DMA) microgels possess an

orange to pinkish colour.

The resulting microgel samples, including their specific reaction parameters and final

compositions, are detailed in table[3.2] In the subsequent chapters, the samples are
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referred to as follows: MG-typ,, t.c in chapter[d, where the letter "t" indicates the vari-

treac
ation in the synthesis time parameters, specifically fppa and freac. Both are replaced in
the sample naming with the corresponding values chosen according to table[3.2l Mi-
crogels synthesised without the additional cross-linker BIS are identified by the suffix
"-noBIS". Similarly, microgel samples analysed in chapter[5and chapter|6|are denoted

" 1

as MG-C ¢y, where "c" represents compositional changes made to the mi-

D ¢pMA injected”
crogels. cprs and CD;\/[ Ajinjected are substituted in the sample nomenclature with the re-
spective concentration values for BIS and the injected DMA, as given in table3.2] The
incorporated amount of DMA ¢pma incorporated Was calculated by nuclear magnetic res-
onance (NMR) spectroscopy and by UV-vis standard addition as described in sec.[3.7]

and sec.[3.8] The results of these analyses are also listed in table[3.2|
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Table 3.1: Overview of the synthesised microgels used in this thesis with correspond-

ing reaction parameters and compositions.

: b d
MlCrOgel tDMAa freac CNIPAM CBIS CDMA,injectedC CDMA,incorporated
/min  /min /mol% / mol% / mol% / mol%

UV-vis NMR

Chapter 4:

Reference microgel

MG-tyef 270 - 270 98 2 - - -
Influence of overall reaction time treac

MG-t10,270 10 270 93 2 5 24+01 09
MG-t10,60 10 60 93 2 5 27+£01 35

Influence of DMA injection time tpya

MG-tg 60 0 60 93 2 5 28+02 41
MG-ty5,60 4.5 60 93 2 5 44+04 09
MG-tg 60 8 60 93 2 5 20+£00 09
MG-t19,60 10 60 93 2 5 27+£01 35
MG-ty5,60 #1 15 60 93 2 5 22+04 17
Reproducibility and influence of UV light

MG-ty5 60 #1 15 60 93 2 5 22+04 17
MG-ty560 #2 € 15 60 93 2 5 29+£00 25
MG-ty560 #3 © 15 60 93 2 5 21+£00 1.1
Influence of cross-linker BIS

MG-tg 60-noBIS 0 60 95 - 5 39+0 1.8
MG-t7560-noBIS 7.5 60 95 - 5 34+0 4.4
MG-t;5 60-noBIS 15 60 95 - 5 25+0 29

Continued on next page

2 Injection time of DMA; ® overall reaction time of the synthesis; © injected DMA amount;
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Table 3.1: Overview of the synthesised microgels used in this thesis with correspond-

ing reaction parameters and compositions. (Continued)

. b d
MICTOgel tDMAa freac CNIPAM CBIS CDMA,injectedC CDMA,incorporated
/min /min /mol% / mol% / mol% / mol%

UV-vis NMR

Chapter 5 & 6:

MG-cg1 po - 60 99 1 - - -
MG-cg2,po - 60 98 2 - - -
MG-cp1 D5 15 60 94 1 5 22+01 23
MG-cpp ps 15 60 93 2 5 29+£00 25
MG-cgz p1o 15 60 88 2 10 6.7£01 6.3
MG-cgy p15 15 60 83 2 15 78+£03 11.0
MG-cg2 2o 15 60 78 2 20 165+0.8 21.2

4 incorporated DMA amount, determined separately by UV-vis and NMR spectroscopy;

¢ UV light protection applied; details on sample naming can be found in the text

3.4 Dynamic light scattering (DLS)

Theory and instrument

Dynamic light scattering (DLS) is a technique used to study the diffusion of particles in
a dispersion, caused by Brownian motion, and determine their hydrodynamic radius
Ry by using the elastic scattering of light. For a more detailed description, please refer
to literature [134-136].

In light scattering experiments, a monochromatic light wave typically generated by a
laser is irradiated. The light scattered by the sample is detected as an intensity I(§),
where § = 4o — gj represents the scattering vector. Here, §; denotes the direction of
propagation of the incident and 4p of the scattered light wave. The experimental set-
up is illustrated in fig.[3.4/(a). The magnitude of the scattering vector is calculated as
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follows:
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Figure 3.4: (a) Scheme of DLS set-up: A laser beam hits a sample, in which dispersed

particles move due to Brownian motion. The scattered intensity (4, ) is

measured in a detector. (b) the intensity fluctuation I(g, t) of smaller and

larger PNIPAM particles illustrates that smaller particles exhibit faster fluc-

tuations. (c) the intensity auto-correlation function (ACF) g2(7,7) — 1 of

both particles is shown, demonstrating a faster decay for smaller particles.

(d) T is plotted against the squared scattering vector ¢* for the smaller PNI-

PAM microgel particles. The diffusion coefficient D can be directly obtained

from the slope of the plotted data.

The scattered light includes structural and dynamical information about the particles.

Static light scattering (SLS) measures the angular dependency of the time-averaged

scattering intensity I(§) to gain these structural information (molecular weight My,

radius of gyration Rg and second virial coefficient A;). In contrast, dynamic light scat-

tering (DLS) measures the time-dependency of the scattered light at a fixed scattering

angle I(7,t) to obtain the dynamic information about the scatterer, notably the hydro-

dynamic radius Ry. Due to the (random) Brownian motion of the sample particles
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within the dispersion, the scattered intensity at a fixed scattering angle (7, t) fluctu-
ates in time, as depicted in fig.[3.4|(b) for two exemplary PNIPAM microgel particles.
Brownian motion results from the thermal collision of particles with the surrounding
solvent molecules. Smaller particles move faster, therefore leading to faster intensity
fluctuations (7, t) as illustrated in fig.[3.4|(b) as well.

The fluctuation of the scattered intensity I(4,t) can be described through a time-
dependent correlation function. Correlation functions describe to what extent two
properties are correlated over a defined (time) interval. The time auto-correlation func-
tion (ACF) correlates the property A(q, to) with its time-delayed property A(g,tp + 7)

at a lag time T:

R R ) 1 to+T
(A(G,t0)A(F, to+T)) = Tlgn = dtA(t)A(t + 7). (3.2)
o0 to
Here, t( represents the starting time of the measurement and T is the time interval
over which the intensity is averaged. For stationary signals, the starting time becomes

irrelevant, leading to:

(AG0A@GT) = lim & [ dtA(t)A(t+ ). (33)

T—co 0

This allows to define the normalised intensity ¢»(4, T) and the electric field g1(4, T)

ACEs (1,0)1(G,0))
. . {1@G01(F T

gZ(q/ T) - <|I(q), 0)|>2 Vi (34)

&, 7) = (BT OB, 7)) 65)

(IEs(7,0)%)

where Es(g, T) refers to the scattered electric field. For short lag times 7, the two signals
are similar, indicating strong correlation. The ACF becomes maximal. For large lag
times T, the correlation of the two signals vanishes. In the case of homodyne scattering,
the two ACF are related by the Siegert relation:

(7, 1) =14 Blg1(F,7) > (3.6)

The parameter B represents the coherence factor, depending on the laser beam set-up.
For monodisperse samples, the electric field ACF can be modelled by an exponential
decay and eq.[3.6/changes to:

2(7,T) —1 = Bexp(—2I'T) (3.7)
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with the decay rate T = ¢?D. D denotes the diffusion coefficient. Fig.(c) displays
gz(E/’, T) — 1, which is obtained directly from the instrument. For smaller particles, the
intensity ACF exhibits a faster decay than for larger particles due to their faster fluctu-
ations, as illustrated in fig.[3.4)(c) as well.

In order to account for polydispersity, the exponential behaviour can be approximated
using a Taylor expansion known as the Cumulant method [137]. For monodisperse
samples, the Taylor expansion of the logarithmic of g1 (4, T) would result in a linear re-
lationship. Any deviations from this linearity reflect the sample’s polydispersity. The
Cumulant fit for g»(7, 7) — 1 is expressed as:

K3T3

K 2
2T R8T (3.8)

In[g2(4,7) —1] =Inp—2TT+2 T 30

In the case of monodisperse samples, K; becomes 0. Thus, polydispersity of the sample
can be quantified by the polydispersity index PDI = K, /T?.

After determination of I’ with the Cumulant fit, a plot of T against g% can be created,
as shown in fig.[3.4/(d) for the smaller PNIPAM microgel particles (similar results are
obtained for larger PNIPAM microgel particles). The diffusion coefficient D can be
directly obtained from the slope of this plot. By employing the Stokes-Einstein relation,
the hydrodynamic radius Ry of the particles can be calculated:

kgT

= 6D’ (3.9)

H

where 7 is the temperature-dependent viscosity of solvent, T the temperature and kg

the Boltzmann coefficient.

Measurement conditions

DLS measurements were performed with a multi-angle set-up from LS Instruments
(LS Instruments AG, Fribourg, Switzerland) to ascertain the temperature-dependent
hydrodynamic radius Ry of the microgel particles. The set-up contains a solid-state
laser with a wavelength of A = 660 nm and a power of 100 mW, and is equipped with
a temperature-controlled decaline bath. The samples were diluted to a concentration of
approximately ¢ = 25ug ml~! to exclude multiple scattering events, which complicate
the analysis of scattering data. Angles between 30° and 120° were measured in steps
of 5° and a measurement time of 20 — 30's was set. Scattering intensities I(g,t) were

transferred into intensity correlation functions g>(g, T) — 1 by the LS spectrometer (as
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shown in fig.[3.4). Data were fitted with a home-written Mathematica script from Mar-
cus Witt by a Cumulant fit of third order [137].

Temperature-dependent swelling curves were conducted at temperatures between
15°C and 60°C (controlled with a thermostat). For the analysis, the temperature ad-
justed and measured by the device in the index-matching vat was taken, which can
deviate up to 0.15°C from the set temperature. Swelling curves were fitted with a sig-
moidal function, and the derivative dRy/dT of this function was calculated. While the
temperature at the minimum of the derivative function equals the volume phase tran-
sition temperature (VPTT), the temperature where dRy /dT approaches zero describes
the VPT completion temperature (VPT CT) [14, [16] [138]. The VPT CT was defined as
the minimum temperature at which a maximum difference of 2.5 nm was achieved for
a 5°C temperature change.

The swelling of the microgel network can be described by the Flory-Rehner theory
[90, 91]] (details see chapter. The swelling ratio « of the microgels was calculated
by eq.[2.9/and the affine network factor f was derived from eq. The hydrodynamic
radius of the microgels in their swollen state Ryy was set to be equivalent to Ryy(20°C),
while the hydrodynamic radius of the microgels in the reference, collapsed state Ry
was defined as Ry (50°C).

Mesh sizes ¢ of the microgels, which describe the average distance between sequential
cross-links, can be additionally calculated by [139]:

1
2Mc\2 1 11
é=l<—MC) c5,Q3, (3.10)
where [ is the length of the C-C bond with I = 0.154nm, M the average mo-
lar mass of the monomer NIPAM with M = 113.16gmol !, cy the characteris-
tic ratio with ¢y = 6.9 [140] and M. the molar mass between two cross-links with
M, = NeamMream Mpis [141]]. Q is the degree of swelling, which is in contrast to

nBIs
the swelling ratio «, defined as the ratio of the volume of the swollen polymer to the

14
=(—. 11
o= (v @)
The "dry" volume specifically refers to the completely dehydrated state. It was esti-

initial "dry" volume V:

mated with the microgel’s volume in the collapsed state at 50°C, in which the microgel

remains partially swollen in water.
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3.5 Electrophoretic dynamic light scattering (EDLS)

Theory and instrument

Electrophoretic dynamic light scattering (EDLS) is a technique employed to study the
electrophoretic mobility ue of charged particles, moving in an applied electric field
E. The electrophoretic mobility p. can serve for deducing the zeta potential { of the
particles, providing insights into their surface charge characteristics. For a more com-

prehensive description, see [134,142].

(a) Electric double layer (b) Electrophoretic
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Figure 3.5: (a) Scheme of the formation of an electric double layer (EDL) at the surface
of a positively charged particle: The EDL consists of the Stern layer and
the diffuse layer. The zeta potential  is defined at the slipping or shear
plane, which corresponds to the point where ions exhibit motion while
others remain dispersed in the surrounding medium. The corresponding
electrostatic potential is illustrated below. (b) Schematic set-up of elec-
trophoretic dynamic light scattering (EDLS): It’s employed to measure the
electrophoretic mobility y. of the moving particles in response to an ap-

plied electric field. A laser detects the movement of the particles.

Charged particles in dispersion develop an electric double layer (EDL) of ions on their
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surface, which consists of the Stern layer and the diffuse layer. The Stern layer is in
nearest proximity to the surface and mainly consists of oppositely charged ions and
molecules. In contrast, the diffuse layer consists of mobile anions and cations. The
electrostatic potential within the Stern layer exhibits a linear decrease. In contrast, the
electrostatic potential within the diffuse layer experiences an exponential decay, de-
scribed by Debye’s law [134, 143]. When the particle starts moving within the liquid
environment, some ions stay bound to the particle’s surface, accompanying its move-
ment. However, ions at a certain distance are not able to follow the movement. The
boundary between these differently behaving ions is referred to as slipping or shear
plane, at which the zeta potential { is defined. As the surface potential cannot be ac-
cessed experimentally, the zeta potential { solely provides an idea about the surface
charge of the particle. The different layers and the respective electrostatic potential are
illustrated in fig.[3.5/(a).

When such a charged, dispersed particle is placed in an electric field, its electrophoretic
mobility pe can be assessed using dynamic light scattering, leading to the method
known as electrophoretic dynamic light scattering (EDLS). The applied electric field
induces the movement of charged particles towards an electrode of opposite charge
(electrophoresis). The frequency of the original laser light differs from that of the laser
light scattered by the moving particle. From the frequency shift, the particle’s drift
velocity @ can be calculated by the laser Doppler shift. The experimental set-up of
an EDLS is illustrated in fig.[3.5/(b). The electrophoretic mobility . can be calculated

by:

9l
]/le = —, (312)
|El
The zeta potential { can then be derived by Henry’s equation:
o = Zercolf(xR), (3.13)
3

where €, signifies the relative permittivity, €y represents the permittivity of vacuum,
f(xR) is the Henry’s function depending on the inverse Debye screening length x !
and the particle radius R, and 7 corresponds to the viscosity of the medium at the
given experiment temperature.

Two approximations can be applied to assess the Henry’s function. The Helmholtz-
Smoluchowski equation [134, [144] assumes that the EDL is significantly smaller than
the particle radius R, which is valid for large particles and/or high ionic strength. This
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approximations results in f(xR) = 1.5, leading to the simplified expression:

Y (3.14)
U
Conversely, the Hiickel approximation [134}[143] is valid when the EDL is much larger

than the particle radius R (< 100nm), which is valid for small spherical particles

and/or low ionic strength. In this case, f(kR) = 1, yielding:
2er€0l

= TR

It's important to note that the choice between these approximations depends on the

(3.15)

He

specific characteristics of the system under investigation. For microgel particles with
hydrodynamic radii Ry ranging from 200 — 500 nm, the Helmholtz-Smoluchowski
approximation is mostly used. It's worth highlighting that both the Helmholtz-
Smoluchowski and Hiickel equations apply only to spherical hard particles. This
condition, however, does not hold for heterogeneously cross-linked microgels char-
acterised by a soft shell with dangling ends. Therefore, in the context of this thesis,
only the electrophoretic mobility p was provided.

Measurement conditions

The electrophoretic mobility e of the microgels was measured at 20°C and 50°C with
a Zetasizer NanoZ (Malvern Panalytical, UK) to gain information about the surface
charge of the microgels. Prior to the measurements, the sample cell was tested with a
Malvern zeta potential transfer standard. Measurements were conducted at microgel
sample concentrations of 0.5mgml~!. Each measurement was repeated 10 times to

obtain good statistics.

3.6 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a technique developed in 1986 [145] to study the
topography of samples with a high resolution even on an atomic scale. It was subse-
quently refined, so it became possible to determine the physical and chemical prop-
erties of materials, such as mechanical and adhesive properties, through force spec-
troscopy measurements. For some excellent descriptions and in-depth reviews, see
[61)146|147].
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Set-Up
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Figure 3.6: Basic set-up of an AFM: A laser beam is reflected from the reflective back-

side of a cantilever onto a four-segment photodiode to measure the can-
tilever deflection. This deflection is caused by the interaction of probe and
sample. Piezo elements control the height of the cantilever (zp) and the po-
sition of the sample (x — y). A feedback loop can be employed to maintain
a constant probe-sample interaction, thereby regulating the tip height rela-

tive to the sample (h).

The basic principle underlying AFM is to measure the interaction forces between a
probe, fixed to a flexible cantilever, and the sample. These interaction forces include
magnetic, capillary and van der Waals forces for larger probe-sample separations (10 —
100 nm), and repulsive forces such as Pauli repulsion and Coulomb repulsion at shorter
distances (0.01 — 1nm) [146, 147]. These interaction forces induce a bending of the
cantilever, either upwards for repulsive or downwards for attractive forces, which can
be measured. The force can be described by Hooke’s law:

AF = —kAz.. (3.16)

Here, k represents the spring constant of the cantilever and Az. the deflection of the
cantilever.

The deflection of the cantilever can be measured using a laser focused on the reflective
backside of the cantilever and then reflected onto a four-segment photodiode. When

no forces act on the cantilever, the laser remains centrally reflected on the photodiode.
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When interacting with the sample, the laser is either deflected up- or downwards, or it
shifts horizontally. The former one allows to measure the height of the sample, while
the latter one provides information about the lateral forces acting on the cantilever,
causing it to torque. The AFM set-up also incorporates piezo elements, which con-
trol the height of the cantilever (zp) and the lateral position of the sample (x —y). A
teedback loop can be employed to maintain a constant probe-sample interaction by
regulating the probe height relative to the sample (/). The schematic representation of
an AFM set-up is depicted in fig.[3.6]

3.6.1 Imaging
Theory

AFM imaging can be proceeded in different modes, categorised into static and dy-
namic modes depending on the driving mechanism of the cantilever.

In the static/contact mode, the cantilever bends solely due to interactions between
probe and sample. The probe makes actual contact with the surface, so repulsive forces
become dominant. Typically, the contact mode is operated in a constant force mode im-
plemented by a feedback loop: The feedback loop maintains the cantilever’s deflection
at a pre-defined setpoint value. This ensures additionally a constant relative height
h between probe and sample. The contact between probe and sample results in high
lateral forces, which can damage either the probe or the sample.

During dynamic modes, conversely, the cantilever oscillates near to its resonance fre-
quency induced by a piezo element. The oscillation amplitude is referred to as the
free amplitude of the cantilever. The oscillation is damped due to the probe-sample in-
teraction, which results in a reduced amplitude and phase shift as depicted in fig.3.7
During dynamic modes, the lateral forces acting on the cantilever are small, thus mit-
igating the risk of probe and sample damage. Dynamic modes encompass the non-
contact mode and the intermittent contact mode. Additionally, phase imaging can be
conducted to gain further information about the surface’s properties. These dynamic

modes should be examined in more detail:

- Non-contact mode: In the non-contact mode the cantilever oscillates above the
sample, while probe and sample are not being in physical contact. Consequently,
only attractive forces act on the cantilever, primarily van der Waals forces. As the
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Imaging: Intermittent contact mode
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Figure 3.7: (a) Illustration of the intermittent contact mode: the cantilever oscillates

due to the excitation of a piezo element, briefly making contact with the
sample at the minimum of its oscillation. (b) The excited free amplitude of
the oscillation is damped due to interaction forces between tip and sample
when measuring. This results in a reduced amplitude and phase shift. A

feedback loop keeps the amplitude of the oscillation constant.

cantilever experiences predominantly weak forces, the primary advantage of the
non-contact mode is to minimise the risk of damaging the probe and the sample.

However, the resolutions achieved in this mode are relatively low.

Intermittent contact mode: The intermittent contact mode, also known as AC or
tapping mode, overcomes the disadvantages of static/contact (damage of probe
and sample due to high forces) and non-contact mode (low resolution). Dur-
ing the intermittent contact mode - as the name implies - the probe is shortly
in contact with the sample at the minimum of its oscillation, while being in the
non-contact regime at the maximum of its oscillation. The amplitude of the oscil-
lation is chosen according to these conditions and typically falls within the range
of 1 —100nm [148]. Therefore, forces acting on the cantilever, whether repul-
sive or attractive, are dependent upon the probe’s position during the oscillation.
The feedback loop keeps the amplitude of the oscillation constant by constantly
regulating the cantilever’s height by the z-piezo element, as illustrated in fig.[3.7
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- Phase imaging: Phase imaging monitors the phase shift in the cantilever’s oscilla-
tion relative to the driven oscillation by the piezo (see fig.[3.7). It allows sensing
regions of the sample with different material properties, such as elasticity, which
are not detectable by other dynamic modes. Phase imaging can be simultane-

ously conducted with non-contact and intermittent contact modes.

The choice of cantilever and probe is important and they should be selected according
to the used imaging mode and surface properties. Soft cantilevers are a good choice for
contact mode imaging, as they minimise the risk of damage. Conversely, stiffer can-
tilevers with a high resonance frequency are preferable for intermittent contact mode
imaging as they help to overcome capillary forces [149]. During imaging, tips are typ-
ically used as probes because of their sharpness. The tip’s radius and geometry define
the resolution of the images: Tip radii should be preferentially small to resolve the
sample features. If this condition is not met, the convolution effect [150, [151]] can lead
to image artefacts.

Measurement conditions and sample preparation

Microgels deposited on silicon wafers were scanned in ambient conditions using an
AC160TS-R3 cantilever on either a MFP-3D AFM (Asylum Research, Santa Barbara,
California, USA) or a JPK Nanowizard II (JPK, Berlin, Germany) by intermittent con-
tact mode. AC160TS-R3 cantilevers have an average spring constant of k = 26 Nm™!
and an average resonance frequency of fres = 300 kHz. Scan sizes were set to 10x10 pm
and a scan rate of 0.5 — 1 Hz was used for imaging.

In chapter[5| cross-sections of microgel particles were analysed. The samples were al-
lowed to equilibrate for at least 30 min at a temperature of 20°C before starting the mea-
surement. For the analysis, 5 individual microgel particles were selected from the scans
and their profiles were averaged. The height b apv and width w,pp Apyv in ambient
conditions were calculated, to determine a height-to-width ratio hamp AFM/ Wamb, AFM-
In chapter|6] the nearest neighbour distance (NND) was assessed through image analy-
sis of the corresponding AFM scans with the use of the image analysis software Image]
(including a NND plugin [152] provided by Yuxiong Mao). Image] identifies circular
objects in the AFM scans, corresponding to the microgel particles in this case. It ex-
tracts the x — y-coordinates of the particle’s centroids, from which the NND was com-
puted.
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3.6.2 Force spectroscopy
Theory

AFM serves not only as a tool for imaging, but also to gain information about the
mechanical and adhesive properties of samples through force spectroscopy measure-
ments. In this technique, a probe approaches the sample in a perpendicular direction
and indents into the sample, while its vertical position and deflection are monitored.
The underlying principle is illustrated in fig.[3.8|(a).

The measurement generates a force curve as depicted in fig.3.8|(b). When the probe
is far away from the sample, there is no interaction between probe and sample, so the
force acting on the cantilever is zero. As the probe approaches the sample, attractive
forces between probe and sample start to act onto the probe, resulting in what is re-
ferred to as an approach curve (fig.[3.8|(b) black curve). The contact point is defined
as the point at which probe and sample come into physical contact. Upon further
indenting, primarily repulsive forces exerted on the probe increase. Once a defined
threshold is reached, the retraction of the cantilever from the surface is triggered (trig-
ger point), resulting in the retract curve (fig.[3.§)(b) grey curve). The threshold can be
defined as a specific force exerted on the cantilever. When the cantilever retracts, it
needs to overcome the attraction to the sample. The difference between the minimum
force measured and the baseline is defined as F,4,. After overcoming this force, the
force equals zero again. Multiple force curves can be conducted in a defined x — y-area
by the force mapping tool. It provides information about the topography (topography
map), gained from the tip position at which the trigger point is reached, and the adhe-
sion force (adhesion map, lift-off map).

To quantitatively analyse force curves, the exact spring constant of the cantilever has
to be determined before the measurement. Additionally, a calibration force curve on a
rigid surface must be performed: Upon contact between probe and sample, the move-
ment of the cantilever by the piezo element zy, is linearly correlated with the cantilever
deflection z. - referred to as "constant compliance". Within this region, the inverse
optical lever sensitivity (invOLS) can be determined by the slope of the force curve.
This invOLS value enables to convert the signals coming from the photodiode and the
piezo position z,, into a force vs. distance curve, thereby enabling quantitative analysis

of force spectroscopy data.
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Force spectroscopy
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Figure 3.8: (a) lllustration of force spectroscopy measurements: the probe indents into
the sample, while its deflection is monitored. The interaction between the
probe and the sample during this process yields force vs distance curves,
depicted in (b). The approach curve (black) provides the elastic modulus E
by fitting the data with the Hertz model. An exemplary fit is highlighted in
red. The retract curve (grey) can be used to ascertain the adhesion force F, 4,
of the sample. During retraction, the probe adheres to the sample which

causes a negative force quantified by the adhesion force F,gp.

Force spectroscopy data can then be analysed to extract information about the sam-
ple’s mechanical properties. Their elastic modulus E can be determined by contact

mechanics [153, 154], signifying the sample’s resistance to deformation. It is defined
as:

o F/A

c T AL/L (3.17)
Here, o denotes the uniaxial stress and € the strain upon the deformation. It can be
expressed by the force applied by the probe during compression F, the area of applied
force A, the original length L of the deformed body and the change in length upon
compression AL. Equivalently N is the original breadth of the body and AN the change
in breadth.

The Poisson ratio v connects the normal compression of the body to the orthogonal



46 Chapter 3: Experimental section

compression by:

AL AN

v ranges from -1 to 0.5 for isotropic elastic materials and varies from 0.25 to 0.5 for mi-
crogels [112},155-158]. Under- or overestimating the Poisson ratio by = 0.15 leads to
errors of 11.6% for the elastic modulus E.
The E modulus is finally determined by fitting the Hertz model [154] to the approach
curve. The Hertz model is defined for the contact of two fully elastic bodies with-
out adhesion forces. Therefore, it only holds true by fitting the approach curves. Al-
ternative models, such as the Derjaguin-Muller-Toporov (DMT) model [159] and the
Johnson-Kendall-Roberts (JKR) model [160] consider adhesive forces outside or inside
the contact area.
In our case, data fitted using the Hertz model have proven to provide reasonable re-
sults. It is illustrated in fig.[3.8|(b) in red for an exemplary force curve. The effective
elastic modulus E* fitted by this model can be described as:

1 (1-w)?*  (1—wp)?

L , 19
E Ee | & (3-19)

where the sample is denoted with S and the probe with P. Assuming that the probe is
much stiffer than the sample Ep >> Eg, this simplifies to:

Es
(1—-wvs)?

Probes have to be chosen accordingly to this condition to extract valid values of E*.

E* = (3.20)

For simplicity, E* is denoted as E in the following. The relation between force F and E

4E \2/ RP 5%
3(1—v2)
Rp is the radius of indenter, while J is the indentation depth. The relationship only

modulus then follows:

F= (3.21)

holds true for spherical indenters.

The choice of cantilever and probe plays a crucial role during force spectroscopy mea-
surements similarly as for AFM imaging. For the measurements, either tips (5 — 50 nm)
or colloidal probes (1 — 50 pm [153]) can be chosen: Tips provide information about
the lateral structure of the sample in combination with obtaining mechanical proper-
ties such as the E modulus [61]. They can penetrate the sample sufficiently enough
since high forces can be applied [75] [108], while not damaging the sample [107, [108].
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Tip vs Colloidal probe
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Figure 3.9: The differences in probe sizes highlighted in the scope of our measure-
ments: While tips offer structural information in combination with deter-
mining an E modulus distribution, colloidal probes compress an entire mi-
crogel layer. Global E moduli Eg,p, for the whole layer as well as adhesion
forces F, g5, can be evaluated in this case.

Therefore, high indentation depth can be obtained. One limitation, though, is that the
tip radius/shape cannot be precisely controlled during the manufacturing, leading to
variations in contact geometry. This drawback is overcome by using colloidal probes
[62-64]. They provide a well-defined contact area between probe and surface, thereby
enabling precise measurements of adhesion forces F,4,. However, due to their large
probe size, features of the sample cannot be localised or laterally resolved.
Fig.[B.9|depicts the differences between tip and colloidal probe, highlighted in the scope
of our measurement conditions. While the tip can penetrate single adsorbed microgel
particles at various positions resulting in an E modulus distribution, colloidal probes
are substantially larger than microgel particles. Dense microgel packings should be
used, so that the colloidal probe compresses a closed microgel layer. Then, a global E
modulus (Egop) can be obtained and adhesion forces F,g can be determined.

It's important to note that keeping the type of cantilever and tip constant is essential
when comparing data. Significant variations, especially in E moduli, can be observed

when using different cantilevers or tips [161H163].
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Measurement conditions and sample preparation

Force spectroscopy measurements were conducted during this thesis to study the
mechanical properties of the adsorbed microgel particles in chapter[5| and their
adhesive properties in chapter[6

For both evaluations, the exact spring constant of the cantilever was determined with
the Sader method [164) [165] through the analysis of its thermal resonance in air before
starting the measurements. Subsequently, both the cantilever and the microgel sample
were immersed in ultrapure water and the system was allowed to equilibrate for at
least 30 min at temperatures of 20°C and 50°C. A force measurement on an empty
spot of the hard silicon wafer was recorded to determine the invOLS. Force curves

were done with an approach velocity of 800nms~!.

The velocity does not change
the results substantially [111]. For the determination of E moduli, variations in the
approach velocity by two orders of magnitude resulted in variances of only about
10% for E. The fit region of the Hertz model (see eq.[3.21) was set to 0 — 40% of the
maximum indentation depth ¢ to exclude the impact of the underlying surface on the
resulting moduli [74, 98, [107]. For PNIPAM microgels, we chose a Poisson ratio of

v = 0.4 in accordance with literature [155].

In chapter[5, the local E modulus Ej,. has been determined by indenting a tip
into single adsorbed microgel particles. Microgel particles have been deposited on
silicon wafers with a loose packing density, to measure a single particle without the
influence of surrounding particles and resolve their structure laterally. Silicon wafers
were cleaned in piranha solution (ratio 1:3 hydrogen peroxide H,O; to sulfuric acid
H)SO4) for 30 min. Afterwards, microgels were deposited on silicon wafers in a
drying process combined with spin-coating: 75 — 200 ul of a ¢ = 0.5mg ml~! microgel
dispersion were placed on the wafers for 30-90 s before spin coating was started with
a rotational speed of 1000 rpm for 1 min.

Measurements were done with a Cypher AFM (Oxford Instruments, Abingdon, UK)
equipped with a CoolerHeater Sample Stage to control the temperature of the samples.
A 2x2 um sized area with 30x30 pixel was measured with the force mapping tool. The
size allowed a high resolution of the microgel particles while maintaining reasonable
measurement times. Tips were selected as indenters to acquire both mechanical
properties through the E modulus, and a lateral structure of the sample [61]. The

resultant E moduli, obtained from specific positions across the microgel particles, can
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be consequently regarded as local elastic moduli Ej,.. The BL-AC40TS cantilever was
chosen according to previous work of our group [74] (spring constant k = 0.09Nm ™1,
resonance frequency fres = 110kHz) to enable the direct comparison of the data using
the same cantilever type.

The measurement conditions were carefully checked, by varying the trigger point and
checking the validity of the Hertz model for the pure reference PNIPAM microgel

MG-cp,po (see table[3.2).
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Figure 3.10: (a) Force curves received for the cantilever BL-AC40TS on a reference PNI-

PAM microgel MG-cp; pp with different trigger points, defining the inden-

tation depth of the cantilever. (b) The effect of the trigger point on the E

modulus of a pure PNIPAM microgel MG-cgy pg. A trigger point of 2.7 nN

was defined for further measurements.

In total six different trigger points from 0.5 — 4.9nN were studied (see fig.[3.10). The
trigger point must be in accordance to the sample’s stiffness. Large trigger points,
corresponding to large indentation depths, can damage the sample and/or the tip. On
the other hand, excessively small trigger points may not fully resolve the microgel
structure, i.e. by only indenting into the outer shell of the microgels, leading to
inaccurate E moduli. In this work, nonetheless, no systematic change in E is observed
for varied trigger points, as depicted in fig.3.10|(b), indicating minimal influence
within the range of 0.5 — 4.9nN. For the measurements, a medium trigger point of
2.7nN was chosen.

The validity of the Hertz model was studied as well. The BL-AC40TS cantilever is
much stiffer than the sample and the area of contact is assumed to be small [61}166] to

fulfil the requirements of the Hertz model. Three exemplary force curves, conducted
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in the centre of three microgel particles of MG-cpy po, are given in fig.[3.11/(a). The
three exemplary force curves are plotted in log-log scale in fig.[3.11](b). A linear fit to
the logarithmic force curves provides slopes of 1.47 to 1.56 Nm~! up to indentation
depths of 100 nm, confirming the Hertzian model (see eq. slope = %).

After setting up the measurement conditions, at least 10 force curves were evaluated
in the centre of 10 microgel particles at 20°C to obtain an average E modulus for the
microgels with varying DMA content (see table[3.2). E moduli over the particle’s
cross-section of a pure PNIPAM MG-cg;pp and a P(NIPAM-co-DMA) microgel
MG-cpp p19 were analysed for 5 individual microgel particles at 20°C and 50°C.
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Figure 3.11: Exemplary force curves of MG-cp; po, obtained by force spectroscopy mea-
surements, indented by a BL-AC40TS cantilever and plotted in linear (a)
and logarithmic (b) scale. (b) includes linear fits with a slope of 1.47-
1.56 Nm~! confirming the validity of the Hertzian model in ultrapure wa-

ter up to indentation depths of 100 nm.

In chapter@ adhesion forces F,q and global E moduli Egjp, of the microgel samples
were determined by indenting a colloidal probe into a microgel layer.

Therefore, microgel dispersions were deposited on silicon wafers from a wa-
ter/ethanol interface by using the Langmuir-Blodgett technique. The Langmuir
trough is made of a hydrophobic material such as teflon. It was thoroughly cleaned
prior to each sample preparation with chloroform and ultrapure water. Subsequently,
130 ml of ultrapure water were added, serving as the sub phase. A microgel dispersion
with a concentration of ¢ = 10 mg ml~! mixed with a volatile solvent such as ethanol is

then added to the surface. The microgels were further purified through centrifugation
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to enhance their purity and remove any residual impurities or contaminations prior to
the deposition. After the evaporation of ethanol, the microgels adsorb on the water-air
interface in a monolayer ("spreading"”). The system was allowed to equilibrate for
at least 20min. The compression of the monolayer was started by moving the
trough’s barriers. The monolayer can then be transferred onto the silicon wafers, prior
cleaned by sonification with ethanol for 10 min, via an installed dipping mechanism
as follows: They were fully dipped into the water sub phase, before the spreading.
When a defined surface pressure I1I is reached during the movement of the trough’s
barriers, the system is allowed to equilibrate for 20 min again. Then, the dipping
arm began to move the silicon wafers upwards with a defined velocity of 0.1 mms~1.
Depending on the surface pressure IT within the Langmuir trough, the distance of the
microgel particles can be controlled with a high precision, resulting in highly ordered
microgel samples. It’s important to note that each sample comprises a monolayer of
microgel particles, considered as a closed layer. The samples were prepared by Carina
Schneider.

The colloidal probes used during these measurements were prepared with following
procedure: a single silica microsphere (Bangs Laboratories Inc., Fishers, Indiana,
USA) having an approximate radius of R = 2.5 um was glued to the end of a tipless
CSC38/No Al cantilever (spring constant k = 0.09Nm~!, resonance frequency
fres = 20kHz) from pmasch (Tallinn, Estonia). This attachment was achieved with the
help of a micro-manipulator MP-225 (Sutter Instrument, Novato, California, USA) and
a light microscope Axiovert 40 CFL (Carl Zeiss GmbH, Oberkochen, Deutschland).
The spring constant of the cantilever was chosen to match that of the BL-AC40TS
cantilevers used in chapter[5 The cantilevers were sintered at 1150°C for at least 3h.
Colloidal probes were analysed by scanning electron microscopy (SEM) after sintering,
as explained in sec. This allows to determine their radius Rpsgym and identify any
impurities. In addition, three colloidal probes were exemplarily characterised using
a silicon test grating (TGT1 by ScanSens GmbH, Bremen, Germany). The grating
features sharp spikes of a radius R < 10nm in a distance of 2.2 — 3.0 pm from each
other. The spikes have an angle smaller than 50° and are designed for the visualisation
of tips. Colloidal probes have been scanned over this test grating in contact mode at
low scanning speeds of 0.5 Hz. By subtracting a sphere fit from the image, the surface
topography of the colloidal probes was determined. SEM images in comparison with
AFM scans can be found in fig.[A2} appendix. The radii obtained by both methods are
listed in table (appendix). The radii of both methods were comparable, but Rp apm
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determined using the test grating exhibited slightly larger variations from sphere
to sphere. For all three colloidal probes, the surface topography proves to be very
smooth, making the contribution of the colloidal probe’s surface roughness negligible
[148]. Only SEM images were provided for the remaining colloidal probes used in
this thesis, as they were deemed sufficient. The silicon wafer, used to conduct the
calibration curves, and the colloidal probes were cleaned with a Diener Zepto plasma
cleaner (Diener electronic GmbH + Co. KG, Ebhausen, Germany) by exposure to
oxygen plasma before each measurement. Each colloidal probe was used exclusively
for one single microgel sample to avoid cross-contaminations.

Measurements were conducted at 20°C using a MFP-3D AFM (Asylum Research,
Santa Barbara, California, USA). A 10x10 um sized area with 20x20 pixel was measured
with the force mapping tool, resulting in 400 force curves for each force map. Thus,
each curve was conducted with a distance of 500nm from the adjacent one. Force
maps were conducted for each sample at three different positions A,B and C on the
wafer. This approach allows us to study changes in the results, referred to as "ageing
effects". Specifically, one force map was conducted on position A. On position B, two
successive force maps were conducted. Subsequently, one force map was conducted
at position C. While the positional change helps to examine the effects related to the
colloidal probe’s fatigue and potential contaminations adhering to the probe upon
measurement, using two consecutive force maps at position B provides insights into
the material’s fatigue within the microgel layer. A trigger point of 15nN was chosen
according to [97, [167], resulting in indentation depths between 100 and 200 nm (see
table[A4]and table[A5] appendix).

The measurements were conducted for the microgels with varying DMA content (see
table[3.2). The adhesion force F,gq,, was determined by averaging the results from 400
force curves within each force map as follows: Given that each force curve yields
a different adhesion force F,g,, a distribution of F,g;, is obtained. A Gaussian fit is
applied to the data. The average adhesion force then corresponds to the maximum
of the fit, which is illustrated in ﬁg. for the reference microgel MG-cgppg. It's
important to note that the colloidal probe does not always indent into the centre of
microgel particles, as depicted in the scheme in fig.[3.9; instead, it may indent into the
spaces between two particles within the microgel layer. This variation occurs because
each force curve is conducted at a distance of 500 nm from the subsequent force curve,
while the particles at the surface exhibit varying widths depending on the radius

of each type of microgel particle. This variation accounts for the significantly lower
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adhesive forces observed in the distribution.
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Figure 3.12: Distribution of F,g, exemplarily shown for the pure PNIPAM microgel
MG-cgp po. Each force curve yields an adhesion force value F, 4}, contribut-
ing to the depicted distribution. The maximum of a Gaussian function,

applied to the distribution, corresponds to the average adhesion force.

Since stiffer samples lead to smaller indentation depths ¢ for same trigger points, the
adhesion force was normalised by the contact area A for each sample. Indentation
depths J were calculated as an average from 10 force curves. The contact radius a can

be derived from the indentation depth ¢ and the indenter radius Rp by:
a®> = 6Rp. (3.22)
The contact area A can be calculated over a ball segment as:

A = 5(4Rp — 5). (3.23)

Additionally, a global elastic modulus Ego, can be derived from the measurements,
by analysing 10 force curves per sample. Equivalently to chapter[5, the Hertz model
(eq.B.21) was fitted to the approach curves. The application of the Hertz model was
verified identically as described before for the reference PNIPAM microgel MG-cpy po
up to indentation depths of 100 nm (see fig.[A3} appendix).
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3.7 Nuclear magnetic resonance (NMR) spectroscopy

Theory and instrument

Nuclear magnetic resonance (NMR) spectroscopy is a technique used to investigate
the molecular structure, dynamics or reaction states of molecules. For a more detailed

description, refer to [168].

(a) Nuclear Zeeman splitting
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Figure 3.13: Basics of NMR spectroscopy: (a) Nuclear Zeeman splitting of 'H nucleus
in an applied outer magnetic field By. (b) After a radio-frequency pulse
is applied in a 90° angle to the Bj field, spins relax into equilibrium,
generating the time-dependent NMR signal called free induction decay
(FID). (c) By Fourier transformation (FT) the time-dependent NMR signal
is transferred into a frequency-dependent NMR signal, which is the well-
known NMR spectrum.

NMR spectroscopy uses the physical properties of an atomic nucleus, which possess
a weak magnetism and an angular momentum called spin, described by the quantum

number I. The magnetic moment ji of a nucleus is linked to its spin via the gyromag-
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netic ratio -y in the relationship:
i =9l (3.24)

When nuclei are exposed to an outer magnetic field By, nuclei with the quantum num-
ber I split into (21 4 1) spin states, each possessing different energies, known as nu-
clear Zeeman splitting - the basis of NMR spectroscopy. This phenomenon is illus-
trated in fig.(a) for a 'H nucleus. Nuclei with zero spin, such as 12C and %0, do
not exhibit nuclear Zeeman splitting, and are termed "NMR silent". Nuclear Zeeman
splitting increases with the strength of the external magnetic field By (see fig.(a)).
Therefore, large magnetic fields from 4 to 20 T are required in NMR spectroscopy.
In the absence of an external magnetic field, nuclear spin vectors can be aligned in any
direction, as depicted in fig.[3.13|(a). Upon the application of an external magnetic field
By, these spin vectors precess around By in a cone-like motion, referred to as spin pre-
cession. The frequency of the spin precession is called nuclear Larmor frequency wy
and is given by:

wop = —vBo. (3.25)

Thus, each nucleus has its specific Larmor frequency. This leads to various types of
NMR spectroscopy, with 'H and '3C being among the most prominent ones.

The basic working principle of an NMR spectrometer can be summarised as follows:
(1) Nuclear spins align along the applied magnetic field By (equilibrium state). (2) A
radio-frequency (r.f.) pulse is applied in a 90° angle to By, creating a transverse net
magnetisation of the spins. (3) Subsequently, the magnetisation of the spins recovers,
called "relaxation", until equilibrium is restored. The net magnetisation of the spins
induces an electric current at the receiver coil, generating the time-dependent NMR
signal, free induction decay (FID), as depicted in fig.3.13|(b). The time-dependent
FID can be transferred into a frequency-dependent signal by Fourier transformation
(FT). This transformation leads to the well-known NMR spectrum, as illustrated in
fig.[3.13|(c).

Different compounds of a sample can be distinguished in the NMR spectrum due to
the chemical shift . Nuclei are surrounded by electrons, being magnetic themselves
and consequently changing the Larmor frequency of the nuclei spins. Each nucleus is
therefore dependent on its chemical environment. The chemical shift is defined as:

W0 — Wref
Wref

5 (3.26)
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where wy is the Larmor frequency of a reference substance. Chemical shifts ¢ are typi-
cally expressed in parts per million (ppm). Some important chemical shifts in 'H NMR
spectroscopy are summarised in table[3.3|

Table 3.3: Chemical shifts of some functional groups in 'H NMR spectroscopy (tetram-
ethylsilane used as reference compound). Values obtained from [168].

Functional group 4§ / ppm

-CHj3 ~1
-CH, ~2-25
-CH- ~4-5
Aromatics ~6—85

Nuclear spin-spin coupling of nuclei with a non-zero spin, is an additional factor that
affects the NMR spectrum. The Larmor frequency of one nucleus is influenced by the
magnetic nuclear spins of its neighbours, leading to the splitting of peaks into mul-
tiplets. Hence, this phenomenon provides valuable informations about the chemical
environment of the nucleus.

Lastly, the peak intensity in 'H NMR spectra offers insights about the number of nu-
clei contributing to each peak. Thereby, the integral of the peaks provides more details
about the chemical structure of the measured sample. Nevertheless, integrating peaks
arising from protons bonded to oxygen or nitrogen, such as OH and NH groups, is a

challenge due to the exchangeability of their protons with other protons.

Measurement conditions

'H and 3C NMR spectra of DMA in DMSO-d¢ were recorded using a 300 MHz
NMR Avance II spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany). 'H
NMR spectra of P(NIPAM-co-DMA) microgels were recorded in two different sol-
vents, DMSO-d¢ and methanol-dy, to ensure that no relevant signals are hidden by the
solvent peaks. Either the 300 MHz Avance II or a 500 MHz DRX Avance 500 (Bruker
BioSpin GmbH, Rheinstetten, Germany) spectrometer were used. Measurements were
carried out with a high number of scans (NS = 506 or 1024) and with a recycle delay
of D1 = 55 to improve resolution. Measurements were provided by the NMR team of
the Chemistry Department (TU Darmstadyt).
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Determination of incorporated amount of DMA cpwma incorporated: NMR spectroscopy
was used as one of two methods to determine the amount of incorporated DMA
CDMA incorporated I P(NIPAM-co-DMA) microgels based on literature [13, 16, 169]. Ex-
emplary spectra of MG-to 270 in DMSO-dg are shown in fig.[3.14] (a), while (b) high-
lights the higher chemical shift region, which was used for the calculation. The spectra
of microgels in methanol-d4 cannot be used for the calculation, as methanol-dy is a pro-
tic solvent, and thus, protons can exchange with the NH and OH groups of P(NIPAM-
co-DMA), leading to an incorrect integration of the peaks. The amount of incorporated
DMA ¢pMma incorporated Was calculated by using the corresponding peaks of the cate-
chol group of DMA (denoted as "h") and the CH-group of NIPAM (denoted as "f") by

following equation:
[ DMA('h")

_ 3H
CDMANMR = [DMA('h") |, [NIPAM('f")" (3.27)
s T TH

(a) (b)
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Figure 3.14: (a) Exemplary 'H NMR spectra of MG-t10,270 in DMSO-de. (b) Highlights
the regions at higher chemical shifts, where the relevant peaks of the cat-
echol group of DMA (denoted as "h") and the CH-group of NIPAM (de-
noted as "f") are present, used for the calculation of incorporated amount

of DMA CDMA,incorporated-

The influence of BIS cannot be derived from the spectra. However, since only
0.2 — 0.4mmol of BIS was used in comparison to the total amount of reactants
(20 — 24 mmol), its impact is assumed to be negligible. The deconvolution tool of
mestrenova analysis software, which fits a Gaussian function to the peaks of the spec-
tra, was used to minimise the influence of the overlapping NH peaks of NIPAM and
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DMA (denoted as "i") with the peaks arising from the catechol groups of DMA (de-
noted as "h") (see fig.B.14). Results can be found in table[3.2]

3.8 UV-vis spectroscopy

Theory

UV-vis spectroscopy measures the absorbance of electromagnetic radiation within the
ultraviolet (UV) wavelength range (220 — 380nm [170]) and the visible (vis) wave-
length range (380 — 800 nm [170]) as it interacts with a sample. For a more detailed
description, see [170, 171].

Light can be regarded as either an electromagnetic wave or a particle known as photon.

The energy of a photon is given by:
E = hv. (3.28)

Here, i = 6.626 - 1073*] s represents the Planck constant and v denotes the frequency
of light measured in s~!. The frequency v of the wave is related to the wavelength A
through:

—— 2
v IX (3.29)

where ¢ = 2.99 - 108 ms™! is the speed of light in vacuum.

UV-vis spectroscopy now uses the interaction between light and molecules of the sam-
ple. The sample adsorbs the light, causing a transition of electrons from their energetic
ground state to a specific excited state. These transitions are highly dependent on the
energy of light and the characteristics of the material itself.

The amount of light absorbed by the sample, expressed by the absorbance A, is related
to the transmittance T of light passing through the sample. T is further connected to

the incident Ip and the transmitted I intensity of light as follows:
Iy
A= —logT =log T (3.30)

Utilising the Beer-Lambert law, one can put A in direct relationship with the optical
path length [ and the concentration cg of the sample:

A= logI—I0 = ecgl, (3.31)

where € is the molar absorption or extinction coefficient.
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Measurement conditions

UV-vis spectra were acquired using a Lambda 650 spectrometer from PerkinElmer
(Waltham, Massachusetts, USA) at room temperature, offering spectral resolutions of
< 0.17nm. For the measurements, 2ml of the microgel dispersion with a concentra-
tion of ¢ = 0.5mgml~! were filled in quartz cuvettes with an optical path length of
I = 1cm. The full spectra of the microgels were recorded over a wavelength range
spanning from 180 to 800nm. Additionally, UV-vis standard addition was used as
a second method to determine the amount of incorporated DMA ¢pma incorporated 1Nt
P(NIPAM-co-DMA) microgels. For this purpose, the wavelength range was set to 200
to 350 nm. Further details of these measurements are provided below.

Determination of incorporated amount of DMA cpMma incorporated: The incorpo-
ration of DMA leads to an additional peak in the UV-vis spectra of the microgels at
Amax = 282nm, as illustrated in fig.3.15, distinguishing them from pure PNIPAM
microgels. The peak is attributed to the unoxidised catechol groups of DMA [172].
The amount of incorporated DMA ¢pma incorporated i P(NIPAM-co-DMA) microgels
was then determined by UV-Vis standard addition. After filling the UV-vis quartz
cuvettes with the microgel dispersion, DMA (dissolved in ethanol) was added to the
cuvettes in concentration ranges from 0 — 200 ug ml~!. This addition results in a rise
of the absorbance at Amay, as depicted in ﬁg.

The signal arising from pure PNIPAM was subtracted as background from all mea-
sured UV-Vis spectra, as indicated by the red line in fig.3.15] When dealing with
low levels of incorporated DMA, it can be, however, challenging to differentiate the
microgel background from the relatively small catechol peak. The absorbance at
Amax is plotted against the added DMA concentration, as shown in fig.(b). DMA
concentrations were volume corrected. For every microgel, at least two calibration
curves were recorded. A linear fit was applied to the averaged calibration curve to
determine the unknown DMA concentration c¢pya unkn in the microgel. The DMA

content was then calculated using the following equations:

CDMA ,unkn MW, gel

CDMA,UV-Vis = , (3.32)

Cgel Mw,DMA

where
MW,gel =0.93- MW,NIPAM +0.02 - MW,BIS +0.05 - MW,DMA- (333)
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In addition, errors for the slope and the y-intercept of the linear fit were used to calcu-
late the error of the DMA content. Results can be found in table[3.2l
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Figure 3.15: (a) Standard addition experiment of MG-t179: The addition of DMA re-
sults in a rise of the absorbance at Amax = 282nm, originating from the in-
corporated DMA. The red line represents the microgel background within
the peak region. (b) corresponding calibration curve: The absorbance A
at Amax minus the microgel background is plotted as a function of the
added DMA concentration. By a linear fit, the unknown DMA concen-

tration cppA unkn in the microgel is determined.

3.9 Mass spectrometry (MS)

Theory and instrument

Mass spectrometry (MS) operates on the fundamental principle of generating ions from
the sample to be measured using a suitable ionisation method. Subsequently, these
ions are separated by their specific mass-to-charge ratio m/z. The resulting mass spec-
trum plots the abundance against the m/z ratio of the measured compound. For a
more detailed description, see [173, 174].

The definition already implies the necessity for MS of having charged particles that can
be ionised. Ions can be accelerated or decelerated within the instrument. Isotopes are

distinctively separated in the spectrum due to their differences in mass, while neutral
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particles cannot be measured directly by MS. Instead, their are represented by the dis-
tance Am/h between the resulting signals.

A mass spectrometer consists of mainly three components: (1) an ion source generating
the ions, (2) a mass analyser separating the ions through the application of an electric
and/or magnetic field and (3) a detector to measure the ions. During this thesis, elec-
trospray ionisation (ESI) was used as the ion source and a quadrupole time-of-flight
(quadrupole TOF) analyser was employed as a mass analyser. Additionally, a high-
performance liquid chromatograph (HPLC) was utilised prior to the ion source. These
components should be briefly discussed in the following.

A high-performance liquid chromatograph (HPLC) is installed before the ion source.
A liquid chromatograph (LC) separates different components of a mixed solution. The
mixture (mobile phase) travels through a column containing a material (stationary
phase). Components are separated based on their different tendencies to interact with
the stationary phase, resulting in different retention times tg to travel through the col-
umn. For HPLC, a really small stationary phase is used, while high pressures sustain
the flow of the mobile phase through the column.

During electrospray ionisation (ESI), the sample solution, which contains ions, un-
dergoes a transition into the gas phase. Therefore, the sample solution is transported
through a capillary tube, where a voltage is applied to the tube walls. Charged
droplets, emerging from the end of the tube, are produced. Afterwards, the solvent
starts to evaporate, rising the surface charge density until the droplet size becomes
sufficiently small to produce ions in a gaseous phase ("aerosol"). The ions can then be
transferred into the mass analyser through an interface.

A quadrupole time-of-flight (TOF) analyser was employed as the mass analyser. Dur-
ing TOF, ions with a charge g = ez, where z represents the number of electrons with
charge e, are separated based on their different travelling times t through a flight
tube. Upon application of a voltage to accelerate the ions, they possess the energy
E. = ezl,. Subsequently, ions are travelling through the tube with a kinetic energy

Eyin, so it follows:
1
ezUyp = Emvz. (3.34)

S (3.35)
m

It implies that the ion velocity v, and consequently their travelling time t = s/v, de-

This equation leads to:

pend on m/z - the fundamental basis of MS.
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The TOF is coupled with a quadrupole analyser. A quadrupole analyser consists of
four parallel rods, where a radio-frequency (RF) alternating voltage and a direct volt-
age (DC) are applied to each pair of oppositely lying rods. The ions are attracted to-
ward the rods with charges opposite to their own. To prevent the ions from colliding
with the rods, their polarity is periodically reversed in time. Ions then move with a
stable trajectory through the mass analyser. At the end, only ions with a specific m/z

ratio follow a stable trajectory, while ions of different ratio collide with the rods.

Measurement conditions

Time-samples, collected at different times during the synthesis process, were evalu-
ated by high performance liquid chromatography electrospray ionisation mass spec-
trometry (HPLC-MS/ESI) on an Impact II mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany) by the mass spectrometry core facility team of the Chemistry De-
partment (TU Darmstadt). The instrument was provided by the German Research
Foundation (DFG) through grant no INST 163/444-1 FUGG (QTOF MS).

During the microgel synthesis, time-samples were collected using 1 ml syringes, whose
walls were previously wetted by the reaction stopper THQ. The time-samples were
centrifuged in Amicon Ultra filters with a cut-off of 30 kDA at spinning speeds of
14500 rpm for 30 min to separate the unreacted monomers from oligo- and polymers
that had already formed.

The solution containing the unreacted monomers (NIPAM, BIS and DMA) was then
analysed using HPLC-MS/ESI. The decrease of the signal integral for each monomer
corresponds to the decrease in its concentration over the course of the reaction, result-
ing in the monomer consumption c, as further elaborated in literature [16} 69]. To ease
illustration, the relative monomer consumption cc; lis plotted.

To describe the kinetics of the reaction, the reaction order can be determined. More
details on the polymerisation kinetics in free radical precipitation polymerisation are
given in chapter[2.1.1] For second-order reactions, the rate of reaction is proportional to
the square of one of the monomers. The monomer consumption can then be described

by a function of the form [175]:
cl=cyt +kt (3.36)

Here, k represents the slope of the function and corresponds to the reaction rate. Error

analysis of MS data was omitted due to numerous factors influencing the data, such
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as concentration deviations, minor deviations in taking the time-samples, monomers

retained in the centrifugation filters etc.

3.10 Scanning electron microscopy (SEM)

Theory

The principle of scanning electron microscopy (SEM) is creating images of a sample by
scanning it by a focused electron beam in a defined pattern. For a more comprehensive
understanding of this technique, refer to [176} 177].

In SEM, electrons are generated via an electron source, creating a focused electron
beam. The electrons typically exhibit energies between 0.1 — 30keV [176]. The elec-
trons are accelerated, usually under high vacuum, and modified to reduce the beam
diameter. Subsequently, the sample is systematically scanned in a raster pattern by
the electron beam, yielding two types of electrons: (1) backscattered electrons and (2)
secondary electrons. Backscattered electrons are those originating from the primary
electron beam, which are scattered backwards when interacting with the sample. Con-
versely, secondary electrons are created by the electron beam: electrons from the beam
transfer energy to the atom electrons of the sample, which are then emitted. These sec-
ondary electrons are then detected by one ore more detectors, and the resulting signals
are employed to create the SEM image. SEM typically achieves resolutions ranging
from 1 — 10 nm [177].

Measurement conditions

Colloidal probes were analysed using scanning electron microscopy (SEM) at the Elec-
tron Microscopy Center Darmstadt (EMC-DA) by Ulrike Kunz. Images were recorded
with the Focused Ion-Beam Microscope JIB 4600F from JEOL Ltd. (Akishima, Japan),
offering a resolution of 1.2 nm. These images served to confirm the low surface rough-
ness of the colloidal probes and to ensure the absence of contaminations after their

preparation.
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4 Co-polymerisation kinetics of
P(NIPAM-co-DMA) microgels

Similar content is published in "Copolymerization Kinetics of Dopamine
Methacrylamide during PNIPAM Microgel Synthesis for Increased Adhe-
sive Properties" Sandra Forg, Alexandra Karbacher, Zhishuang Ye, Xuhong
Guo, and Regine von Klitzing, Langmuir, 2022, 38, 17, 5275-5285. [16] doi:
https:/ /doi.org/10.1021/acs.langmuir.1c02749.

Co-polymerisation of PNIPAM

CH,

HO. NHTHLCHS 1|m = NIPAM
o =
Ho = ) Injection time of DMA
Dopamine methacrylamide ¢ NIPAM&BIS consumption fOCrlnL_JIraﬂtlpm_l
(DMA) el ® impeded
2] DMA kinetics fast o
L <€— NIPAM&BIS fully N A
- reacted /
1 DMA kinetics slower
OF ....- - LI
0 10 20 3060
treaction

Abstract

Combining the stimuli-responsive properties of gels with the robust mechanical prop-
erties and exceptional adhesion capabilities inspired by mussels holds significant
promise for a large field of applications. This chapter focuses on the co-polymerisation
of poly(N-isopropylacrylamide) (PNIPAM) microgels with dopamine methacrylamide
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(DMA). A detailed understanding of reaction kinetics is crucial to establish an opti-
mised synthesis protocol. The present chapter addresses the influence of relevant syn-
thesis parameters as the injection time of DMA during the microgel synthesis and the
overall reaction time. The kinetics of the polymerisation are explored by analysing
time-samples taken during the microgel synthesis by mass spectrometry (MS). This
allows to determine the consumption of NIPAM, the cross-linker N,N’-methylene-
bis(acrylamide) (BIS) and the DMA monomer. DMA exhibits a second-order reaction
kinetic. The amount of DMA incorporated in the resultant microgel is successfully
ascertained via a combination of UV-vis and NMR spectroscopy. Surprisingly, com-
parable DMA contents are incorporated for all microgel samples, whereas differences
in their reaction kinetics are found. While an early injection of DMA impedes the
PNIPAM polymerisation due to scavenging of radicals, it greatly enhances the DMA’s
reaction rate. Contrary, a delayed DMA injection results in a complete NIPAM and BIS
consumption. An overall reaction time of 60 min ensures the DMA incorporation, with
longer reaction times leading to the formation of larger gel clumps. The microgel syn-
theses are reproducible and insensitive to UV light. Microgels exclusively cross-linked
by DMA exhibit similar reaction kinetics compared to their BIS cross-linked counter-

parts, but display changes in the microgels” morphology.

4.1 Introduction

Poly(N-isopropylacrylamide) (PNIPAM) microgels can be easily synthesised with
a narrow size distribution [47] by free radical precipitation polymerisation [48] as
reviewed in chapter2.1] N,N’-methylene-bis-acrylamide (BIS) is typically employed
as cross-linker in the microgel formation and is known to have a faster reaction
kinetic than NIPAM. Consequently, BIS accumulates faster within the core of the
microgel, leading to the characteristic core-shell structure [50, 51]. NIPAM can be also
co-polymerised readily [52-55] with monomers holding specific properties, thereby
enabling the creation of architectures tailored to precise requirements.

The combination of the stimuli-responsive PNIPAM with the adhesive capabilities
and mechanical toughness found in marine organisms like mussels, holds immense
potential for various applications. These include biomedicine [8], bioelectronics [125],
adhesive coatings [57, 58] and self-healing materials [13} 29| [30]. Primarily responsible
for the mussel adhesion is the catechol group found in dopamine-based amino acids
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within the mussel’s byssus [2], as detailed in chapter2.2 Catechol chemistry is
highly versatile; for example, they have the ability to cross-link structures [4-6] and
enhance mechanical properties of materials [112, [178] owing to cohesive interactions.
Additionally, they are known as radical scavengers [20], which implies the need to

study the reaction kinetics of such compounds.

The catechol-based monomer dopamine methacrylamide (DMA) has been success-
fully employed as a mussel-inspired co-monomer for PNIPAM microgels [4} 13-15] as
highlighted in chapter[2.2 For example, Xue et al. [4] synthesised P(NIPAM-co-DMA)
microgels by using DMA as the sole cross-linker. The radical scavenging of catechols
can impede or even stop gel growth. Therefore, the challenge lies in optimising the
DMA incorporation without disturbing the microgel polymerisation. While the study
[4] verified that the injection time of DMA has to be delayed, the comprehensive
role of the DMA’s injection time was not clarified. Until now, the kinetics of DMA
co-polymerisation are unknown.

Hence, the present chapter compares different strategies of the co-polymerisation
of PNIPAM microgels with DMA. Reaction kinetics are evaluated by collecting
time-samples during the microgel synthesis. These time-samples are analysed with
mass spectrometry (MS) to determine the monomer consumption of NIPAM, BIS
and DMA separately. Through this examination, we systematically study the impact
of key synthesis parameters, including the injection time of DMA tpya and the
overall reaction time teac With regard to DMA’s scavenging ability. The analysis
aims to enable the precise control over the synthesis process and fully characterise
the co-polymerisation. While the primary focus of this thesis is the development of
P(NIPAM-co-DMA) microgels cross-linked with BIS, the study is complemented by
comparing the results with microgels synthesised using DMA as the sole cross-linker.
The incorporated amount of DMA is investigated with a combination of UV-vis and
NMR spectroscopy. Dynamic light scattering (DLS) measurements are conducted
to acquire insights into the temperature-responsive behaviour of the microgels,
while atomic force microscopy (AFM) imaging is employed to investigate their size
distribution. Electrophoretic mobility measurements of the microgels are performed

to gain information about their surface charge.
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4.2 Results

Microgels are denoted as "MG-t;, ;4 teac . iN the following, where tpya represents the
respective dopamine methacrylamide (DMA) injection time after polymerisation start
and treac the overall reaction time. In the case that no DMA was injected, tpya is
replaced by "ref". In cases where microgels were synthesised without the additional
cross-linker N,N’-methylene-bis-acrylamide (BIS), they are labelled with the additional
suffix "-noBIS". "t" denotes variations in the time parameters of the microgel synthesis.
It allows a clear differentiation between microgels of chapterd and chapter[5 and [6]
where the composition was altered.

4.2.1 Reaction kinetics

Reference microgel without DMA (MG-t,¢ 570)
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Figure 4.1: The relative monomer consumption cc, ! of the reference microgel MG-
tref270 as a function of the reaction time ¢. Results were obtained by MS
for monomer NIPAM and cross-linker BIS separately. The inset highlights
the decay of cc, ! at short times.
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A reference pure poly(N-isopropylacrylamide) (PNIPAM) microgel MG-t,e 270 Was
synthesised without DMA according to tableB.2l Fig.[4.T| displays the relative con-
sumption cc;, ! of the monomer N-isopropylacrylamide (NIPAM) and the cross-linker
BIS as a function of the reaction time t. Results were obtained by mass spectrometry
(MS) as specified in chapter[3.9

The relative monomer consumption ccy ! declines sharply in the initial 4 — 5min of
the reaction. 93.2% of the monomer NIPAM and 97 % of the cross-linker BIS are
consumed within the first 8 min of polymerisation, consistent with previous studies
[179,180]. The consumption reaches a plateau at approximately 10 — 15 min, implying
a slowdown of the reaction. After 60min, 99.7 % of NIPAM and 98.5% of BIS are
consumed, only changing marginally until the end of the reaction. Overall, BIS reacts
faster than NIPAM.

Furthermore, the hydrodynamic radii Ry and the electrophoretic mobility p. of
MG-t,ef970 at 20°C and 50°C are provided in table in the appendix. The mea-
surements were conducted using dynamic light scattering (DLS) as described in
chapter[3.4, and by electrophoretic dynamic light scattering (EDLS) as detailed in
chapter[3.5, The hydrodynamic radius Ry decreases from 20°C to 50°C, due to the
temperature-dependent collapse of the microgels. . is positive, corresponding to
a positive surface charge, which originates from the positively charged initiator
2,2’-azobis-2-methyl-propanimidamide dihydrochloride (AAPH). An atomic force
microscopy (AFM) image of MG-t,fo79 (for details see chapter confirms the
monomodal size distribution of the microgel. The image can be found in ﬁg.(a).

Figure 4.2: Exemplary AFM images of MG-tef 270 and MG-ty569 #1, conducted at am-

bient conditions, confirming a monomodal size distribution.



70 Chapter 4: Co-polymerisation kinetics of P(NIPAM-co-DMA) microgels

Microgels with DMA

All microgels were synthesised with an identical composition, according to table[3.2;
93mol% NIPAM, 2mol% BIS and 5mol% DMA respectively. An exemplary AFM
image comparing MG-t;5 o #1 to the reference microgel MG-t,¢¢ 270 under ambient con-
dition (as described in chapter[3.6.1) is displayed in fig.[4.2l The AFM image confirms
a monomodal size distribution of the P(NIPAM-co-DMA) microgel, consistent with
tindings for the pure PNIPAM microgel. Hydrodynamic radii Ry in both swollen and
shrunken state, along with the electrophoretic mobility p., are provided in table/A2
in the appendix. The microgels exhibit a temperature-dependent collapse, similar to
the reference pure PNIPAM microgel, when the temperature is increased from 20°C
to 50°C. While the hydrodynamic radius Ry(20°C) of the swollen microgels ranges
from 310 to 500 nm, the hydrodynamic radius Ry (50°C) of the collapsed microgels at
50°C varies between 110 and 175 nm. At both temperatures, . is positive, indicating a
positive surface charge for all microgels. Only MG-t( 60 holds a slight negative surface
charge at 20°C. However, the value falls within the device’s range of error variations.
In-depth investigations of the temperature-dependent swelling behaviour and surface
charge of P(NIPAM-co-DMA) microgels are presented in chapter[5| and are therefore
not further discussed in this chapter.

Our primary focus lies on the development of PNIPAM microgel particles cross-
linked with BIS and co-polymerised with DMA. However, DMA is also established
for its cross-linking ability [4} 6] as stated in the beginning of the chapter - a topic
that will be further explored in the subsequent chapter5] Thus, PNIPAM microgel
particles can be synthesised by exclusively cross-linking with DMA. In cases where
DMA is introduced later during the reaction, the microgel formation process until
its injection primarily relies on the self-cross-linking properties of NIPAM [71-73],
briefly discussed in chapter2.1} To complete our study, P(NIPAM-co-DMA) microgel
particles were synthesised solely cross-linked by DMA with the same composition
(93 mol% NIPAM and 5mol% DMA) according to table[3.2l The DMA injection times
tpma were varied. Their temperature-dependent swelling curves, determined through
dynamic light scattering (DLS) as described in chapter[3.4} are presented in fig.[A20]
(appendix). A more detailed discussion of their swelling behaviour is also provided
in the appendix. All microgels exhibit the characteristic temperature-responsive

swelling-deswelling behaviour: the microgels collapse upon heating.
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Atomic force microscopy (AFM) images of the microgels, conducted at ambient condi-
tions as detailed in chapter[3.6.1} are displayed in fig.[4.3] The microgel MG-tg ¢9-noBIS
with a DMA injection time of tpya = 0 min, exhibits a morphology akin to that of the
microgels cross-linked additionally with BIS. The microgels, where DMA was added
at later stages during the reaction, remarkably display a raspberry-like structure.

No BIS
(b) tpya= 7.5 mi
TETN R

n

(c) toma=15 min

Figure 4.3: AFM scans, taken in ambient conditions, of microgels synthesised with-
out the additional cross-linker BIS with different DMA injection times (a)
tpma = Omin, (b) tpma = 7.5min and (c) tppa = 15min. Microgels in (b)
and (c) display a raspberry-like structure.

Reaction time treac  As demonstrated by MG-t¢ 279, the reaction kinetics of NIPAM
and BIS change from fast to slow after approximately 4 — 5min, significantly slow-
ing down after 10 — 15min. In order to achieve almost complete NIPAM and BIS
consumption, while avoiding the scavenging effect of DMA, the DMA injection was
therefore delayed to tppa = 10min. First, a reaction time of treac = 270min was
selected based on literature [4] to ensure the DMA incorporation. Fig.@(a) displays
the relative monomer consumption cc, 1 of this microgel MG-t;g 270 as a function of
the reaction time £, calculated from MS results (see chapter[3.9). The reaction of the mi-
crogel resulted in the formation of a large gel clump, as shown in the inset of fig.[4.4|(a).

The NIPAM and BIS consumption reaches nearly a plateau at around 10 min, similar
to MG-tye 270- By that point, NIPAM and BIS have almost entirely reacted (> 95 %).

Comparing the reaction of DMA to those of NIPAM and BIS, notable differences in
their kinetics can be observed. The reaction of DMA is significantly slower than that
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Figure 4.4: The relative monomer consumption ccy L of NIPAM, BIS and DMA as a
function of the reaction time t for two different overall reaction times:
(@) treac = 270min and (b) treac = 60min, with DMA injected at tppa =
10min for both microgels. The inset of (a) shows the formation of a gel

clump at the end of the reaction.

of NIPAM and BIS. At 30 min, 98.4 % of BIS and 96.4 % of NIPAM are consumed, while
only 63.8 % of DMA is consumed. While nearly 97.4 % and 98.6 % of monomer NIPAM
and cross-linker BIS react within the first 60 min, only 85 % of DMA reacts within this
time. Over the whole synthesis, DMA reaches a conversion of 93.1 %.

Due to the gel clump formation, the overall reaction time t.5c was reduced to
treac = 60 min, while the injection time of DMA was kept constant at tpya = 10 min.
Results are shown in fig.(b) for MG-t19 0. No clumps formed during this microgel
polymerisation. The reaction of NIPAM and BIS is comparable to the former microgel
MG-t0270 with a longer reaction time of treac = 270 min. 74.2 % of DMA is consumed
in the first 30 min and 89.2 % is consumed until the end of the reaction. This level of
conversion is still highly favourable and similar to that achieved with a longer reaction
time. Shorter reaction times should not be chosen to achieve at least a 90 % conversion
of DMA.

Both freeze-dried microgels exhibit a light orange to pinkish colour (see fig.[A4} ap-
pendix).

Injection time of DMA tpya  After fixing the overall reaction time to treac = 60 min
to prevent clump formation, the influence of the injection time tpya was studied while
considering the reaction kinetics of MG-tyef279. (Note: NIPAM and BIS react rapidly
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until 4 — 5min, followed by a reduction in the reaction speed, significantly slowing
down after 10 min). No gel clump formation was observed for any of the microgels.

Fig. displays the relative monomer consumption cc, ' of the different microgels
for varying injection times of DMA tppa, calculated from MS results for (a) NIPAM,
(b) BIS and (c) DMA. In the case of DMA, the results are plotted over the effective
reaction time ¢t — tppa. (d) illustrates the inverse monomer consumption ¢! of DMA.
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Figure 4.5: The relative monomer consumption cc, 1 of NIPAM (a) and BIS (b) as func-
tion of the reaction time ¢. (c) The relative monomer consumption cc, Uof
DMA as function of the effective reaction time t — tppa. (d) the absolute in-
verse consumption ¢! of DMA. Microgels were synthesised with different

DMA injection times tppa, but a constant reaction time of treac = 60 min.

First, the consumption of NIPAM and BIS is examined: For the injection times tpya =
8 — 15min, the change in cc, L(NIPAM) is similar for all microgels. The same holds
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true for the relative consumption cc; L(BIS) of the cross-linker BIS. In contrast, for an
injection time fpya = 0min (MG-tg g0), the consumptions of NIPAM and BIS are no-
tably impeded. For tppa = 4.5min (MG-ty5¢0), the relative consumption of NIPAM
is also inhibited. In all cases, the consumptions of NIPAM and BIS approach complete
conversion towards the end of the reaction.

Regarding DMA, the relative monomer consumption cc,, ! exhibits different reaction
rates for different injection times fpya. For an injection time of tpya = Omin
(MG-tg 60), 58.6% of DMA reacts within the first 3 min and 99.1% within the first 8 min.
In contrast, for an injection time of tppa = 15min (MG-ty5¢0), 21.6% of DMA reacts
within the first 3 min and around 26% within the first 8 min. Thus, the reaction kinetics
of DMA are significantly faster for earlier injection times.

In fig.(d) the absolute inverse consumption c~! of DMA is plotted against the effec-
tive reaction time t — tpy;a of DMA. A linear fit according to eq. describes the data
well up to around 85 % conversion of DMA, corresponding to a second-order reaction.
All freeze-dried microgels show a colour ranging from light orange to pink (see fig.
appendix).

Reproducibility and influence of UV light To test the reproducibility of the reaction
kinetics, three microgels were synthesised with an injection time of tpya = 15min
and an overall reaction time teac = 60 min. Fig.(a) displays the relative monomer

1 as a function of the effective reaction time t — tpya of DMA alone,

consumption cc,
calculated from MS results. The consumptions of NIPAM and BIS are similar to those
of MG-tyef 270 and the microgels with DMA injection times of tpyia > 8 min. Thus, they
are not included in fig.[4.6](a) to ease illustration. They are given in fig.[A5 appendix.
While the microgel synthesis #1 (MG-t15 49 #1) was carried out as before, the microgel
syntheses #2 and #3 (MG-ty560 #2 and MG-t1549 #3) were conducted identically, but
with the exclusion of UV light by covering the reactor and fume hood with aluminium
foil.

UV light plays an important role during dopamine reactions and its derivatives, as
it can accelerate or even enable dopamine polymerisations in the presence of oxida-
tion agents [133]. Moreover, it is known to break the double bond of the initiator
2,2’-azobis-2-methyl-propanimidamide dihydrochloride (AAPH), which might change
the reaction behaviour of the polymerisation. Additionally, auto-oxidation of catechol
groups in the presence of oxidation agents [181] could influence the reaction kinetics
of DMA.
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Figure 4.6: (a) The relative monomer consumption cc, ! of DMA as function of the ef-

fective reaction time t — fpya. (b) the absolute inverse consumption ¢~}
of DMA. Microgels were synthesised with identical reaction parameters
(treac = 60min, tppa = 15min) to test the reproducibility of the reaction.

#2 and #3 were synthesised with UV light protection.

Contrary to the synthesis #1 (MG-tj549 #1), the reaction mixture of #2 and #3
(MG-t1560 #2 and MG-ty560 #3), where UV light was excluded, exhibited no colour
change upon the injection of DMA. However, freeze-dried microgels show a light or-
ange to pinkish colour again (see fig.[A4} appendix).

Regarding the reaction rate of DMA, synthesis #2 exhibits the fastest DMA reaction,
followed by #1, and then #3, as depicted in fig.[4.6b. Taking into account the uncertain-
ties in the MS results, as described in chapter[3.9) the reaction appears to be unaffected
by UV light. If DMA would auto-oxidate, its reaction kinetics should be linked to the
age of its batch. The age of DMA follows the order #1 > #2 = #3. Hence, it is apparent
that auto-oxidation does not affect the reaction kinetics of DMA during the microgel
syntheses.

Fig.(b) depicts the absolute inverse consumption ¢! of DMA against its effective
reaction time t — tppia for all microgels. As before, a linear fit was applied correspond-
ing to a second-order reaction using equation [3.36 and it describes the data well.

Influence of cross-linker BIS Three microgel were synthesised with the same
composition (93 mol% NIPAM and 5mol% DMA), but with varying DMA injection
times tpma. The choice of tpya was made to be comparable to their BIS-cross-linked
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counterparts MG-tg g0, MG-tgg0 and MG-tj560 #1. The microgels were only cross-

linked by DMA to assess the impact of the absence of the cross-linker BIS.
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Figure 4.7: Relative monomer consumptions cc, 1 of reactants NIPAM (a) as a function
of the reaction time t, and DMA (b) as function of the effective reaction
time t — tppma, presented for microgels synthesised without the cross-linker
BIS. Results are displayed alongside their BIS-cross-linked counterparts. (c)
shows the inverse monomer consumption ¢! of DMA as function of the
effective reaction time t — tppa. A linear fit can be applied, which confirms

that DMA possesses a second-order reaction kinetics.

Fig. displays the relative consumption cc; 1 of NIPAM in (a) as a function of the
reaction time t and of DMA in (b) as function of the effective reaction time t — tppa-
The reaction kinetics of their BIS-cross-linked counterparts with similar DMA injection

times, which were discussed previously in this chapter, are also provided in (a)
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and (b) to facilitate comparative analysis. Fig.4.7)(c) displays the inverse monomer
consumption ¢~ of DMA as function of the effective reaction time t — fppa. Results
were obtained by mass spectrometry (MS) as specified in chapter[3.9]

The early introduction of DMA during the reaction impedes the NIPAM conversion
(fig.#.7](a)). Moreover, DMA reacts faster when injected earlier (fig.4.7)(b)). Addi-
tionally, the inverse absolute consumption c~! of DMA was successfully fitted with a
linear function for a DMA consumption up to 85 % (fig.[£.7](c)). This corresponds to
a second-order reaction kinetics. Remarkably, the results are nearly identical to those
obtained from microgels synthesised with the additional cross-linker BIS (2 mol%) and
equivalent injection times (MG-t( g9, MG-tg 60 and MG-t;5 60 #1).

4.2.2 Incorporated DMA
UV-vis
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Figure 4.8: Exemplary UV-vis spectra for P(NIPAM-co-DMA) microgels synthesised
with an injection time of tpyja = 15min and an overall reaction time
treac = 60 min (MG-t560 #1, MG-t;560 #2 and MG-ty5 69 #3) in comparison
to the reference PNIPAM microgel MG-t,cf 270.
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The successful incorporation of DMA is confirmed by UV-vis spectroscopy as ex-
plained in chapter[3.8] The exemplary UV-vis spectra in fig.[4.§ reveal an additional
peak at Amax = 282 nm for the P(NIPAM-co-DMA) microgels MG-t;5 g0 #1, MG-t15 60 #2
and MG-ty569 #3 in contrast to the reference microgel MG-t,e779. This peak is at-
tributed to the unoxidised catechol group of DMA [172]. The pure DMA spectrum
is given in fig.[A6| (appendix). Spectra of all remaining P(NIPAM-co-DMA) microgels
are provided in fig.[A7](appendix), and they exhibit the same distinctive peak.

UV-Vis standard addition

The amount of incorporated DMA ¢pma incorporated Was ascertained for all microgels
following the methodology outlined in chapter3.8l The corresponding calibration
curves are given in fig.[A8] fig.[A9] fig.[AT0] and fig.[AT]] (appendix). The results are
listed in table[.1l

Remarkably, cpma incorporated 1S similar for all of the microgels, suggesting that the
DMA content in the microgel structure is independent of the injection time of DMA
tpma and the overall reaction time treac. The DMA amount varies between 2.0 and
4.4mol%. The microgel synthesised with a DMA injection time of tpyja = 4.5min
(MG-ty4560), displays the highest levels of incorporated DMA (around 4.4 mol%).
The microgels synthesised with nearly identical reaction parameters (MG-tj549 #1,
MG-t1560 #2 and MG-t;5 60 #3; #2 and #3 were synthesised with UV light protection),
yield comparable results. This further indicates that the absence of UV light has no
influence on the results and underscores the reproducibility of the synthesis process.
Moreover, microgels synthesised in the absence of the cross-linker BIS, depending
solely on the cross-linking mechanism of DMA, exhibit comparable amounts of incor-
porated DMA when compared to their BIS cross-linked counterparts with comparable

DMA injection times.

NMR

The amount of incorporated DMA ¢pma incorporated int all P(NIPAM-co-DMA) microgels
was additionally determined by nuclear magnetic resonance (NMR) spectroscopy as
specified in chapter[3.7] The results are summarised in tablef. I The corresponding
NMR spectra are available in the appendix (fig.|A12| fig.|A13] fig.|A14] fig.|A15] fig.|A16),
fig.[A17) fig.[A18|and fig.[AT9).
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Table 4.1: Incorporated amount of DMA ¢pma incorporated 1IN P(NIPAM-co-DMA) micro-
gels determined by UV-vis standard addition and NMR spectroscopy.

Microgel Incorporated amount of DMA ¢pma incorporated

CDMA,UV-vis / Mol% CDMA,NMR / mol%

Influence of overall reaction time treac
MG-t10,270 244+0.1 0.9
MG-t10,60 2.7+£0.1 3.5

Influence of DMA injection time tpya

MG-tg 60 28402 41
MG-ty 5 60 44404 0.9
MG-tg 60 2.040.0 0.9
MG-t10,60 2.740.1 3.5
MG-t;5,60 #1 22404 1.7

Reproducibility and influence of UV light

MG-t15 60 #1 22+04 1.7
MG-t15 60 #2 29+0.0 2.5
MG-t15,60 #3 214+0.0 1.1

Influence of cross-linker BIS

MG-t( 0-noBIS 39+0 1.8
MG-t;7 5 60-noBIS 34+0 4.4
MG-t15 60-noBIS 25+0 2.9

The DMA content varies from 0.9 to 4.4mol%, illustrating a broader variance as
obtained through UV-vis standard addition. The microgel with an injection time
of DMA tppa = 7.5min only cross-linked by DMA (MG-t7 5 60-noBIS) contains the
highest amount of DMA with 4.4mol%. For the three microgels synthesised to test
the reproducibility of the reaction (MG-t1560 #1, MG-t1560 #2 and MG-tj560 #3), the
NMR results are similar. Generally, NMR results may exhibit larger uncertainties due

to the signal overlap between the catechol groups of DMA and the NH groups (see
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chapter[3.7). Since we used the deconvolution tool of the analysis software, the exact
error value is challenging to quantify.

Generallyy, NMR and UV-vis results are akin to each other for most microgels,
possessing a difference of approximately 1 mol %. Nonetheless, larger discrepancies
are observed in the case of the microgel with a DMA injection time of tpyja = 4.5 min
(MG-ty.560)-

4.3 Discussion

Poly(N-isopropylacrylamide) (PNIPAM) microgels were successfully co-polymerised
with the catechol-based monomer dopamine methacrylamide (DMA), using the cross-
linker N,N’-methylene-bis(acrylamide) (BIS). Additionally, microgels were success-
fully synthesised without BIS using only DMA for cross-linking. Pure PNIPAM
and P(NIPAM-co-DMA) microgels exhibit a temperature-dependent collapse and a
monomodal size distribution, confirming the successful synthesis via free radical pre-

cipitation polymerisation.

Reaction kinetics

The reference pure PNIPAM microgel MG-t,f 79 supports existing literature findings:
BIS reacts faster than the monomer NIPAM as explained in chapter2.1 Consequently,
BIS tends to accumulate in the microgel’s core leading to a core-shell structure of the
microgel with a denser core [50].

The consumption of NIPAM and BIS exhibits an abrupt decrease until about 4 — 5 min,
which then slows down at around 10 — 15 min. After 30 min, both monomer NIPAM
and cross-linker BIS reach a consumption of around 99%. Three for us relevant reaction
steps occur during precipitation polymerisation, as reviewed in chapter2.1.1} (1) ini-
tiation, (2) propagation and (3) termination [182]. In the initiation step, the amount
of free radicals increases. During the propagation step, the amount of free radicals
stays constant. Here, initiation and termination of radicals are in an equilibrium-state,
considering the half-life time of the initiator. Monomers are consumed rapidly during
this phase. Precursor particles are formed at the beginning of the synthesis [68] 81],

which aggregate or grow by reacting with further monomers or oligomers, until



4.3 Discussion 81

stable "primary particles" are obtained. Subsequently, the number of particles remains
constant, but the particles grow in size. In the final termination step, the amount
of free radicals diminishes due to termination processes, either by recombination or
disproportionation of radicals. This decelerates the monomer consumptions [183].
That aligns with the ascertained consumption of NIPAM and BIS. The initiation
step cannot be examined due to its fast reaction kinetics. Nevertheless, the decrease
until about 4 — 5min can be clearly linked to the propagation step of the reaction.
The deceleration in the NIPAM and BIS reactions between 10 — 15 min is attributed
to their significant consumption at this stage of the reaction. AAPH possesses a
half-life of 175h at 37°C [184] and approximately 30 min at 80°C [185]. Therefore, the
concentration of free radicals remains constant until at least 30 min into the reaction.
After 30 min, the amount of free radicals might begin to decline; However, this cannot
be confirmed with the available MS data, as NIPAM and BIS monomers were already
completely consumed.

While an overall reaction time of trac = 270min proves suitable for the pure
PNIPAM reference microgel MG-t,f 79, the same reaction time leads to the formation
of gel clumps in the case of the P(NIPAM-co-DMA) microgel MG-t;g 279 (see ﬁg..
As a consequence, the reaction time was shortened to freac = 60 min (MG-tyg 0), which
effectively prevented gel clump formation not only in this particular synthesis but
also in all subsequent microgel syntheses. Furthermore, even when the DMA injection
is delayed to tppa = 10min, a reaction time of teac = 60min still results in the
consumption of about 90 % of DMA until the end of the reaction. Further shortening

of the reaction time is not recommended (or needed) to ensure the DMA incorporation.

The injection time of DMA tpya significantly affects the NIPAM and BIS reac-
tion kinetics, due to DMA'’s scavenging ability [20]. For microgels with early DMA
injection times of tpya < 4.5min (MG-ty g0 and MG-t4540), the NIPAM monomer
and BIS cross-linker consumption is largely impeded. Contrary, the NIPAM and BIS
consumption remain unaffected when DMA is injected at later times of tpya > 8 min.
As observed in the case of MG-tf270 and confirmed for the P(NIPAM-co-DMA)
microgels, NIPAM and BIS are almost entirely consumed by fpya = 10 — 15 min.

The reaction of DMA is remarkably faster for microgels with earlier injection times.
Therefore, the DMA reaction speed is significantly influenced by its injection time

tpma, as related to its scavenging ability and the incomplete conversion of NIPAM
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and BIS.

While the rapid reaction of DMA when injected early is advantageous for a high
conversion, it must be balanced against the drawback of inhibited PNIPAM polymeri-
sation. For an injection time of DMA greater than 10 min, the PNIPAM polymerisation
can be ensured. This aligns with our requirement that DMA is only needed in the
outer shell of the microgel particles to obtain adhesive properties. Introducing DMA
at a later state of the reaction, when only particle growth but no nucleation occurs,
is therefore a reasonable strategy in our case. The DMA injection time was fixed to
tDMA = 15 min.

The inverse absolute consumption ¢! of DMA was successfully fitted with a linear
function for a DMA consumption up to 85%, suggesting a second-order reaction

behaviour.

The consumptions of NIPAM, BIS and DMA are comparable for the three microgels
synthesised with identical reaction parameters (tpyia = 15 min and freac = 60 min; see
fig.[4.6), confirming the reproducibility of the polymerisation kinetics. DMA follows
a second-order reaction kinetics. The DMA reaction shows to be insensitive to UV
light. In comparison to the microgel without UV protection, but identical reaction
parameters, the reaction mixture of the microgels with UV exclusion showed no colour
change upon the injection of DMA - a direct consequence of the absence of UV light
[132].

Additionally, auto-oxidation of DMA does not influence the reaction kinetics: Even
when DMA was exposed to oxygen for preparation purposes, the DMA reaction

speed does not decrease with increasing DMA age.

The reaction kinetics of microgel synthesised without the additional cross-linker
BIS, exclusively relying on DMA for cross-linking, are nearly identical to those of
their BIS-cross-linked counterparts with similar injection times (tpya = 0, 7.5 &
15min, teae = 60min). As discussed in chapter the primary determinants of
reaction kinetics are the concentrations of radicals and unreacted monomers during
the synthesis. BIS does not contribute significantly to the monomer concentration,
with only 0.4mmol used in a total of 20mmol of reactants; therefore, its impact

appears to be negligible. This explains why the results are so similar.
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Incorporation of DMA

The incorporation of DMA was confirmed for all P(NIPAM-co-DMA) microgels
through UV-vis and nuclear magnetic resonance (NMR) spectroscopy. The presence
of an additional peak in the UV-vis spectrum at Apmax = 282nm (see fig. confirms
not only the successful DMA incorporation, but also provides insights into its oxi-
dation state. Covalently coupled catechols would result in a maximal absorbance at
Amax = 274nm, while catechols in the oxidised quinone state exhibit a maximum
at Amax around 400nm [172]. The observed maximum at Amax = 282nm implies
the presence of unoxidised catechol groups of DMA, known to greatly enhance the
adhesion ability of such systems [186) 187].

During the microgel syntheses, the transition from a white to orange-pink colour upon
the injection of DMA is also directly linked to the oxidation state of the catechol group:
pink corresponds to the radical, yellow to a quinone and orange to a semiquinone
formation [132]. The colouration remains after freeze-drying, additionally confirming

the incorporation of DMA.

The amount of incorporated DMA cpma incorporated, @ quantified by UV-vis and
NMR spectra, is unexpectedly similar for all of the microgels (see table[d. ). It is found
to be unaffected by UV light exposure and the presence of an additional cross-linker
like BIS. For microgels with identical injection times of DMA of tpya = 10min
but different reaction durations (treac = 60min for MG-tjp and treac = 270 min for
MG-t10270), a higher DMA incorporation would have been expected for the longer
reaction time. For MG-tqg 790 microgel, around 4 % more DMA is consumed during
the reaction. A large amount of this DMA might be contained as side-product in the
gel clump occurring at the end of the reaction. Additionally, the 4 % difference in
DMA consumption corresponds to a minor 0.2 mol% difference in the final microgel
structure when taking into account the initially injected amount of DMA (5 mol%).

For the microgels with different injection times of DMA, a higher incorporated amount
would have been expected for earlier injections due to the following reasons: DMA
has more time to include into the structure and exhibits a faster reaction kinetic.
Moreover, the NIPAM and BIS consumptions are hindered. Nevertheless, the overall
reaction time of the polymerisation t;eac = 60 min appears to level off the differences
in the final microgel composition, as a minimum of 80 % DMA conversion is achieved

for all microgels. It's important to note that differences might lie in the internal
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microgel structure, making it an intriguing outlook for future investigations using
techniques such as small-angle neutron scattering, X-ray scattering or super-resolution

fluorescence microscopy.

The evaluating methods for the amount of incorporated DMA, however, exhibit
limitations. Values calculated by UV-vis standard addition differ from results obtained
by NMR spectroscopy for some of the microgels. This discrepancy arises due to the
spectral overlap between the catechol group of DMA and the NH groups (from DMA
and NIPAM) in the NMR spectra, as described in chapter[3.77 Moreover, quantifying
low amounts of incorporated DMA during UV-vis standard addition experiments can
be challenging due to potential difficulties in distinguishing the microgel background
signal from the small catechol peak (for details see chapter[3.8). Both limitations
contribute to the differences observed between NMR and UV-vis results. Viewed
together, both methods compensate their drawbacks and provide a robust qualifying
system for assessing the amount of DMA incorporation. This is why combining the

both methods is recommended for future investigations.

4.3.1 Morphology of microgels synthesised without BIS

For microgels synthesised without the additional cross-linker BIS, the injection time
of DMA not only affects the DMA reaction rate but also dictates the resulting particle
morphology. A raspberry-like structure was observed for the microgels with later
DMA injection times (MG-t; 5 0-noBIS and MG-t;5 60-noBIS), which could be explained
as follows: During the early stages of the reaction, microgel particles begin to form
owing to the self-cross-linking ability of NIPAM, serving as central "core" particles
[188]. When solely relying on the self-cross-linking of NIPAM, microgel particles with
ultra-low cross-linking are typically obtained [189]. Within our approach, two scenar-
ios can now be envisioned: (1) The "core" particles undergo further cross-linking upon
the introduction of DMA, which we refer to as "post cross-linking". As a result, some
"core" particles become inter-connected, directly forming the raspberry-like structure.
(2) The "core" particle primarily consists of self-cross-linked PNIPAM. When DMA is
introduced, the remaining NIPAM and DMA monomers form smaller nanoparticles.
These can be subsequently linked to the "core" particle, either by physical adsorption
or chemical cross-linking. The second scenario employs the conventional approach to

form raspberry-like structures [188, 190].
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This structural phenomenon aligns with the findings of Xue et al. [4], who obtained
similar structures for P(NIPAM-co-DMA) microgel particles when using low NIPAM
to DMA ratios of 1/20. Notably, Xue et al. did not further explain this observation
in their work. It is interesting to note that such morphologies were not observed for
larger DMA contents. This reinforces the idea that the structure primarily arises from
the self-cross-linking ability of NIPAM.

Raspberry-like particles hold great potential for the development of novel materials.
They offer advantages such as an increased surface area, which is valuable for various
applications. Especially raspberry-like particles with a PNIPAM core have been barely
developed [188]. Therefore, further investigations in this direction promise exciting
prospects. It is, however, crucial to investigate their mechanical stability in the future
since the linkages between the "core" particles and nanoparticles are known to exhibit
low strength [188| 190]. In the context of this thesis, the formation of raspberry-like
structures is not desired as the goal is to create microgels with both high mechanical
strength and adhesive properties. Throughout the subsequent work, BIS is therefore

included as an additional cross-linker.

We extended the findings from existing literature [4], which already confirmed
the importance of delaying the injection of DMA during the reaction due to its role
as a scavenger. In this chapter, the impact of the different synthesis parameters on
the reaction kinetics of the compounds and on the incorporated amount of DMA was
systematically explored. Additionally, the impact of the cross-linker BIS on both was
investigated. As a result, the co-polymerisation of PNIPAM with DMA can now be
precisely controlled.

The findings from this chapter enable the design of microgels to meet specific require-
ments in future applications. The combination of the adhesive abilities and mechanical
robustness of mussels, coupled with the stimuli-responsiveness of PNIPAM holds

immense potential for a wide range of applications.

4.4 Conclusion

We successfully co-polymerised poly(N-isopropylacrylamide) (PNIPAM) micro-
gels with the catechol-based monomer dopamine methacrylamide (DMA). These

P(NIPAM-co-DMA) microgels exhibit a temperature-responsive behaviour and have
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a monomodal size distribution, as confirmed by dynamic light scattering (DLS) and
atomic force microscopy (AFM) measurements. The incorporation of DMA was con-
tirmed using UV-vis and nuclear magnetic resonance (NMR) spectroscopy. Both meth-
ods possess advantages and disadvantages, but together counterbalance their draw-
backs and thus build a good qualifying system. Reaction kinetics of NIPAM, N,N’-
methylene-bis-acrylamide (BIS) and DMA were analysed by mass spectrometry (MS),
varying the injection time fpya of DMA and overall reaction time tye5c Of the synthesis
to find an optimised synthesis protocol. While an early injection of DMA accelerates
its reaction, it impedes the NIPAM and BIS reactions due to the scavenging ability of
DMA. A delayed injection of DMA (10 — 15 min) slows down its reaction, but ensures
a full conversion of NIPAM and BIS before the DMA introduction. This is preferred to
guarantee a complete PNIPAM polymerisation. The cross-linker BIS does not influence
the reaction kinetics, as shown by microgels solely cross-linked by DMA. Surprisingly,
the amount of incorporated DMA is similar across all microgels, regardless of the in-
jection and reaction times. Taking into account the slower reaction kinetics for later
injection times of DMA, a total reaction time of 60 min ensures the DMA incorporation.
Prolonging the reaction time beyond 60 min leads to gel clump formation without sig-
nificantly increasing DMA incorporation. Based on the results, an optimised synthesis
protocol is established for the upcoming chapters: DMA is introduced after 15 min and
a total reaction time of 60 min is chosen. The reaction kinetics of DMA can be described
as a second-order reaction. The synthesis was shown to be reproducible and insensi-
tive to UV light. For microgels exclusively cross-linked by DMA and with delayed
DMA injection times, the reaction leads to the formation of raspberry-like microgels.
This is driven by the necessity of NIPAM to self-cross-link within the first minutes of

the reaction.
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5 Swelling behaviour and mechanical
properties of P(NIPAM-co-DMA)

microgels

Similar content is contained in "Influence of Dopamine Methacrylamide on swelling
behaviour and nanomechanical properties of PNIPAM microgels" Sandra Forg,

Xuhong Guo, and Regine von Klitzing, submitted.

P(NIPAM-co-Dopamine Methacrylamide) microgels
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Abstract

The combination of the catechol-containing co-monomer dopamine methacrylamide
(DMA) with stimuli-responsive microgels such as poly(N-isopropylacrylamide) (PNI-
PAM) bears a huge potential in research and for applications due to the versatile prop-
erties of catechols. This chapter gives first detailed insights into the influence of DMA

on the swelling of PNIPAM microgels and the correlation with their nanomechanical
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properties. Dynamic light scattering (DLS) is used to analyse the swelling behaviour
of microgels in bulk solution. The incorporation of DMA decreases the volume phase
transition temperature (VPTT) and completion temperature (VPT CT) due to its higher
hydrophobicity when compared to NIPAM, while sharpening the transition. The cross-
linking ability of DMA decreases swelling ratios and mesh sizes of the microgels. Mi-
crogels adsorbed at the solid surface are characterised by atomic force microscopy
(AFM): Scanning provides information about the microgel’s shape at the surface and
force spectroscopy measurements determine their nanomechanical properties in form
of a localised E modulus. As the DMA content increases, microgels protrude more
from the surface, correlating with an increase in E modulus and a stiffening of the
microgels - confirming the cross-linking ability of DMA. Force spectroscopy measure-
ments below and above the VPTT display a stiffening of the microgels with the incor-
poration of DMA and upon heating across its entire cross-section. The affine network
factor B, derived from the Flory-Rehner theory describing the elasticity and swelling
of the microgel network, is linearly correlated with the E moduli of the microgels for
both - pure PNIPAM and P(NIPAM-co-DMA) microgels. However, for large amounts
of DMA, DMA appears to hinder the microgel shrinking, while still ensuring mechan-
ical stiffness, possibly due to catechol interactions within the microgel network.

5.1 Introduction

Hydrogels can absorb large amounts of water [31], similar to human body tissues, mak-
ing them widely applicable especially in the biomedical field [13,21H30] as detailed in
chapter2.1l Their micro-network, characterised by the mesh size, facilitates the dif-
fusion and transport of oxygen, nutrients and drugs. They are manufacturable with
good biocompatibility and a variety of properties. Nevertheless, hydrogels possess
some weaknesses, i.e. a low stiffness, restricting their use for applications demanding
mechanical robustness [22]. To overcome this limitation, stiffness can be incorporated
and adjusted by chemically cross-linking the polymer network.

The introduction of stimuli-responsiveness through the use of polymers like poly(N-
isopropylacrylamide) (PNIPAM) further promotes the use of such hydrogels [25, 27,
28/,[191],1191,,192|[192], as deepened in Chapter The incorporation of hydrophobic or
hydrophilic co-monomers allows their volume phase transition temperature (VPTT),

normally at around 32°C, to be tuned to lower or higher temperatures regarding their
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particular needs. Tuning the sharpness of the transition allows, e.g. drugs incorpo-
rated in the hydrogel network to be released faster or slower [56]].

The use of catechol chemistry, inspired by mussels as explained in chapter[2.2} intro-
duces further advantages in the biomedical field [7H9]. The exceptional under-water
performance of mussels is attributed to a balance of mussel adhesion and cohesion,
where latter one provides the strength of the mussel byssus. Dopamine methacry-
lamide (DMA) can be used as a synthetic replacement to mimic the mussel’s properties
(see chapter[2.2.1).

DMA acts as a cross-linker [4} 6, [16] and was already included in hydrogels as the
sole cross-linker, as documented in literature [4] and explored in chapter@ Theoreti-
cally, this approach should increase the stiffness of the microgels. The reaction kinet-
ics of DMA during the polymerisation of P(INIPAM-co-DMA) microgels were studied
in-depth in chapterd] This analysis was essential to optimise the synthesis parame-
ters and achieve a precise control over the polymerisation, especially regarding the
scavenging effect of DMA [20]. But so far, there is only limited research [4, 13-16]
on P(NIPAM-co-DMA) materials. A comprehensive understanding of the influence of
DMA onto the swelling behaviour and mechanical properties of PNIPAM microgels
is still missing, especially in terms of its cohesive performance. Furthermore, DMA'’s
increased hydrophobicity in comparison to NIPAM, suggests a decrease of the VPTT
[13-15, 193] 194].

Therefore, we synthesise P(NIPAM-co-DMA) microgels with increasing DMA amount
and varying cross-linker N,N’-methylene-bis(acrylamide) (BIS) concentration (see ta-
ble[3.2} chapter[3.3). For a full evaluation of their properties, we conduct a multi-faceted
characterisation:

- Swelling behaviour: Microgels in bulk solution are characterised by dynamic light
scattering (DLS). The investigation involves the determination of the VPT, as well as
swelling ratios and mesh sizes of the microgels. Additionally, electrophoretic mobility
measurements in the swollen and shrunken state of the microgels are carried out to
gain information about their surface charge.

- Nanomechanical properties: Microgels adsorbed at the solid surface are examined
by atomic force spectroscopy (AFM). The scanning of the microgels allows the investi-
gation of the microgel’s shape under ambient conditions. Force spectroscopy measure-
ments provide information about the local elastic modulus Ej, of the microgels.

- Correlation: The correlation between the affine network factor B (eq.2.11)), derived
from the Flory-Rehner theory [90, 91]] describing the elasticity and swelling of the mi-
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crogels (for details see chapter2.1.2), with the Ej,. modulus of the microgels is investi-
gated. This examination aims to test the validity of the theory for the microgels and de-
tect differences between pure PNIPAM microgels and their P(NIPAM-co-DMA) coun-

terparts.

5.2 Results

Microgels were synthesised with an increasing amount of dopamine methacrylamide
(DMA), as detailed in table[3.2} chapter[3.3] In this chapter, "c" denotes the alteration
of microgel composition. The notation "B" followed by a number represents the mo-
lar percentage of cross-linker N,N’-methylene-bis(acrylamide) (BIS) with respect to the
total reactants. Similarly, "D" followed by a number represents the injected amount of
DMA, denoted as cpma injected in molar percentage relative to the total reactants.

As evaluated in detail in chapter@ the incorporated amount of DMA ¢cpma incorporated
can be determined reliably through a combination of UV-vis standard addition (chap-
ter[3.8) and nuclear magnetic resonance (NMR) spectroscopy (chapter[3.7). The results
are given in table[3.2] and the corresponding calibration curves and NMR spectra can
be found in the appendix, fig.[A22] fig.[A23|and fig.[A24]

Mass spectrometry (MS) data were gathered following the procedure as explained in
chapter[3.9to proof the reliability of the reaction, as discussed in chapterfd] These MS
data are available in fig.[A21] (appendix) for reference.

5.2.1 Swelling behaviour of microgels in bulk solutions

Microgels in bulk solutions were characterised with dynamic light scattering (DLS)
to study their swelling behaviour as described in chapter[3.4, Their swelling curves,
namely their hydrodynamic radii Ry in dependence of temperature T, are shown in
fig.[5.1)(a).

The hydrodynamic radius Ry(20°C) of the swollen microgels is similar for the
microgels with 1mol% and 2mol% of cross-linker BIS (MG-cg;pyg compared to
MG-cgy pp and MG-cg; ps compared to MG-cgy ps). It decreases continuously from
419.1 &£ 19.8 nm (MG-cpp po) to 188.9 £ 5.6 nm (MG-cpp poo) for an increasing amount
of DMA.

The hydrodynamic radius Rg;(50°C) of the shrunken microgel increases around 38 nm
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from the reference microgels MG-cp; pg to MG-cgp po, while Ryy(50°C) is similar for
MG-cp; ps and MG-cp; ps containing 5 mol% DMA. Ry (50°C) stays constant at around
138nm for an increasing amount of DMA (from MG-cgypg to MG-cgyp15).  For
MG-cgy p2o, swelling curves could only be conducted for temperatures up to 40°C,
as the dispersion flocculated at higher temperatures.

Temperature-dependent swelling curves were fitted with a sigmoidal function (see
ﬁg. appendix). The derivatives of the function dRy;/dT are plotted in fig.(b).
The volume phase transition (VPT) completion temperature (CT), according to [14,[16),
138] and as explained in chapter[3.4] is illustrated by vertical lines and is given in ta-
ble5.1l The minimum of the derivative dRy/dT corresponds to the volume phase
transition temperature (VPTT).

The VPT CT significantly decreases for an increasing amount of cross-linker (MG-cp1 po
compared to MG-cgypg and MG-cpy ps compared to MG-cpy ps), leading to sharper
transitions. The VPTT is similar for an increasing amount of cross-linker from
MG-cp1 po to MG-cpy pp and decreases from MG-cgj ps to MG-cgy ps. For MG-cpy ps,
data fluctuate largely around the VPT. For an increasing amount of incorporated DMA,
the VPT CT decreases from 40°C to 27°C from MG-cgypg to MG-cpy p15, therefore
exhibiting sharper transitions. The incorporation of DMA reduces the VPTT. For
MG-cpy p2o, the sigmoidal function cannot describe the VPT completion adequately,
since values at higher temperatures are not available due to the flocculation of the

sample. Therefore, no VPT CT was determined.

From the swelling curves, the swelling ratio « and the mesh size { were evaluated
by eq.2.9 and eq.[3.10] (see table[5.1] and fig.[A26] appendix). The swelling ratio « is
the highest for the reference microgel MG-cg; pg with 1 mol% cross-linker BIS due to
the smallest Ryy(50°C). In comparison, the swelling ratio « of the reference micro-
gel MG-cpp po (2mol% cross-linker BIS) is only 1/3 of the swelling ratio of MG-cg; po.
However, « was calculated from the two hydrodynamic radii at 20°C and 50°C,
which can be prone to error. The swelling ratio decreases from the lower cross-linked
MG-cpg; ps to the higher cross-linked MG-cpp ps. With increasing amount of DMA (from
MG-cgy pp to MG-cpp p15), the swelling ratio decreases from 27.9 + 4.1 to 4.4 + 0.3.
The swelling ratio of MG-cpy ppo was calculated with the hydrodynamic radius of the
shrunken microgel at 40°C Ry(40°C) due to the flocculation of the sample at higher
temperatures. Therefore, the swelling ratio is prone to smaller errors and is slightly
higher than the swelling ratio of MG-cp; pis5.

Mesh sizes decrease for an increasing amount of cross-linker BIS (MG-cp; po compared
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Figure 5.1: (a) Ry in dependence of temperature T for the different microgels.
(b) Derivative dRy1/dT of corresponding sigmoidal functions. Vertical lines
show the VPT CT for the different microgels. For MG-cg pyg, no VPT CT
can be defined, because the sigmoidal function cannot describe the VPT

(flocculation of sample at higher temperatures).

to MG-cpypp and MG-cgy ps compared to MG-cgy ps). They further decrease for an
increasing amount of DMA (from MG-cpy pg to MG-cpy p15), from 12.2nm to 6.5 nm.
Again, MG-cpp ppo possesses a slightly higher value than MG-cpy p15, since it had to be
calculated with the value at 40°C.

The electrophoretic mobility ye was measured as described in chapter[3.5/at 20°C and
50°C to gain information about the charge of the microgels. Values are given in ta-
ble5.1] e is positive and in the same order for every microgel, corresponding to a

positive surface charge of the microgels. It increases with increasing temperature.
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Table 5.1: Characterisation of microgels in bulk solution: Swelling ratio « and mesh
size ¢ of microgels calculated from results obtained by DLS by eq.2.9/and
eq.3.10 VPT CT determined according to [14} 16} [138] and as described
in chapter3.4 Electrophoretic mobility e measured as described in chap-

ter@

Microgel o ¢/nm VPTCP/°C 1e(20°C) / 1e(50°C) /
pmemV-1s™! pmcemV-ls™!
MG-cg1pg  87.5+9.0 242 53 0.55+0.02 3.66+£0.22
MG-cgopp  27.9+41 122 40 1.01+0.02 5.57£0.14
MG-cg1ps  26.0£4.8 164 43 0.49+0.03 4.71£0.13
MG-cgops  18.4+29 103 34 0.2840.02 5.4540.06
MG-cgop1o  8.5%+1.7 7.9 32 0.12+0.03 4.30+£0.07
MG-cgyp1s 4.4+0.3 6.5 27 0.65£0.02 4.30£0.10
MG-cppppg  6.6+£1.12 732 -b 1.444-0.02 4.84+0.04

2w and ¢ were calculated with the hydrodynamic radius of the shrunken microgel at 40°C (R;(40°C))
due to the flocculation of the sample at higher temperatures. ® not available due to flocculation of the

sample.

5.2.2 Mechanical properties of microgels at the solid surface
Height profiles of adsorbed microgel particles

In fig.[5.2]the height profiles of all the microgels adsorbed on silicon wafers are shown,
determined by AFM scanning in ambient condition as explained in chapter[3.6.1, The
corresponding AFM scans can be found in fig.[A27] appendix. The value of the height-
to-width ratio hamp AFM/ Wamb, AFM 1S given in table which is calculated from the
height h,mp, apv and width w,mp apm of 5 different microgels per sample (values are
given in table[A3} appendix).

The hamb AFM/ Wamb,ArMm ratio of the microgels increases with an increasing amount of
cross-linker (MG-cp pg compared to MG-cgp pg and MG-cgy ps compared to MG-cg ps)
and with an increasing amount of DMA from MG-cgy pg to MG-cgp ppp at 20°C.



Chapter 5: Swelling behaviour and mechanical properties of P(NIPAM-co-DMA)

94 microgels
300 T T T T T T T T T
MG-cg; po ]
050 MG-Cg; po i
MG-Cg; ps
g 200 MG-Cezps -
—~ —— MG-Cgy p1g
E 150 mg'zsz,ow |
IS B2,020
Q 100}
I -
50
Ob et T | N

06 04 02 0 02 04 o6
Width w / um

Figure 5.2: Height profiles of microgels scanned by AFM in ambient conditions. Pro-
files are an average of 5 different microgel particles per sample.

Table 5.2: Characterisation of microgels at the surface by AFM scanning in ambient
conditions: height-to-width ratio (hamp AFM/ Wamb,arpm) calculated from the
height hymp arm and width w,np apv of 5 different microgel particles per
sample (values are given in ﬁg. appendix).

Microgel hamb, AFM/ Wamb, AFM Tatio

MG-cg1 o 0.014 4 0.002
MG-cg o 0.026 4 0.004
MG-cp1 ps 0.020 = 0.002
MG-cp; ps 0.049 + 0.009
MG-cp2 D10 0.110 + 0.011
MG-cp D15 0.278 4 0.029

MG-CBQ,DQO 0.540 4 0.060
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Figure 5.3: (a) Exemplary force curves for each type of microgel (open symbols)

conducted at the centre of one particle together with the corresponding
Hertzian fit (solid black line). (b) Averaged E moduli from force curves
conducted in the centre of 10 microgel particles of each type of microgel
plotted over the sum of concentration of the cross-linker BIS cgjs and in-
jected co-monomer DMA cpMa injected- (€) Averaged E moduli plotted over
the sum of cpis and incorporated amount of DMA cpma incorporated deter-
mined by UV-vis and NMR spectroscopy [16]. *Open symbols in (b) and
(c) correspond to results obtained by Kithnhammer et al. [74] for pure PNI-
PAM microgels without DMA with varying (x) amount of cross-linker BIS.

Mechanical properties of adsorbed microgel particles

Mechanical properties of the adsorbed microgels swollen in water were studied with
AFM force spectroscopy as explained in chapter(3.6.2 In this context, a tip is indented
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into individual adsorbed microgel particles in order to gain structural details alongside
a position-dependent E modulus. This modulus can be regarded as a local modulus
Ejoc. For the sake of simplification, it will be referred to as E modulus in the following
chapter. Fig.[5.3|(a) shows an exemplary force curve of each type of microgel measured
at its centre, along with the corresponding Hertzian fit. All force curves used for the
analysis of E can be found in fig.[A28} appendix.

The slope of the force curves increases with an increasing amount of cross-linker BIS
and an increasing amount of co-monomer DMA. At high indentations (> 300 nm), the
force curves of microgels cross-linked by 1mol% BIS (MG-cg; pgp and MG-c1 ps) ex-
hibit a vertical increase of force over indentation, indicating a complete penetration of
the cantilever through the microgel down to the substrate (see fig.[A28|(a), appendix).
For some force curves, negative forces are observed before reaching the actual contact
point (see fig.[A2§|(b), appendix). They are caused by attractive interactions between
cantilever and tip just before the cantilever indents into the sample. The effect was
most prominent for the microgel with the highest amount of DMA MG-cp; pyo (see
fig.[A2§|(b), appendix).

The resulting E moduli, from force curves conducted in the centre of 10 microgel par-
ticles of each type of microgel, over the sum of the concentrations of cross-linker BIS
cpis and injected co-monomer DMA ¢pma injected are plotted in fig.(b). Resulting E
moduli are also shown in dependence of the sum of the concentrations of cross-linker
BIS cpjs and incorporated co-monomer DMA ¢pma incorporated i fig.(c). The results
are shown together with results obtained by Kithnhammer et al. [74] and show an in-
crease of E with an increase in cross-linker BIS amount for pure PNIPAM microgels.
These PNIPAM microgels were synthesised with different cross-linker BIS amount in
our group with a similar recipe. The excellent agreement between our data and the
data from literature underlines that the E modulus determination is valid.

The E modulus also increases for an increasing amount of DMA equivalently to an
increasing amount of cross-linker BIS. When E is plotted over the sum of the con-
centration of BIS cps and the injected amount of DMA ¢pma injected i fig.(b), the
increase in E moduli is shifted to lower E moduli in comparison to the E moduli of
pure PNIPAM microgels. When E is plotted over the sum of the concentration of BIS
cprs and the incorporated amount of DMA ¢pwma incorporated 1N fig.(c), the values of
E are shifted towards the values obtained for the pure PNIPAM microgels, but are still
lower.

The error bars of E enlarge for an increasing amount of BIS and DMA, which is a well-
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known effect. Microgels of the same sample have been found to show some variation
in heterogeneity in the centre of the particle, getting more distinct for microgels with
higher cross-linker contents [51) 54]. Moreover, the trigger point is set at a constant
force. So for steeper force curves the number of data points is lower in a smaller in-
dentation range [104] as seen in fig/5.3|(a). For the microgels, with the two highest
concentrations of DMA (MG-cp p15 and MG-cpy ppo), E moduli exhibit the largest er-
rors. Therefore, a different approach is tried to fit the force curves of MG-cp, p15 and
MG-cpy ppo based on the study from Aufderhorst-Roberts et al. [104] for force curves
with steeper increases. The force curves were fitted with a constant force range instead
of a constant indentation range (constant y-range instead of x-range). However, the
maximum fit range, which can describe the force curve sufficiently, is 100 pN. 100 pN
is well above the noise of the force curves, but doesn’t include significantly more data
points than fitting with a constant indentation range of 0 — 40% for MG-cpy p15 and
MG-cgy poo- Setting a larger fit range of 150 or 200 pN results in deviances from fit to
the force curve, especially in the lower part of the force curve. An exemplary force
curve of MG-cpy ppo with different fitting procedures is given in fig.[A29, appendix.
The resulting E moduli are shown in fig.[A30|(b) (appendix), but did not lead to a sig-
nificant improvement of the data. For MG-cg; p15, both results are comparable, but the
second approach results in slightly smaller errors. E moduli for MG-cp pyp deviate
significantly for both methods. Fitting with a constant force range leads to even larger
errors. The trend that E moduli increase for an increasing amount of DMA remains for
both methods.

The E modulus profile for two exemplary microgels MG-cgy pg and MG-cgp pig is
shown in fig. at (a) 20°C and (b) 50°C. The errors of MG-cpp p1g can be explained as
before. Comparing the pure PNIPAM microgel MG-cp; po and the P(NIPAM-co-DMA)
microgel MG-cpz p19g, both show the highest E modulus in the centre, decreasing to-
wards the outer periphery. Overall, the P(NIPAM-co-DMA) microgel exhibits higher
E moduli than the pure PNIPAM microgel with the same BIS amount. When heating
from 20°C to 50°C above the VPT(T), E moduli increase significantly for both types of
microgels. While MG-cp, pg possesses a stiffening factor E(50°C)/E(20°C) of around
20 in the centre of the microgel particle upon heating, MG-cpy p1g stiffens by more than
2 orders of magnitude. E decreases again from the centre towards the outer regions of
the microgels. The particle cross-section width decreases from 20°C to 50°C for both
microgels in the same order, similarly to the results obtained for the microgels when

scanned in ambient condition.
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Figure 5.4: E modulus distribution over particle cross-section width for the two micro-
gels MG-cpp pp and MG-cpp pyg calculated from 5 different microgel parti-
cles at (a) 20°C and (b) 50°C. The inset of (b) displays the enlarged cross-
section of MG-cp; po.

Fig.[5.5 depicts the topography and lift-off map obtained from the force mapping tool
(for more details see chapter for the two microgels MG-cpy pgp and MG-cpp p1o at
(a) 20°C and (b) 50°C.

At 20°C interestingly, the pure PNIPAM microgel particle (MG-cgy o) is barely visi-
ble in the topography map while clearly identifiable in the corresponding lift-off map.
In contrast to that, the P(NIPAM-co-DMA) microgel particle (MG-cgy p19) is visible in
both maps, although exhibiting slightly larger radii in the lift-off map.

At 50°C both microgels are visible in the topography map and lift-off map. Both micro-
gels possess slightly larger radii in the lift-off map compared to the topography map,
while the difference is larger for the pure PNIPAM microgel MG-cp; po.

5.3 Discussion

Swelling behaviour of microgels in bulk solutions

The swelling behaviour of microgels can be described by the Flory-Rehner theory,
as specified in chapter2.1.2] The theory offers insights into how the presence of a
cross-linker in the microgel network influences their swelling behaviour - resulting in
an increased elasticity of the microgel network.

Moreover, the hydrodynamic radius Rg(20°C) of the swollen microgel is known to
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Figure 5.5: Exemplary force maps providing information about the topography (a) and
lift-off force at (a) 20°C and (b) 50°C of MG-cpypo (top) and MG-cpy p1o
(bottom).

decrease for an increase in cross-linker N,N’-methylene-bis(acrylamide) (BIS) amount
[76)[195H198], since a higher cross-linked microgel structure is less capable of swelling
(reflected by smaller mesh sizes and smaller swelling ratios). For the hydrodynamic
radius Ryy(50°C) of the shrunken microgel, an increase in size (larger rigid core) is
expected for an increasing BIS content - BIS has a higher reaction kinetic than
N-isopropylacrylamide (NIPAM), therefore mainly accumulating in the microgel’s
centre [16, 50, 69] as explained in chapter Nevertheless, in a lot of studies, no
(systematic) effect was observed 198]. For the lower cross-linked pure PNIPAM
microgel MG-cpy po a lower shrunken hydrodynamic Ry;(50°C) is obtained than for
the higher cross-linked MG-cp pp (around 38 nm difference), indicating the expected
smaller core and leading to significantly larger mesh sizes. However, there was no
difference found for the differently cross-linked P(NIPAM-co-DMA) microgels. The
values from literature for an increase from 1 to 2mol% cross-linker
amount are in agreement with our results of hydrodynamic radii, swelling ratios and
mesh sizes.

Dopamine methacrylamide (DMA) is known to cross-link structures as well [4, 6, [16],
promoting the cohesive strength of catechol-based materials as clarified in chap-
ter2.2.1] This results in a decrease of the hydrodynamic radius Ry (20°C) of the
swollen microgel in our study (see fig.5.I), same as for an increasing cross-linker
amount [76, [195-198]. This systematic effect, to the best of our knowledge, has not
been observed for DMA cross-linked microgels so far. Ry(50°C) of the shrunken
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microgel stays constant for different amounts of DMA, indicating that the core size is
unaffected by the addition of DMA. Consequently, microgels with increasing DMA
are less capable to swell, underlined by the decreasing mesh size ¢ and swelling ratio
«. This is in good agreement with the results from the group of Xue et al. [4].

It should be noted that the given values of mesh sizes ¢ in table[5.1| for P(NIPAM-co-
DMA) microgels are estimated values. We assume that only BIS acts as cross-linker
(see eq.[3.10). Since DMA acts (at least partially) as an additional cross-linker, mesh
sizes are likely smaller. However, it is unclear how much of DMA serves as a cross-
linker due to the assumption of free catechol moieties within the microgel network. In
contrast, the calculation of ¢ is based on the swelling ratio « of the microgels rather
than using the degree of swelling Q, calculated from the completely dehydrated
microgel state. This method underestimates ¢. Nonetheless, we are only interested in
the trend of mesh sizes, which remains distinct. Therefore, eq.[3.10|was not adjusted.
The microgel’s volume phase transition (VPT), as explained by the Flory-Rehner
theory (refer to chapter2.1.2), is characterised by a sudden change in the swelling of
the microgels. Introducing co-monomers with varying hydrophilicities compared to
NIPAM can modify this VPT. For example, BIS being more hydrophilic than NIPAM
increases the overall hydrophilicity of the microgel, theoretically increasing the VPT
temperature (VPTT). When heating a microgel above its VPTT, hydrophobic inter-
actions become dominant, which are now compensated by hydrophilic interactions
caused by the cross-linker BIS. In literature, none or only slight effects are observed
[76, [195] [198] and the VPTT remains constant at about 32°C irrespective of the BIS
content. This is in agreement with our data, where the VPTT is similar for the pure
PNIPAM microgels with 1 mol% and 2 mol% cross-linker BIS (MG-cp; pp compared to
MG-cpp po; see fig.. However, from MG-cgy p5 to MG-cgy ps the VPTT decreases,
which is in contrast to the expectation. This could be a result of the fluctuating
hydrodynamic radii of MG-cg; p5 around the VPTT. Conformational changes in the
microgel particles around the VPTT can lead to fluctuations in their radii. That
supports that the VPT CT is more reliable in our case.

In contrast to BIS, DMA is more hydrophobic than NIPAM, and hydrophobic groups
are known to decrease the VPTT [13-15, [193] 194] due to an enhancement of hy-
drophobic interactions. DMA has the tendency to press water out of the microgel
network. Especially the VPT onset was shown to decrease significantly [14]. The
present study shows that the incorporation of DMA leads to a slight decrease of the
VPTT (point of deflection; see fig.[5.I), which is in good agreement with literature
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[13H15]. A significant decrease of the VPT CT is observed, which refers to a sharpening
of the transition in contrast to literature [13, 14]. In these studies, a broadening of the
transition is described, explained by the statistical distribution of the hydrophobic
groups generating local hydrophobic inhomogeneities. We assume that the observed
sharp VPT in our study is a consequence of our synthesis protocol, differing from
other literature procedures [13}14]. In this thesis, DMA is introduced into the reaction
at a later time [16], following the optimised synthesis protocol outlined in chapterfd]
DMA is added when BIS is already fully consumed. This might lead to a different
distribution of the more hydrophobic DMA within the microgel network. The sharp
VPT is favourable for biomedical applications [56], because it results in a faster and
more controlled release of i.e. incorporated drugs.

All microgels, both at 20° and 50°C, possess a positive electrophoretic mobility and
therefore a positive surface charge since they were synthesised with the positively
charged initiator 2,2’-azobis-2-methyl-propanimidamide dihydrochloride (AAPH).
Assuming a constant number of charges, the collapsed microgels at 50°C with a
smaller particle surface have a higher surface charge density than the swollen mi-
crogels [99], which is confirmed by our data (table[5.1I). Values are similar for all the
microgels, so DMA has no effect on the surface charge. This leads to the conclusion,
that the flocculation of the microgel dispersion of MG-cp; ppo with the highest DMA
amount is not caused by a lack of electrostatic stabilisation at temperatures above
the VPT [76] [102]], but probably caused by the increased hydrophobicity due to the
incorporation of DMA itself.

To summarise, PINIPAM-co-DMA) microgels exhibit reduced sizes in the swollen state
when compared to pure PNIPAM microgels. The size difference arises from DMA'’s
role as an additional cross-linker, reducing the swelling capacity of P(NIPAM-co-DMA)
microgels, as illustrated in fig.5.6l The smaller mesh sizes and swelling ratios for
P(NIPAM-co-DMA) further underline this behaviour. Both types of microgels collapse
to similar sizes above the VPTT, which can be attributed to similar core sizes. Due to
the incorporation of DMA with an increased hydrophobicity in comparison to NIPAM,
the VPT(T) of P(INIPAM-co-DMA) microgels is shifted to lower temperatures and re-

sults in sharper phase transitions.
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Figure 5.6: Summarising scheme of swelling behaviour of pure PNIPAM and
P(NIPAM-co-DMA) microgels in bulk solution. For a more detailed de-

scription, see text.

Mechanical properties of microgels adsorbed at the solid surface

Microgels adsorb to silicon wafers due to two reasons: the positively charged
microgels are electrostatically attracted by the negatively charged silicon wafers.
However, the adhesive properties of DMA might also contribute to the adsorption of
P(NIPAM-co-DMA) microgels, which should be kept in mind.

Microgel particles adsorbed at interfaces, such as a silicon wafer, deform owing
to their soft nature as explained extensively in chapter[2.1.3] This can highly alter their
physical properties. Our data underline the significant influence of the cross-linking
density as explained in this chapter: The hymp ApM/ Wamb aFM Tatio increases with
increasing amount of both, cross-linker BIS and co-monomer DMA. This arises from

an augmentation in the microgel’s height h,mp aApm coupled with a reduction in its
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width w,mp arm (see fig., consistent with findings in literature [51, 74} [104] and as
explained in chapter[2.1.3] As the microgels become stiffer, due to a higher cross-linker
content induced by both BIS and DMA, their decreased flexibility results in a reduced
deformability when adsorbed at the silicon wafer - they protrude more from the
surface. Additionally, differences in the water uptake of the microgel particles after
spin coating might further enhance this effect. Here, the higher hydrophobicity of

DMA might lower the water content in the microgel network structure.

The sole force curves obtained from force spectroscopy measurements of the dif-
ferent microgels already show an increase in stiffness as the amount of cross-linker BIS
and co-monomer DMA increases. For some force curves, attractive forces prior to the
contact point are observed, which become more pronounced for higher cross-linker
amounts [74, 104]. These attractions are likely a result of the increased polymer
concentration at the surface, which occurs with higher cross-linker densities, leading
to stronger surface forces. This effect is most pronounced in the case of MG-cg, poo,
which has the highest DMA content and, consequently, the greatest stiffness. Never-
theless, not only its high polymer density, but also the adhesive abilities of DMA itself
might contribute to this phenomenon.

The obtained values for the E modulus are consistent with literature. Studies have re-
ported E moduli ranging from 17 to 600 kPa for PNIPAM microgels [51} 74,197,198, (104~
106]. These values increase with increasing amounts of the cross-linker BIS from 1
to 10mol%, as detailed in chapter In the case of P(NIPAM-co-DMA) microgels,
the E modulus increases with an increasing DMA content, indicating DMA's role as
cross-linker similar to BIS. This is in good agreement with the work of Yang et al. [6],
who found an increase in stiffening for DMA cross-linked polymers.

Plotting the E moduli of P(NIPAM-co-DMA) microgels against the sum of concentra-
tion of BIS cpis and incorporated DMA cpma incorporated, (calculated by UV-vis standard
addition and nuclear magnetic resonance (NMR) spectroscopy; see fig.[5.3|(c)), E
moduli are shifted towards the E moduli of pure PNIPAM microgels. Nevertheless,
the E moduli of microgels with DMA remain lower than these of the pure ones. This
suggests that some free dopamine moieties are still present in the microgel network
structure, not serving as cross-linker, as supported by literature. The group of Xue
et al. [4] found out that the catechol group of DMA forms interchains with another
polymer chain - either a C-O or a C-C bond - but some free catechol moieties are still

present. These free dopamine moieties can potentially support the adhesiveness of
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these materials in the future, which will be explored in the next chapter|f]

As for pure PNIPAM microgels, the E modulus decreases from the centre to the outer
periphery of the microgel particles exemplary shown for the P(NIPAM-co-DMA)
microgel MG-cpy p1o (see ﬁg., confirming a heterogeneous microgel structure with
a stiffer core and a more loosely cross-linked shell with dangling ends. E moduli
increase significantly when heating upon the VPTT, consistent with prior research
[51], 75/, 197, 1107, 108]] and as stated in chapter Additionally, the cross-section of
the particles undergoes changes, with a decrease in width and an increase in height
upon heating [51} 54, 97], equivalently as for an increase of cross-linker amount. The
stiffening factor E(50°C)/E(20°C) of 20 in the centre of the pure PNIPAM microgel
and of 2 orders of magnitude in the centre of the P(NIPAM-co-DMA) microgel is
in the same order as found in literature [75, [107], where values of 42 — 110 have
been reported, increasing from low to high cross-linked PNIPAM. The stiffening is
attributed to the higher cross-linker density [75] and a decrease in elasticity of the
polymer chains in between two cross-links upon collapsing [108]. This highlights the
likeness of P(NIPAM-co-DMA) microgels with microgels of high cross-linker content,
but without DMA.

The studied topography and lift-off maps of MG-cpy pp and MG-cgp p1g support the
results received by AFM scanning of the microgels in ambient condition and the
results of the E modulus distribution: MG-cpy pg particles are barely detectable in the
topography map at 20°C due to their strong deformation when adsorbed at silicon
wafers. Specifically, adsorbed PNIPAM microgels are known to form the so-called
"fried egg" structure [92) [104], where the dangling ends spread at the surface (details
see chapter2.1.3). They are not detectable in the topography map due to their small
dimensions. MG-cpy p1g is however clearly detectable, since it protrudes more from
the surface due to a decreased flexibility, and due to an overall stiffening of the
microgel upon the incorporation of DMA (see E modulus distribution). Both types
of particles can be clearly identified in the lift-off map. This is because the cantilever
adheres to the particles, including their dangling ends, during the retraction, as
specified in chapter[3.6.2l The microgel particles exhibit in both cases a larger diameter
in the lift-off map than in the topography map, due to the heterogeneous nature of
both microgel types. This is in accordance with the results obtained for the E modulus
distribution.

Upon heating to 50°C, both particles increase in stiffness, therefore the pure PNIPAM
microgel MG-cgp pg is now visible in the topography map as well. Both microgels
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possess slightly larger radii in the lift-off map compared to the topography map. The
difference is larger for the pure PNIPAM microgel MG-cpy po, which agrees well with
the data of E moduli across the microgel’s cross-section: Even if the pure PNIPAM
microgel MG-cgypo stiffens from 20°C to 50°C, the P(NIPAM-co-DMA) microgel
MG-cpp p1o stiffens much more.
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Figure 5.7: Affine network factor B (calculated as described in chapter in eq.
and E moduli for an increasing amount of sole BIS cross-links and increas-
ing amount of DMA cross-links (from MG-cgy pg compared to MG-cgp pi5).
*Open symbols correspond to results obtained by Kithnhammer et al. [74]
for pure PNIPAM microgels without DMA with varying (x) amount of
cross-linker BIS. Pure PNIPAM microgels can be fitted by a linear function.

The affine network factor B, calculated as described in chapter2.1.2 by eq.2.11}
is shown in dependency of the microgel’s E moduli in fig.5.7 According to the
Flory-Rehner theory, the E modulus of the microgels is linearly correlated with g,
which was experimentally proven [74].

For pure PNIPAM microgels a linear dependency is confirmed with increasing
cross-linker BIS amount, including data obtained from Kithnhammer et al. [74] for
pure PNIPAM microgels without DMAJ| P(NIPAM-co-DMA) microgels with an

“Results of MG-cp; pp with 1 mol% BIS where excluded due to its significantly larger swelling ratio.
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increasing amount of DMA (from MG-cg;pg to MG-cpy p1g) show the same linear
trend in agreement with data for pure PNIPAM microgels and fall on the same master
curve. MG-cpyp15, though, deviates from the linear dependency. Despite the large
error bars of the E modulus, which are a result of the smaller number of data points
(i.e. small indentations), the deviation is distinctﬂ DMA surprisingly decreases the
affine network factor f more than the cross-linker BIS, even when possessing a higher
hydrophobicity than NIPAM. Catechols can interact with each other by a variety of
mechanisms, such as hydrogen bonding, covalent cross-linking, metal coordination or
7t — 7t stacking [3} 5,113, 114], as explained in-depth in Chapter Due to the small
mesh size of the microgel MG-cpy pi5, catechol groups of DMA might interact with
each other and consequently suppress the collapse of the microgels, while increasing
the stiffness.

To summarise: P(NIPAM-co-DMA) microgels have a higher effective cross-linker
density than pure PNIPAM microgels, due to the additional cross-linking of DMA,
also in the shell of the microgel particles. Therefore, the cantilever tip compresses
more cross-links while indenting as illustrated in fig.5.8l As a consequence of the
increased cross-linker density, the microgels protrude more from the surface and E
moduli increase. This enables tuning the E modulus by incorporating DMA, making
it more applicable for biomedical applications. The versatility of free catechol groups
additionally enables more advantages by e.g. enhancing adhesive properties, as
explored in the upcoming chapter. Above the VPTT, both types of microgels collapse
in size (lateral and horizontal), which leads to a significant stiffening of the microgels.
P(NIPAM-co-DMA) microgels with an increasing DMA amount show the same linear
trend of the affine network factor p and E moduli than pure PNIPAM microgels for
an increasing BIS amount, but only until a DMA percentage of 10 mol%. For a DMA
amount of 15mol%, DMA surprisingly hinders the shrinking of the microgel in a
greater tendency as expected for a cross-linker like BIS, while still exhibiting a high

stiffness, possibly attributed to catechol interactions within the microgel network.

+MG—CB2,D20 was excluded due to the flocculation of the sample at higher temperatures.
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Figure 5.8: Summarising scheme of pure PNIPAM and P(NIPAM-co-DMA) microgels
at the surface, measured by AFM force spectroscopy: the cantilever in-
dents into the adsorbed microgel particle at a defined position and com-
presses the polymer including its cross-links (illustrated by grey area). Sub-

sequently, it retracts. For a more detailed description, see text.
5.4 Conclusion

This present chapter addresses the influence of dopamine methacrylamide (DMA) as a
co-monomer on the behaviour of poly(N-isopropylacrylamide) (PNIPAM) microgels,
particularly focusing on their swelling behaviour in bulk solution and nanomechani-
cal properties after adsorption at the solid surface. Temperature-dependent dynamic
light scattering (DLS) measurements show a decrease in the swelling ability when in-
corporating DMA, since DMA acts as an additional cross-linker. The volume phase
transition (temperature) (VPT(T)) is shifted to smaller temperatures as expected for the
introduction of a co-monomer with a higher hydrophobicity than NIPAM like DMA,
while showing a sharpening of the VPT. Atomic force microscopy (AFM) measure-
ments performed on adsorbed P(NIPAM-co-DMA) microgels show an increasing E
modulus, and therefore an increase in stiffness, as the DMA content rises. This is sim-

ilar to what was shown for pure PNIPAM microgels with increasing BIS amount, con-
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firming the role of DMA as a cross-linking agent. E moduli increase over the whole
microgel’s cross-section when comparing P(NIPAM-co-DMA) microgels to pure PNI-
PAM microgels without DMA. For both microgels, the smallest E moduli are found
at the outer regions of the microgel particles, verifying the microgels” heterogeneous
character. Nevertheless, the incorporation of DMA leads to a stiffening of the shell.
Temperature-dependent AFM measurements below and above the VPTT show a sig-
nificant stiffening of the microgels, attributed to a higher cross-linker and polymer
density in the collapsed state. The affine network parameter f is proportional to the E
modulus of the microgels and falls on the same master curve for both types of micro-
gels. Nonetheless, a large DMA amount of 15mol% suppresses the shrinkage of the
microgel, while maintaining large E moduli, potentially owing to catechol interactions
within the network. The results enable the possibility to design catechol-containing
PNIPAM microgel systems customised for specific applications, especially by control-
ling their cohesive strength. Free catechol groups incorporated in the microgel network
might further promote the applicability of these systems in the future by increasing the
adhesion of these systems - which is the subject of the investigation in the upcoming
chapter.
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microgels

Similar content is contained in a draft of a manuscript, which will be submitted for
publication in the near future. Sandra Forg, Carina Schneider, Bastian Fiifer, Fiona

Berner, Riidiger Berger and Regine von Klitzing, in preparation.

Adhesion of P(NIPAM-co-DMA) microgels
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Abstract

Mussels can firmly adhere to a wide range of surfaces even in rough under-water envi-
ronments, primarily achieved due to catechol groups contained in the mussel byssus.
In this chapter, we investigate the adhesion of poly(N-isopropylacrylamide) (PNIPAM)
microgels co-polymerised with varying concentrations of dopamine methacrylamide

(DMA) using colloidal probe force spectroscopy. DMA, as a co-monomer, is able to
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mimic the mussel’s properties. The measurements are conducted on closed microgel
layers prepared on silicon wafers. The interfacial arrangement of the microgel parti-
cles is precisely controlled by the Langmuir-Blodgett technique. By varying the surface
pressure during the deposition, different packing densities are explored.

At low and medium packing densities, P(NIPAM-co-DMA) microgels exhibit superior
adhesion compared to pure PNIPAM microgels. We have identified a DMA content
of 10 mol% for optimal adhesive properties. However, increasing the DMA amount to
15mol% results in reduced adhesion. This behaviour is associated with the increas-
ing stiffness of the microgels, as confirmed by colloidal probe measurements and con-
sistent with the findings of chapter[, which, in turn, reduce their adhesive proper-
ties. With a further increase to 20 mol% DMA, dense microgel packing are no longer
achievable due to the increased stiffness. Both results underline the challenging bal-
ance between adhesive and cohesive properties in the development of mussel-inspired
materials. Interestingly, when employing high surface pressures during the Langmuir-
Blodgett transfer, pure PNIPAM microgels possess higher adhesive properties than
P(NIPAM-co-DMA) microgels. This phenomenon can be attributed to enhanced inter-
actions between the microgel cores at such dense packings. Under these conditions,
catechols within the microgels might interact with catechols of neighbouring parti-
cles, then being unavailable for interactions with the colloidal probe. These findings
provide a full picture of the properties of P(NIPAM-co-DMA) microgels and open up

possibilities for further applications.

6.1 Introduction

Catechols, as found in the mussel’s byssus, enable strong adhesion to substrates
through various interaction mechanisms like hydrogen bonding or metal coordination
as explained in chapter2.2] Additionally, they contribute to the cohesive strength of
the mussel byssus, enhancing their mechanical resilience. The balance of both mecha-
nisms is responsible for the exceptional under-water performance observed in marine
systems such as mussels. Consequently, this balance is of great significance in the de-
velopment of novel materials with analogous capabilities.

Putnam et al. [59] studied this interplay by investigating a terpolymer composed of
three different types of monomers. While dopamine methacrylamide (DMA) was used

as the adhesive co-monomer, methyl methacrylate provided the polymer stiffness and
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poly(ethylene glycol) methyl ether methacrylate imparted flexibility. Lab shear adhe-
sion tests were conducted on high surface energy (aluminium) and low surface energy
(teflon) substrates. The tests reveal that the highest adhesive properties are achieved
with a DMA content of 10 mol% for the former substrate, while 41 mol% are required
for the latter. A further increase in catechol amount results in an increasing stiffness of
the material at the expense of adhesion. The work highlights the significance of both,
adhesive and cohesive properties, within a polymeric system - and their balance varies
depending on the type of surface to which the polymer is applied.

The combination of hydrogels with catechol chemistry holds promise for future appli-
cations, especially in the biomedical field [8| 124} 127, 128], where both adhesion and
stiffness are required. Wang et al. [30], for instance, synthesised negatively charged
poly(acrylic-acid) (PAA) polymers containing 30 mol% of catechol moieties. By cross-
linking the material with the metal chelator Zn?>*, they developed a switchable mate-
rial: By increasing the pH value, the material switches from an adhesive coacervate to
a cohesive, self-healing hydrogel with reduced adhesive properties.

We combined poly(N-isopropylacrylamide) (PNIPAM) microgels with the mussel-
inspired co-monomer dopamine methacrylamide (DMA) during this thesis. In this
chapter, the adhesive properties of these P(NIPAM-co-DMA) microgels are studied us-
ing colloidal probe force spectroscopy. While we examined the mechanical properties
and swelling behaviour of the microgels in chapter[5} their adhesive properties remain
an open question. Force maps conducted in chapter[5| already confirm the adhesive
nature of both types of microgels, PNIPAM and P(NIPAM-co-DMA); the tip adheres to
the microgels during the retraction, which is visualised in the lift-off maps. Neverthe-
less, it is essential to qualitatively determine the adhesion and investigate differences
between the microgels. This chapter places particular emphasis on investigating the
interplay between adhesive and cohesive properties and to the critical balance of them
to achieve optimal microgel adhesion.

The colloidal probe technique is best suitable to determine adhesive forces via force
spectroscopy since colloidal probes provide a well-defined contact area between probe
and sample (details see chapter. To conduct these measurements, silica spheres
are attached to cantilevers and then indented into a layer of densely packed micro-
gel particles. The adhesion force, denoted as F,qy, is derived by analysing the retract
curves obtained from force spectroscopy measurements as specified in chapter[3.6.2
F.4qn is normalised to the contact area A between probe and sample to consider the

different particle stiffnesses. The microgel layers are prepared on silicon wafers with
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the Langmuir-Blodgett technique. At first, the influence of different microgel packing
densities is studied for two representative microgel samples: a pure reference PNIPAM
microgel and a P(NIPAM-co-DMA) microgel with 10 mol% of incorporated DMA. Sub-
sequently, the impact of an increasing DMA content on the adhesive properties of the
microgels is investigated. In the end, the global mechanical properties of the sample
are ascertained (global E modulus Eg,) and compared to the nanomechanical proper-
ties (local E modulus Ej,.) as assessed in chapter with a tip as indenter. This chapter
aims to provide a complementary understanding of the microgels developed in this

thesis.

6.2 Results

6.2.1 Effect of packing density on adhesion forcse

Three samples of each microgel, the pure reference poly(N-isopropylacrylamide)
(PNIPAM) microgel MG-cgypo and the P(NIPAM-co-DMA) microgel MG-cpypig
with 10mol% of dopamine methacrylamide (DMA), were prepared by deposition
on silicon wafers using the Langmuir-Blodgett technique (details see chapter[3.6.2).
Comprehensive information regarding the synthesised microgels can be found in
table[3.2} chapter[3.3]

The microgels were transferred onto silicon wafers with an installed dipping mech-
anism in the Langmuir trough. Three distinct surface pressures I1 were used for
the deposition, resulting in the formation of microgel layers with varying packing
densities: 5mNm~! for low packing (Ip), 21mNm~! for medium packing (mp)
and 24mNm ™! for dense packing (dp). It's noteworthy that each layer consists of a
single monolayer of microgel particles. The microgel layers were scanned by atomic
force microscopy (AFM) in ambient conditions (see chapter[3.6.1). The AFM scans
are depicted in fig.[6.1)(a) for the pure PNIPAM microgel MG-cpy po and (b) for the
P(NIPAM-co-DMA) microgel MG-cpy p1g and clearly illustrate the different packing
densities of the microgel layers: with an increasing surface pressure, the distance

between the microgel particles decreases.

The packing density was quantified by analysing the nearest neighbour distance
(NND) of the microgels in the AFM scans with the image analysis software Image]
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Figure 6.1: AFM scans of microgel layers prepared by the Langmuir-Blodgett tech-
nique at varying surface pressures I1. The surface pressures IT (5mNm !,
21 mNm~! and 24 mN m~!) result in different packing densities: low pack-
ing (lp), medium packing (mp) and dense packing (dp). (a) illustrates
the prepared microgel layers of the pure PNIPAM microgel MG-cga po
and (b) shows the microgel layers of the P(NIPAM-co-DMA) microgel
MG-cg2,p10-

(for details see[3.6.1). The NND, in dependence of the surface pressure IT applied in
the Langmuir trough, is illustrated in fig.[6.2] The dashed horizontal lines represent
the hydrodynamic diameters Dy of the microgels at 20°C, which is comparable to the
room temperature in the lab.

For both types of microgels, the NND decreases with an increasing surface pressure
I, indicative of a higher packing density. This decrease is less pronounced for the
mussel-inspired microgel P(NIPAM-co-DMA) microgel MG-cgy p1g due to relatively
large NND errors. Nevertheless, the trend is clearly evident in the AFM scans.
MG-cpy p1o consistently exhibits smaller NNDs than the pure PNIPAM microgel
MG-cgy po, which is distinct at low surface pressures. However, both approach similar
values at larger compressions. At a surface pressure of IT = 24mNm~!, the NNDs of
both are comparable.
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Figure 6.2: Mean nearest neighbour distance (NND) of the pure PNIPAM microgel
MG-cgy pp and the P(NIPAM-co-DMA) microgel MG-cgy p1g in dependence

of the surface pressure II. The NND was analysed from the AFM scans

with Image]J [152]. The dashed horizontal lines correspond to the hydrody-

namic diameters Dy of the microgels at 20°C, chosen to be similar to the
temperature in the lab.

When comparing the NND to the microgels” hydrodynamic diameter Dy, Dy is
consistently larger than the NND. The only exception to this trend is observed in the
case of the pure PNIPAM microgel MG-cpy pg, which was prepared at a low surface
pressure of 5mN m~!. Though, it is important to note that the NND values exhibit

significant errors at this specific, low surface pressure.

Colloidal probe force spectroscopy measurements were performed to determine
the adhesion force F,g, for both types of microgels: the pure PNIPAM microgel
MG-cp pp and the P(NIPAM-co-DMA) microgel MG-cgy p1o. The technique is outlined
in chapter[3.6.2] and the results are related to the packing density of the microgel
particles. To assess potential ageing effects during the measurements caused by
e.g. material ageing or contaminations, four force maps were captured at different

positions with a trigger point of 15nN: one at position A, two at position B and one
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at C (for more details see chapter[3.6.2). Exemplary force curves of the measurements
are shown in fig.[A3]] (appendix). Each force curve of the force maps was conducted
with a 500 nm distance from the adjacent curve, resulting in a distribution of F,4,. The
maximum of a Gaussian fit to this distribution was taken as the average adhesion
force, as specified in chapter[3.6.2] It's worth noting that the colloidal probe might
indent into the spaces between two particles when indenting the microgel layer, which
explains the notably lower adhesive force values observed in the distribution. The
medium indentation depth § was determined from an average of 10 force curves
(table[A4} appendix).

The colloidal probes were analysed using scanning electron microscopy (SEM), as
outlined in chapter[3.10} The corresponding SEM images are displayed in fig.[A32]and
were used to calculate the average probe radii Rp (values see table[A4] appendix).

The adhesion force F, 4}, was normalised to the contact area A, which is calculated with
eq.[3.23| (table[A4] appendix). The normalisation considers the variations in contact
area A between probe and sample, resulting from differences in microgel stiffness. For
stiffer microgels, the colloidal probe indents less into the microgel layer than for softer

ones due to the constant trigger point force.
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Figure 6.3: Average normalised adhesion forces F,gh A~! of the pure PNIPAM mi-
crogel MG-cgppp in comparison to the P(NIPAM-co-DMA) microgel
MG-cpy,p1g in dependence of their packing density.
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Fig. depicts the normalised adhesion force F,q;, A~ (average from four force maps)
in dependence of the packing density for the two microgels MG-cp; pg and MG-cg, pio-
The error of F,q,, A~! values, calculated by Gaussian error propagation, is smaller than
0.01 kN m—2; thus, these errors are not represented in fig.

For an increasing packing density from lp to mp, the average normalised adhesion
force F,qn A~ ! increases. The increase is larger for the mussel-inspired P(NIPAM-co-
DMA) microgel than for the pure PNIPAM microgel MG-cgy pp. The P(NIPAM-co-
DMA) microgel MG-cpy p1g demonstrates a higher F,gp A1 than MG-cpy po for both
packing densities. However, as the packing density increases further from a mp to a
dp, Fagn A1 only increases further for the pure PNIPAM microgel MG-cp, by, but sur-
prisingly decreases for the P(NIPAM-co-DMA) microgel MG-cgy p1g. The increase of
Fogn A~ for the pure PNIPAM microgel is significant (around 1.2 kN m~2). Moreover,
the pure PNIPAM microgel exhibits superior adhesion compared to the P(NIPAM-co-
DMA) microgel for this high packing density. The decrease in the adhesion force for
microgels with DMA at dp is found to be reproducible with a new sample and a new
colloidal probe (details can be found in chapter[A6.T, appendix).

For the pure PNIPAM microgel MG-cpy po with a dp, Foqn A~! decreases during suc-
cessive measurements on different spots at the wafer. This ageing effect is reproduced
with a new, freshly cleaned colloidal probe at a different spot on the silicon wafer (for
additional information see chapter[A6.T, appendix). It seems to result from colloidal
probe contaminations, particularly in measurements involving dense microgel pack-
ings with high adhesion forces. To exclude the influence of this phenomenon from fur-
ther analysis, the adhesion force F,gn A~1 of this sample is only derived from the force
map conducted at position A. For the remaining microgel samples, including those in

the following section, no ageing effects were observed (see fig. appendix).

6.2.2 Effect of DMA amount on adhesion forces

The adhesive properties of the pure PNIPAM microgel MG-cgypg compared to
the mussel-inspired P(NIPAM-co-DMA) microgels with an increasing DMA content
(MG-cp2 ps5, MG-cpy D10, MG-cgo p15 and MG-cpy ppg) were investigated. Informations
about the synthesised microgels can be found in table3.2l Microgels were transferred
onto silicon wafers using the Langmuir-Blodgett technique conducted at similar sur-

face pressures (see chapter(3.6.2), resulting in a mp density of microgel particles. Mp
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densities were chosen based on the results of the previous section, where samples pre-
pared with a dp show ageing effects (pure PNIPAM microgel MG-cpp po with high ad-
hesion forces F,gn A~!) and an unexpected decrease in F,q, A~! (P(NIPAM-co-DMA)
microgel MG-cpy p1g at high packing densities). These effects need to be eliminated
from further considerations. AFM scans of the samples are provided in fig.[6.4}

For the microgel with the highest DMA amount MG-cpy ppo, it was not possible to
achieve a closed microgel layer (see fig.[6.4/(e)). Instead, microgel particles arrange in
clusters at the silicon wafers. Since homogeneous microgel layers are required to rea-
sonably conduct the colloidal probe measurements, the sample is unsuitable for the

measurement conditions and was thus excluded.
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Figure 6.4: AFM scans of samples prepared by the Langmuir-Blodgett technique with
a mp: (a) pure PNIPAM microgel MG-cgypp and P(NIPAM-co-DMA)
microgels with increasing DMA content (b) MG-cgyps, () MG-cp2 pio,
(d) MG-cpy p15 and (e) MG-cgp p2g. For MG-cgp ppo, no closed microgel layer
could be obtained - instead particles arrange in clusters.

Equivalently to the previous section, the NND was calculated from the AFM scans
using Image]. In fig.[6.5, the NND values (represented by closed symbols) are plotted
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against the sum of the concentration of the cross-linker N,N’-methylene-bisacrylamide
(BIS) cpis and the injected amount of DMA cpya injected- Additionally, the hydrody-
namic diameters Dy of the microgels at 20°C, selected to match the lab’s room temper-
ature, are illustrated in the same figure (open symbols).

The P(NIPAM-co-DMA) microgels have comparable NND values (around 500 nm),
whereas the PNIPAM microgel exhibits a larger NND of about 735nm. It’s crucial
to note though that the calculated NNDs possess large errors.

When comparing the NNDs to the hydrodynamic diameters Dy, it becomes evident
that, in most cases, Dy slightly exceeds the NND. An exception to this is the microgel
MG-cpy p15, where the NND is slightly larger than Dy.
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Figure 6.5: Mean NND of the pure PNIPAM microgel MG-cg, pg and the P(NIPAM-co-
DMA) microgels with increasing DMA amount in dependence of the sum
of the concentration of the cross-linker BIS cpjs and the injected amount
of DMA ¢pMa injected (closed symbols). The NND was analysed from the
AFM scans with Image] [152]. Additionally, the hydrodynamic diameter
Dy of the microgels at 20°C, selected to match the lab’s room temperature,

is illustrated (open symbols).

Colloidal probe force spectroscopy, as specified in chapter|3.6.2, was conducted to
study the effect of an increasing DMA amount on the normalised adhesion force

EanA™'. An average indentation depth J and contact area A were calculated
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as detailed previously and their values are provided in table[A5 (appendix). The
indentation depth ¢ decreases from 193.3 £ 15.2nm to 84.1 £ 8.7nm with an in-
creasing DMA amount from the pure, softer PNIPAM microgel MG-cg;pg to the
stiffer P(NIPAM-co-DMA) microgel MG-cgy p15s.  This highlights that, for the same
trigger point force, the colloidal probe indents less into the microgel layer for stiffer
microgels. As a consequence, the contact area A also decreases from 6.03 4 0.4 ym? to
2.21 4 0.23 ym?. The mean colloidal probe radii Rp, derived from the SEM images (see

fig. appendix), are given in the same table[A5]|

@ | | | () 5

—— MG-cg, o B MG-Cg; o
—— MG-Cg, ps ® MG-Cgyps
—— MG-Cgzp1o o ¢ MG-cgyp1o
—— MG-Cgyp15 S A MG-Cgyp1s
5 : - 1
Z < *
c ~
~ ~ [}
L < .
0 e % 0.5}
T n
5 L 1 1 N 0 L 1 L 1 1
-400 -200 0 200 0 5 10 15 20
Indentation § / nm (Cis* Comainjected) / MOI%

Figure 6.6: (a) Exemplary force curves of the investigated microgels: pure PNIPAM mi-
crogel MG-cgp po and P(NIPAM-co-DMA) microgels with increasing DMA
amount. The continuous line represents the approach curve, while the
dashed line represents the retract curve. The right y-axis is displayed in
FRp / mNm™! to facilitate a comparison with existing literature. (b) The
average normalised adhesion F,q;, A~! of the different microgels in depen-
dence of the sum of cross-linker BIS concentration cpjs and injected DMA

amount ¢pma injected-

Exemplary force curves of the pure PNIPAM microgel MG-cpy po and the P(NIPAM-
co-DMA) microgels with increasing DMA content (from MG-cp, ps to MG-cpp p15) are
shown in fig.[6.6|(a). The approach curve is illustrated as a continuous line, while the
retract curve is illustrated as a dashed line. To facilitate the comparison with force
spectroscopy data of chapter[5} the left y-axis is given in F / nN. However, for colloidal
probe measurements the force F is typically normalised by the probe radius Rp. For

consistency with literature, the right y-axis is presented in FRp / mN m~!. The average



120 Chapter 6: Adhesion of P(NIPAM-co-DMA) microgels

normalised adhesion F,g,, A~! is plotted against the sum of the cross-linker BIS con-
centration cpjs and the injected DMA amount ¢pyma injected in fig.(b). The Fuqh A1
values exhibit errors smaller than 0.01 kN'm~2 again. Hence, they are excluded from
fig.[6.6](b).

The measurements show that the incorporation of DMA enhances the adhesion force
of the mussel-inspired P(NIPAM-co-DMA) microgels when compared to the refer-
ence PNIPAM microgel MG-cgy pg. The highest adhesion is achieved with the mi-

crogel MG-cpy p1o containing 10 mol% DMA, reaching F,gn A 1=0.84kNm 2.

Fur-
ther increasing the DMA content to 15mol% results in decreased adhesion forces of
F.qh A™' = 0.52kNm~2. Yet, they still surpass the adhesion forces of the pure PNI-

PAM microgel.

6.2.3 Global vs. local E modulus

In addition to characterising the adhesive properties of the samples, comprehensive
insights into the mechanical properties of the entire microgel layer (global mechanical
properties) can be extracted from the colloidal probe force spectroscopy measurements
[61]. These results are complementary to the nanomechanical properties of the micro-
gel particles discussed in chapter[5|, where a local E modulus (Ejo.) was determined in
the centre of 10 individually adsorbed microgel particles. Equivalently to chapter[5)
the Hertz model (eq.[3.21) was applied to the approach curves to determine a global
E modulus (Egop) of the samples. The validity of the Hertz model was confirmed
up to indentation depths of 100nm (see fig.[A3} appendix). For each sample, 10 force
curves were evaluated and all analysed force curves are presented in fig.[A37] pro-
vided in the appendix. One exemplary force curve for each microgel, along with the
applied Hertzian fit, is depicted in fig.[6.7](a). Notably, the slope of the force curves in-
creases with an increasing amount of DMA from the reference pure PNIPAM microgel
MG-cpy po (black curve) to the P(INIPAM-co-DMA) microgel MG-cp, p15 (green curve).
The resulting Ego, moduli are plotted against the sum of the concentration of BIS
cpis and the concentration of injected DMA cpma injected 1IN fig.(b). Egiob shows a
slow gradual increase from Eg),, = 42.2 & 12.2 kPa for the reference PNIPAM microgel
MG-cga,po to Eglop = 82.5 & 24.8 kPa for the P(NIPAM-co-DMA) microgel MG-cpp p15.
Errors of Egjop closely align with errors of local E moduli Ej,. having comparable val-

ues, as determined in chapter[5]
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Figure 6.7: (a) Exemplary approach curves (open symbols) together with the corre-
sponding Hertzian fit, presented for each microgel sample: the pure PNI-
PAM microgel MG-cpp pp and the P(NIPAM-co-DMA) microgels MG-cg; ps,
MG-cgy p1p and MG-cgy p15. (b) Resulting global modulus Eglob derived
from an average of 10 force curves, plotted against the sum of the con-
centration of BIS cpjs and the concentration of injected DMA cpma injected-
(c) Comparison between the measured global modulus Egop, (closed sym-
bols), the calculated global modulus Egiop, calc (half-closed symbols) and lo-
cal modulus Ej,. (open symbols) of the different microgels.

A comparison between the global modulus Eg,p, (closed symbols) to the local E mod-
ulus Ejo. (open symbols) is presented in fig.[6.7(c). The local modulus Ej,. always
exceeds the global Egop. For the reference PNIPAM microgel MG-cpypo, Eioe pos-
sesses a value of Ejo. = 62.0 £ 8.8kPa, while Egjo, = 42.2 +12.2kPa. For the mussel-
inspired P(NIPAM-co-DMA) microgel MG-cp; p1o, the disparity between these values
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is even more pronounced. Here, the local modulus is notably higher with a value of
Ejoc = 301.7 £72.9kPa, while the global one is Eg,, = 67.5 & 20.0kPa. Thus, the im-
pact of DMA on the global modulus Egp, is less significant compared to its effect on
the local modulus Ej.

Additionally, a global modulus Egjop calc can be calculated from the distribution of the
local modulus Ej,. across the particle cross-section, as determined in the previous
chapter (see chapter fig.. The distribution was determined for MG-cp, pg and
MG-cgy p1o as an average of 5 particles.

To obtain Eggp cale, €ach local modulus Ej, is attributed to a specific annulus - a re-
gion between two circles of different radius - within the whole particle area when it is
adsorbed at the surface. This association is determined through the calculation of the
weighting factor w; by: ,
w; = %. (6.1)
Here, R, is the radius of the outer circle and R; the radius of the inner circle (distance
from centre of the particle to the annulus). Ry, is the overall particle radius when ad-
sorbed at the surface.

The global modulus Egjop calc is then determined by summing up the products of the
weighting factors w; and their respective local moduli E; in this specific area, using the
equation:

Eglob,calc = ZwiEi- (6.2)
i

The results are illustrated in ﬁg.(c) as half-closed symbols for MG-cg; pp and
MG-cpy p1o- The values of Eglob,calc are in the same order of magnitude as the measured
modulus Eg.p, but are slightly smaller.

6.3 Discussion

6.3.1 Interparticle interactions within deposited microgel particles

The pure poly(N-isopropylacrylamide) (PNIPAM) microgel MG-cgypg and the
mussel-inspired P(NIPAM-co-DMA) microgel with 10mol% dopamine methacry-
lamide (DMA) MG-cpy p1gp were deposited onto silicon wafers with varying packing
densities using the Langmuir-Blodgett technique. This deposition method was suc-

cessfully used in literature [200-204] to achieve precisely ordered microgel structures
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and control the particle distance. The particle distance, more precisely the nearest
neighbour distance (NND), was found to decrease as the surface pressure I1 during
the deposition increases [200, 201, 203].

This aligns with our observations, where the NND decreases for an increasing
surface pressure II for both the reference PNIPAM microgel MG-cgppy and the
mussel-inspired P(NIPAM-co-DMA) microgel MG-cp, p1g (see fig.. At low surface
pressures, the NND of the reference microgel is significantly larger than that of the
P(NIPAM-co-DMA) microgel. At high surface pressures (24mNm~!), the NND
values converge for both types of microgels. These observations are akin to findings
by Rauh et al. [203], who investigated particles with a rigid silica core surrounded
by a soft PNIPAM shell of varying thickness. They reported that for a decreasing
PNIPAM shell thickness, the NND decreases. At high surface pressures, the NNDs of
all particles become similar. This behaviour is attributed to the preparation technique:
a transition between shell-shell interactions at low compressions to particle core-core
interactions at high compressions occurs [201]. During the Langmuir-Blodgett tech-
nique at low surface pressures, the NND is therefore dependent on the overall size
of the particles, including their shells. In our case, the P(NIPAM-co-DMA) microgel
MG-cpy p1o exhibits a smaller hydrodynamic diameter Dy in the swollen state than
the pure PNIPAM microgel, as highlighted in fig.[6.2] (see additionally evaluation in
chapter[5). At high surface pressures in contrast, core-core contacts are favoured,
so only the core size matters. Both types of microgels, pure PNIPAM microgels
and P(NIPAM-co-DMA) microgels, possess similar diameters in the collapsed state
- attributed to similar core sizes. Considering these insights and further literature
[200-202, 204], we assume that for the samples with the highest microgel packing
density (dense packing, dp), the cores of the microgel particles are in direct contact
with each other. This explains the similarities of our results to those obtained by Rauh
et al. [203].

The NND is consistently smaller than the hydrodynamic diameter Dy at 20°C, indi-
cating that the microgels experience more compression at the surface than in the bulk.
An exception to this trend was shown for the soft PNIPAM microgel at a low surface
pressure of 5mNm~!. As discussed in chapter microgels undergo deformation
when adsorbed at surfaces. Microgels with low cross-linker amounts expand parallel
to the surface while compressing perpendicular, resulting in a fried egg structure. This
behaviour vanishes as the cross-linker content is increased to 1 — 3 mol% [92]]. At these

higher cross-linking degrees, the microgel diameter at the interface closely aligns with
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the hydrodynamic diameter Dy of the microgels in bulk solution. In the case of the
softer PNIPAM microgel prepared at a surface pressure of 5mNm~!, the microgel
particles exhibit more substantial lateral stretching when adsorbed at the surface
compared to the stiffer P(NIPAM-co-DMA) microgel. This behaviour is apparent from
the larger NND compared to Dy in this case. The P(NIPAM-co-DMA) microgel is
already too stiff (see chapter[5), causing it to experience greater compression at the
surface than in bulk at this surface pressure. Consequently, its NND is smaller than
its Dy. Nonetheless, it's important to note that at this low surface pressure, the NND

values possess substantial errors, making it difficult to draw clear conclusions.

The average normalised adhesion force F,qp A1, as determined by colloidal probe
AFM, of the pure PNIPAM microgel MG-cpy pp increases for an increasing packing
density. This trend is consistent with the expectation that a higher packing density
leads to a larger number of microgel particles per area. The AFM scans (fig.[6.1)
visually confirm this behaviour. Due to the augmented microgel and consequently,
higher polymer density at the surface, the colloidal probe interacts with a larger
amount of material. As a result, it is anticipated that higher packing densities will
result in increased adhesion forces, a trend that is indeed confirmed by our data for
the pure PNIPAM microgel.

For the mussel-inspired P(NIPAM-co-DMA) microgel, the increase of Fgn A1 is
only observed when increasing from a low packing (lp) to a medium packing (mp)
density. However, upon further increasing the packing density to a dp, a reproducible
decrease in F,g, A~! is observed. The catechols of DMA incorporated in the microgel
network can interact via various interaction mechanisms, such as hydrogen bonding,
metal coordination or covalent cross-linking (for details see chapter[2.2). As the NND
decreases due to the dense packing of microgels, interparticle interactions between
the particles increase. The free catechol moieties [4] of neighbouring particles can then
start to interact with each other. Additionally, the compressed shells of the microgel
particles may lead to an overall shielding of the catechol groups. In both cases, some
catechol moieties are excluded from adhesive interactions with the colloidal probe
during the measurements. Thus, the measured adhesive forces decrease and become
even lower than for the reference PNIPAM microgel. Nevertheless, for both lp and
mp, the mussel-inspired P(NIPAM-co-DMA) microgel proves to be more adhesive
than the pure PNIPAM microgel.
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Additionally, studies were conducted on the remaining P(NIPAM-co-DMA) mi-
crogels with increasing DMA amounts and a mp.

The P(NIPAM-co-DMA) microgels exhibit similar NND values, as calculated by image
analysis of the AFM scans as described before. In contrast, the pure PNIPAM microgel
MG-cgypp possesses a larger NND. Similar studies have not been carried out for
P(NIPAM-co-DMA) microgels yet, but insights can be drawn from studies involving
PNIPAM-based particles [200-204]: From medium to high surface pressures, the
microgel shells undergo further compression - compressed shell-shell contacts are
slowly transitioned into core-core contacts. Consequently, the influence of the core
sizes of the microgels becomes more dominant. Despite the P(NIPAM-co-DMA)
microgels having smaller swollen sizes than the pure PNIPAM microgel due to their
higher cross-linking density (detailed in chapter[5), the collapsed microgels have
similar core sizes. Hence, one would have expected equal NNDs for all microgels,
as the shells become fully compressed and only the core sizes matter. The results are
consequently surprising and remain unexplained at this point.

Nevertheless, it's worth mentioning that the NND of the microgels possesses substan-
tial errors, stemming from the re-arrangement of particles at the interface during the
transition from shell-shell to core-core contacts, which is in accordance to literature
[200} 201} 203]]: As particles begin to move, some may be already closer to each other
than others. Moreover, the arrangement of the particles is depending on the shell
architecture [202, 205], which should differ between the pure PNIPAM microgel
and the P(NIPAM-co-DMA) microgels due to the incorporation of the additional
cross-links by DMA (see chapter[) as stated before.

The NND is always smaller than the hydrodynamic diameter Dy of the particles,
except for the microgel with the highest DMA amount MG-cpy p15. The explanation is
similar to what was mentioned earlier: the microgel particles experience more com-
pression on the surface compared to the bulk. In the case of the microgel MG-cp; pis,
both values are comparable, taking into account the large error values associated with
the NND. As previously mentioned, Mourran et al. [92] discovered that the microgel
diameter at the interface closely matches the hydrodynamic diameter Dy of microgels
in bulk solution at higher cross-linking degrees. This finding provides an explanation
for the observed behaviour of this particular microgel.

For the microgel with the highest DMA content (MG-cpa p2o), a closed microgel layer at
medium surface pressures couldn’t be achieved - instead the microgels form clusters.

This is in line with the findings by Rauh et al. [203] as well. Their core-shell particles
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(silica core, PNIPAM shell) form already clusters at medium compressions during the
Langmuir-Blodgett deposition. This clustering is even amplified at higher surface
pressures. The primary cause of this behaviour is attributed to the rigid nature of the
core, which constrains the re-arrangement of its surrounding shell. In our case, the
P(NIPAM-co-DMA) microgel with the highest DMA content (MG-cp p2g) possesses
the highest E modulus when compared to the remaining microgels (see chapter[5). The
increase in stiffness is predominant in the centre of MG-cgp ppg, implying a more rigid
core. Even if core sizes are similar for all microgels, the stiff nature of their core could
provide an explanation for the formation of clusters, in accordance with literature
studies [203]. The clustering is less likely to be caused by adhesive interactions
between the particles, as one might expect for high DMA contents. This is because the
microgel MG-cpp pog, with the highest DMA content, does not exhibit the strongest
adhesion, as discussed in the subsequent section. Instead, MG-cpy p1o is the most
adhesive microgel. MG-cpy ppp was excluded from the colloidal probe measurements

due to its inability to produce a closed microgel layer.

6.3.2 Influence of DMA on adhesion

Due to the use of DMA as a mussel-inspired co-monomer, the focus of this study lies
on determining the adhesive properties of P(INIPAM-co-DMA) microgels with varying
DMA amounts through colloidal probe force spectroscopy. The average normalised
adhesion forces F,q, A~! of microgels with varying DMA contents was evaluated. A
mp density was chosen, which aims to create microgel layers as dense as possible while
reducing interparticle interactions of free catechol moieties within the mussel-inspired
microgel networks.

In the course of this investigation, an increase in F,qn A~ was observed from the
pure PNIPAM microgel MG-cgypo to the P(NIPAM-co-DMA) microgel MG-cgp pi1o-
As the DMA content is further increased to 15mol%, F,qy A~' decreases (see fig..
Nonetheless, the microgel still remains more adhesive than the pure PNIPAM micro-
gel. While this trend may appear surprising at first sight, it aligns perfectly with a
well-known effect: there exists a specific threshold of catechol content in the mussel
byssus and in mussel-inspired materials for which maximum adhesive properties are
obtained. Increasing the catechol amount beyond this threshold results in greater co-
hesive instead of adhesive forces (for details see chapter[2.2).

For marine mussels, the optimal L-3,4-dihydroxyphenylalanine (DOPA) amount for
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adhesion typically falls within the range of 3 — 30mol% [3], with an average of
10 mol%. Studies by Putnam et al. [59], focusing on polymers co-polymerised with
DMA, reveal optimal catechol contents of 10 mol% for the adhesion of the polymers
to high surface energy substrates like aluminium and 41 mol% for low surface energy
substrates such as teflon. For higher catechol contents, only the stiffness of the polymer
increases until reaching a critical point where the material becomes brittle. As the stiff-
ness of the P(NIPAM-co-DMA) microgels increases with increasing DMA amount (see
chapter[5), at one point the elevated mechanical stiffness compensates the increased
adhesiveness of the microgels. Both properties need to be carefully balanced regard-
ing future applications.

The values of F,gh A~! obtained from our measurements range from 0.35 to
0.84 kN m 2 (fig.. The adhesion force F,q, can be also normalised to the probe
radius Rp, which eases the comparison with literature results. This is essential for a
comprehensive evaluation. (For reference, FognRp Lis plotted in dependency of the
sum of the cross-linker N,N’-methylene-bisacrylamide (BIS) concentration cpjs and in-
jected DMA amount cpma injected N ﬁg. in the appendix.) However, direct compar-
isons are challenging since the results highly depend on the used materials and mea-
surement techniques. To the best of our knowledge, the adhesive abilities of mussel-
inspired DMA-co-polymerised microgels have not yet been studied by colloidal probe
force spectroscopy. Nevertheless, some comparison can be drawn.

Lu et al. [206] examined the adhesive abilities of different mussel foot proteins (mfps),
including mfp-3 and mfp-5, to silica surfaces. These are the key adhesive mfps con-
tained in the mussel byssus, as specified in chapter2.2l They conducted the experi-
ments using a surface force apparatus (SFA), which is designed similarly to the AFM
but specialised for measuring interaction forces between larger bodies. For short con-
tact times lasting for 2 min, values of F,gn R 1 =12mNm™! (mfp-3) and 0.5 mNm ™!
(mfp-5) are obtained. The forces increase by one order of magnitude when the contact
time is increased to 60 min. The values are comparable to our results on P(NIPAM-co-
DMA) microgels, where F,qnRp ! values from 0.5 mNm~! to 1.1 mN m~? are achieved.
However, it’s important to note that the adhesiveness of P(NIPAM-co-DMA) microgels
is influenced not only by DMA but also by NIPAM itself. This is demonstrated through
the examination of the reference PNIPAM microgel MG-cpy pg, which displays adhe-
sive forces of Fogn A~! = 0.35kN m~2. Thus, it becomes evident that both DMA and
NIPAM contribute to the adhesion. Additional factors such as contact time, measure-

ment technique and variations in the material’s stiffness can further impact the data.
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This makes a precise value comparison impossible. Nevertheless, data from literature

[206] provide confidence in the reliability of our measurement technique and results.

6.3.3 Global vs. local mechanical properties

Additionally to characterising the adhesion forces, global mechanical information of
the closed microgel layer can be derived from the colloidal probe measurements as
specified in chapter[3.6.2] yielding a global modulus Egjop.

Consistent with the findings of chapter[5| where a local modulus Ej,. was determined,
Egop increases with an increasing amount of DMA. This can be ascribed to the in-
creasing cross-linking density within the microgels upon the DMA incorporation, as
discussed in detail in the previous chapter.

Ejoc consistently exceeds Egop, due to the nature of the experiments: Ejo., determined
at the centre of the microgel particles, reflects the stiffness of the core. In contrast, the
structural heterogeneities within the core-shell microgels are averaged out during the
colloidal probe measurements, as the entire microgel layer is compressed. Given that
the core is significantly stiffer, the resultant average global modulus Eg)p, - which com-
bines the core and soft shell - tends to be lower than Ej,.. This disparity also explains
why the increase in Eg,, is notably smaller compared to the rise in Ejo. upon the DMA
incorporation. The higher polymer density in the centre of the microgel particle results
in a more pronounced effect of DMA on Ej,. than on the global modulus Egq, of the
microgel layer.

A global modulus Egjop calc Was additionally calculated from the local moduli Ejq
across the particle cross-section of MG-cgp pg ad MG-cpp pig (see fig.. The calcu-
lated Egjop, calc and measured Egyqp, are of the same order, validating the comparability
between the two measurement types of chapter[5|and chapter|6l Nevertheless, differ-
ences in the measurement technique contribute to the observed slightly lower values of
Eglob,calc Wwhen compared to Egop: (1) While the colloidal probe indents into the whole
microgel layer, capturing the influence of neighbouring particles, for Egqp calc @ tip was
indented into single adsorbed microgel particles, unaffected by neighbouring particles.
The neighbouring particles increase the value of Egop. (2) For Egjop calc, the E modulus
was averaged over the microgel particle including its shell. However, these loosely
cross-linked shells are compressed during the preparation of microgel layers with the
Langmuir-Blodgett technique. Therefore, they might not contribute as significantly to

Eglob than to Egiop cale, thereby increasing the value.
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A direct comparison of exact E modulus values is, nonetheless, difficult when using
different cantilevers and/or tips as emphasised in chapter[3.6.2l However, the overall
trend in the data remains and can be stated with pure conscience. The errors obtained
from both methods additionally align with each other, further validating the results.

The combination of both measurements offers a complete picture of the microgels re-
garding their mechanical properties. Ej,. provides structural information about the
microgels, including details about their core-shell architecture. Conversely, the global
modulus Egq, gains predominance, particularly when regarding further applications
of these microgels as coatings. Here, the mechanical behaviour of the whole microgel

layer is of primary importance.

6.4 Conclusion

This chapter focuses on analysing the adhesive properties of mussel-inspired poly(N-
isopropylacrylamide-co-dopamine methacrylamide) (PNIPAM-co-DMA) microgels in
comparison to pure PNIPAM microgels using colloidal probe force spectroscopy. The
microgels were transferred to silicon wafers using the Langmuir-Blodgett technique,
providing the ability to adjust interparticle distances by varying the surface pressure
during deposition. This directly influences the adhesive properties of the samples. In
the case of low and medium packing densities, the P(NIPAM-co-DMA) microgel ex-
hibits larger adhesion than the pure PNIPAM microgel. However, the opposite trend
was observed for high packing densities. Due to increased interparticle interactions
in this case, free catechol moieties of neighbouring particles might start to interact
with each other, rendering them unavailable to contribute to the adhesive forces. At
medium packing densities, P(NIPAM-co-DMA) microgels with 10 mol% DMA display
the highest adhesion values. For larger DMA amounts of 15mol%, the adhesion de-
creases, but the microgel still exhibits larger adhesion than the pure PNIPAM micro-
gel. This behaviour is attributed to the counterbalance between adhesive properties
and cohesive coupling in mussel-inspired catechol-containing materials - higher DMA
contents confer increased stiffness but come at the cost of reduced adhesion. The stiff-
ness of the microgel layers was confirmed through colloidal probe measurements as
well and aligns with the findings of chapter[5, where the nanomechanical properties of
single microgel particles were assessed. Both methods show an increase in stiffness for

an increasing DMA amount. Together, they provide a comprehensive understanding
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of the microgels” mechanical properties. P(NIPAM-co-DMA) microgel particles with
20mol% DMA exhibit such a high stiffness, especially in their core, that they are un-

able to form a close layer. Instead they form into clusters.



131

7 Conclusion and outlook

7.1 Conclusions

This thesis presents the development of a mussel-inspired microgel based on poly(N-
isopropylacrylamide) (PNIPAM), aiming to improve their mechanical and adhesive
properties. Therefore, dopamine methacrylamide (DMA) was embedded as the

mussel-inspired co-monomer.

Reaction kinetics

The introduction of a radical scavenger like DMA requires to be controlled. The pre-
cise control of the synthesis was achieved. For this purpose, time-samples were col-
lected throughout the co-polymerisation of PNIPAM with a fixed amount of DMA.
The samples were analysed via mass spectrometry (MS) to ascertain the individual
consumption rates of NIPAM, cross-linker N,N’-methylene-bis(acrylamide) (BIS) and
DMA. The incorporation of DMA was confirmed and quantified by UV-vis and nuclear
magnetic resonance (NMR) spectroscopy. The influence of relevant synthesis parame-
ters was addressed. A critical total reaction time threshold of 60 min is found, beyond
which the introduction of DMA results in gel clump formation without increasing the
DMA incorporation. The timing of the DMA injection is verified as key factor due
to its scavenging ability. Early DMA injections impede the NIPAM and BIS conver-
sion while accelerating the DMA reaction speed. Contrarily, a later injection of DMA
(between 10 — 15 min) yields a full NIPAM and BIS conversion, while decelerating its
own reaction. In this case, the DMA incorporation can be ensured with a total reaction
time of 60 min. Our study unveils that DMA follows a second-order reaction kinetics
- which, to the best of our knowledge, is reported for the first time. The reaction is
proven to be reproducible and insensitive to UV light. While microgels cross-linked
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solely by DMA without the additional cross-linker BIS possess similar reaction kinet-
ics when compared to P(NIPAM-co-DMA) microgels cross-linked by BIS, they exhibit

a raspberry-like microgel morphology when DMA injection times are delayed.

Swelling behaviour and nanomechanical properties

The temperature-dependent swelling behaviour of P(NIPAM-co-DMA) microgels with
different DMA contents was investigated by dynamic light scattering (DLS). The co-
polymerisation with DMA results in a volume phase transition (VPT) occurring at
lower temperatures in comparison to pure PNIPAM microgels, primarily because of
DMA'’s higher hydrophobicity in contrast to NIPAM. Moreover, DMA accelerates this
transition, which could offer advantages in applications where a rapid release of en-
capsulated particles, such as drugs, within the microgel network is desired. DMA’s
cross-linking ability is confirmed as P(NIPAM-co-DMA) microgels exhibit reduced
swelling ratios and smaller mesh sizes compared to PNIPAM microgels. This cross-
linking ability was further elucidated by atomic force microscopy (AFM), where a tip
was indented into individual adsorbed microgel particles. A significant increase in
their nanomechanical stiffness is observed throughout the entire cross-section of the
microgel - DMA cross-links the microgel over the whole structure. P(NIPAM-co-DMA)
microgels exhibit a more substantial increase in stiffness upon heating above the VPT
temperature (VPTT) when compared to pure PNIPAM. A linear correlation between
the elasticity and swelling of the microgel network was validated by calculating the
affine network factor, derived from the Flory-Rehner theory. For DMA contents ex-
ceeding 15mol%, however, DMA is observed to impede the shrinking of the micro-
gels. This phenomenon could potentially be attributed to interactions involving cate-
chol groups within the microgel network, which suppress the collapse of the microgels

while enhancing their mechanical stability.

Adhesive properties

A balance between adhesive and cohesive properties in mussel-inspired materials
is crucial, since an excessive mechanical stiffness can potentially compromise the
material’s adhesive attributes, similar to what is observed in mussels. Therefore, we

conclude this work by investigating the adhesive properties of P(NIPAM-co-DMA)
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microgels with varying DMA contents by colloidal probe AFM: a large colloidal
probe was indented into a closed microgel layer adsorbed on silicon wafers. These
layers were prepared using the Langmuir-Blodgett technique to enable a precise
control over their interfacial arrangement. Our findings identify superior adhesion
of DMA-co-polymerised PNIPAM microgels for low and medium packing densities
when compared to pure PNIPAM microgels. Interestingly, densely packed P(NIPAM-
co-DMA) microgels exhibit reduced adhesion compared to pure PNIPAM microgels.
This phenomenon is potentially arising from core-core interactions induced by the
deposition at high surface pressures. In this case, free catechol moieties within the
microgel network might interact with those of neighbouring particles. Additionally,
the compressed shell of the microgel particles at this high surface pressures potentially
leads to a shielding of the catechol groups. In both cases, they cannot contribute to the
adhesive force measured by colloidal probe AFM.

At medium packing densities, P(NIPAM-co-DMA) microgels with a DMA content
of 10mol% display the highest adhesive properties. Elevated DMA concentrations
(15mol%) decrease the adhesion of the microgel due to its high stiffness - highlighting
the critical balance required between adhesive and cohesive properties within mussel-
inspired materials. The stiffness of the microgel layer was determined additionally
from the measurements. The results are complementary to the nanomechanical
stiffness determined for single microgel particles in chapter[5 Both together confirm
the increasing stiffness of the microgels with an increasing DMA amount. Microgels
containing 20mol% DMA exhibit such high stiffness, particularly in their core, that
the formation of a closed layer of microgel particles is not possible. Instead, they form
clusters.

We successfully developed mussel-inspired P(NIPAM-co-DMA) microgels and
conducted a comprehensive investigation of their various properties. The study en-
compasses reaction kinetics, swelling behaviour, mechanical properties, and adhesive
properties, providing valuable insights into these novel microgels and establishing a

robust foundation for potential future applications and research.
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7.2 Open questions and future perspectives

While this thesis provides a comprehensive understanding of the newly developed
mussel-inspired P(NIPAM-co-DMA) microgels, certain aspects need further clarifica-

tion.

An unresolved aspect of our study concerns the internal network structure of
the microgel particles. Based on the optimised P(NIPAM-co-DMA) synthesis, DMA
was added later during the reaction, when NIPAM and BIS are already entirely con-
sumed, and microgel particles have already formed. Consequently, it is conceivable
that DMA is mainly located in the outer shell of the microgel particles. In the context
of swelling as discussed in chapter[5, DMA shows to sharpen the VPT contrariwise
to findings in literature [13} [14]. The discrepancies between our observed sharpened
VPT to the broadening observed in literature is attributed to differences in the internal
microgel network structures, stemming from variations in our synthesis protocol in
comparison to those described in the literature. Obtaining a more profound under-
standing of the microgel structure is therefore of high importance, and techniques such
as small-angle neutron scattering, X-ray scattering or super-resolution fluorescence
microscopy could provide valuable insights.

This thesis underlines the significance of balancing adhesive and cohesive properties
in mussel-inspired P(NIPAM-co-DMA) microgels. A yet unexplored factor in this
context is the pH dependency of the two properties, similar to the pH dependent
interactions of catechol groups in the mussel byssus (as discussed in chapter[2.2).
Acidic conditions tend to enhance adhesive properties since catechols are primarily
present in a reduced state. Conversely, basic conditions promote the cross-linking
of catechols, as they are primarily present in their oxidised form. Thus, further
investigations in this area are necessary.

In this context and regarding future applications, the chelation capability of catechol-
containing polymers is highly promising (see chapter2.2). Wang et al. [30] presented
a promising catechol-containing polymer that switches from a highly adhesive
coacervate at low pH to a self-healing hydrogel at high pH, when introducing the
metal chelator Zn?*. Hence, considering the incorporation of metal chelators becomes
relevant when contemplating future applications.

DMA’s ability to provide both adhesion and mechanical stiffness is highly versatile, as

demonstrated by the previous example. However, other applications may explicitly
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demand elevated adhesiveness and explore alternative cross-linking strategies. For
these specific cases, the protection of DMA prior to the microgel synthesis might
be advantageous, aiming to suppress the cross-linking ability of DMA and further
enhance the adhesion of the materials. DMA can be protected, for instance, by using
acetonide [207] or borax [208].

Lastly, the adhesion measurements can be further refined. Our investigation of
adhesive forces between P(NIPAM-co-DMA) microgels and colloidal probes made out
of silica (as detailed in chapter[p) unveil a reduction in adhesion for densely packed
microgel particles. We attribute this phenomenon to core-core interactions, which
enable interactions between catechol groups among neighbouring microgel particles.
To deepen the understanding of these interactions, colloidal probes coated with
microgel particles could be indented into microgel layers. A novel technique even
enables the conduction of force spectroscopy measurements using colloidal particles,
such as microgel particles, that are directly affixed to a cantilever through aspiration
[209]. Both approaches allow a direct study of particle-particle interactions.
Additionally, the choice of different colloidal probe materials is of special interest.
As demonstrated by Putnam et al. [59], the ideal DMA amount incorporated within
the polymer structure for maximum adhesion varies depending on the substrate
material. The optimal DMA content for adhesion to aluminum (characterised by a
high surface energy) differs significantly from the content required for adhesion to
teflon (characterised by a low surface energy). Thus, depending on the materials
needed for future applications, adjustments in the DMA content may be necessary
and should be further examined.

In summary, the successful development and initial comprehensive investiga-
tions of mussel-inspired P(NIPAM-co-DMA) microgels in this thesis paves the way
for further research and applications, holding considerable future potential.
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A3.1 DMA batch
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Figure A1l: (a) '"H NMR and (b) '*C NMR spectra of exemplary DMA batch solved in
DMSO-dg.



A3.2 Colloidal probe characterisation

(a) Colloidal Probe #1
SEM

Roughness

150KV x10,000 i) 2022108/20
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Fit Roughness ©
(c) Colloidal Probe #3
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, Roughness m
[
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Figure A2: Three exemplary colloidal probes characterised using scanning electron mi-
croscopy (SEM), provided by Ulrike Kunz at the Electron Microscopy Cen-
ter Darmstadt (EMC-DA), and atomic force microscopy (AFM). In the case
of AFM, colloidal probes were scanned over a silicon test grating (TGT1)
grating. Subsequently, a sphere fit was subtracted from the image to deter-
mine the roughness of the probes.
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Table Al: The probe radius Rp was determined for three exemplary colloidal probes
using SEM and AFM. By scanning the colloidal probe over the test grating
TGT1 and subtracting a sphere fit from the image, the roughness of the col-
loidal probe was calculated as the root mean square (RMS).

Colloidal Probe Rpspm / pm Rpapv / pm RMS / nm

#1 221 2.02 1.46
#2 2.20 2.05 1.38
#3 2.17 2.88 1.31
Average 219+0.02 232+040 1.38=+£0.06

A3.3 Validation of Hertz model for colloidal probe force

spectroscopy
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Figure A3: Exemplary force curves of MG-cp, pg, obtained by force spectroscopy mea-
surements, indented by a colloidal probe and plotted in linear (a) and log-
arithmic (b) scale. (b) includes linear fits with a slope of 1.41 — 1.53N'm ™!
confirming the validity of the Hertzian model in ultrapure water up to in-

dentation depths of 100 nm.
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A4.1 Freeze-dried microgels

(a)

treac = treac =

MG-t.¢270 270 min 60 min

(b)

MG-t,¢s270 0

Figure A4: Freeze-dried microgels: (a) Reference microgel MG-t,f 79 compared to mi-
crogels with different reaction times freac. (b) Reference microgel MG-t,f 279
compared to microgels with different DMA injection times tpya. (c) Refer-
ence microgel MG-t,¢ o790 compared to microgels synthesised with the same
treac and tpya to test the reproducibility. Microgels #2 and #3 were synthe-
sised with UV light protection. The reference PNIPAM microgel MG-t,f 279
has a purely white colour, while P(NIPAM-co-DMA) microgels possess an

orange to pinkish colour.
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A4.2 DLS and EDLS measurements

Table A2: Hydrodynamic radii Ry of microgels conducted at 20°C and 50°C by dy-
namic light scattering (DLS) als explained in chapter[3.4 Electrophoretic
mobility ji. measured as described in chapter[3.5]

Ry(20°C) / Ru(50°C) /  pe(20°C) /

pmemV-ls™

Microgel 1e(50°C) /

I ymemV-1ts™

nm nm 1

Reference microgel

MG-tret 270 4995+184 129.1+180  0.5040.01 4.66 +0.07
Influence of overall reaction time treac

MG-t19,270 4235+68.7 151.7+31.6  0.20+0.01 3.97+£0.11
MG-t1060 341.2£262 145.6+4.0 1.214+0.02 542+024
Influence of DMA injection time tpya

MG-to,60 335.8£9.5 1449+41 -0.32£0.01 1.58 =0.05
MG-t4 5,60 380.1+£13.7 175.7+10.9 0.09 =0.01 295+0.17
MG-tg 60 339.4+£183 135.0+6.2 0.78£0.03 3.71+0.31
MG-t1060 341.2£262 145.6+4.0 1.214+0.02 542+024
MG-ty5,60 #1 3102+51 1113+79 0.55+0.02 3.91+0.05
Reproducibility and influence of UV light

MG-t15 60 #1 310.2+£51 111.3+£79 0.55+=0.02 3.91+0.05
MG-ty5 60 #2 441.3+344 1369+4.1 1.24 +0.04 5.45+0.06
MG-ty5 60 #3 497.7+24.8 1452+74 0.85+0.02 4.63£0.25
Influence of cross-linker BIS

MG-tp60-noBIS  273.0+£122 99.7£6.8 0.95+0.06 4.53+0.54
MG-t;560-n0BIS 35624141 1139450 - -
MG-t;560-noBIS  459.0+38.8 117.7+1.3 1.57 £0.07 6.50 £0.19




A4.3 Additional reaction kinetics

(a) NIPAM (b) BIS
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Figure A5: The relative monomer consumption cc; 1 of (a) NIPAM and (b) BIS for
microgels synthesised with identical reaction parameters (treac = 60min,
tpma = 15min) to test the reproducibility of the reaction. #2 and #3 were
synthesised with UV light protection.

A4.4 UV-vis spectra
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Figure A6: UV-vis spectrum of pure DMA solved in ethanol, showing the characteristic
peak at 282 nm.
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(a) Reaction time t

reac

—_
(=2
N

DMA injection time tyy

- MG'tref,270
— troac = 270 min
teac = 60 min

—— MGt 70
— foma= 0 min
282 nm— tDMA= 4.5 min
— fowa= 8 min
toma= 10 min
toma= 15 min

N
T

N

282 nm

/

Absorbance A
N

\

Absorbance A
N

0 -
250 300 350 250 300 350
Wavelength L / nm Wavelength L / nm
(c) No BIS

—— MG-trar0

— toma = 0 min

—toma = 7.5 min
toma = 15 min

282 nm

Absorbance A

200 250 300 350
Wavelength L / nm

Figure A7: UV-vis spectra for P(NIPAM-co-DMA) microgels synthesised with differ-
ent (a) overall reaction times treac and (b) & (c) DMA injection times tpya
in comparison to the reference PNIPAM microgel MG-t, 79 (black). Micro-
gels in (b) were cross-linked with BIS, while those in (c) were synthesised
without BIS, solely relying on DMA’s cross-linking ability.



A4.5 UV-vis standard addition calibration curves

(a) tcac = 270 min (b) 5 tcac = 60 min
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Figure A8: Calibration curves obtained by UV-vis standard addition for microgels with
different overall reaction times (a) freac = 270min and (b) treac = 60 min:
The absorbance at Amax = 282nm, corresponding to the unoxidised cate-
chol group of DMA, was plotted against the added DMA concentration for
two calibration curves. A linear fit was applied to determine the unknown
DMA concentration cppa ynkn in the microgel.
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(a) 5 toma =0 min (b) toma = 4.5 min
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Figure A9: Calibration curves obtained by UV-vis standard addition for microgels with
different DMA injection times (a) tppa = Omin, (b) tppya = 4.5min, (c)
tbmMa = 8min, (d) tpma = 10min and (e) tppma = 15 min: The absorbance
at Amax = 282nm, corresponding to the unoxidised catechol group of
DMA, was plotted against the added DMA concentration for two calibra-
tion curves. A linear fit was applied to determine the unknown DMA con-
centration cppA unkn in the microgel.
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Figure A10: Calibration curves obtained by UV-vis standard addition for microgels
synthesised with the same reaction parameters treac = 60 min and tpya =
15 min to test the reproducibility. Microgel #2 (b) and #3 (c) were synthe-
sised with UV light protection. The absorbance at Aynax = 282nm, corre-
sponding to the unoxidised catechol group of DMA, was plotted against
the added DMA concentration for two calibration curves. A linear fit was

applied to determine the unknown DMA concentration cpyma unkn in the
microgel.
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(a) No BIS, ty,, = 0 min (b) No BIS, toy,, = 7.5 min
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Figure A11: Calibration curves obtained by UV-vis standard addition for microgels
synthesised without BIS (suffix "-noBIS") with different DMA injection
times (a) tpma = Omin, (b) tpma = 7.5min and tppya = 15min: The
absorbance at Amax = 282nm, corresponding to the unoxidised catechol
group of DMA, was plotted against the added DMA concentration for two
calibration curves. A linear fit was applied to determine the unknown
DMA concentration cppa unkn in the microgel.



A4.6 NMR spectra
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Figure A12: I'H NMR spectra of MG-t,¢f 270 compared to microgels with different reac-
tion times treac in DMSO-dg with an enlargement of the higher shift region
in (b).
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Figure A13: 'H NMR spectra of MG-t,.fy79 compared to microgels with different re-
action times freac in methanol-ds with an enlargement of the higher shift

region in (b).
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Figure A14: (a) IH NMR spectra of microgels with different DMA injection times tpya
in DMSO-dg with an enlargement of the higher shift region in (b).
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Figure A15: (a) 'H NMR spectra of microgels with different DMA injection times fpya
in methanol-d4 with an enlargement of the higher shift region in (b).
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Figure A16: (a) 'H NMR spectra of microgels synthesised with the same reaction pa-
rameters treac = 60 min and tppa = 15 min in DMSO-dg, to test the repro-
ducibility. #2 and #3 were synthesised with UV light protection. (b) shows
an enlargement of the higher shift region.
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Figure A17: (a) 'H NMR spectra of microgels synthesised with the same reaction pa-

rameters treac = 60min and fppya = 15min in methanol-dy, to test the

reproducibility. #2 and #3 were synthesised with UV light protection. (b)

shows an enlargement of the higher shift region.
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Figure A18: (a)'H NMR spectra of microgels synthesised without BIS (suffix "-noBIS")
with different DMA injection times tpya = Omin, fpya = 7.5min and
tpma = 15 min in DMSO-dg. An enlargement of the important shift region

is shown in (b).
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Figure A19: (a)'H NMR spectra of microgels synthesised without BIS (suffix "-noBIS")
with different DMA injection times tpyja = Omin, (b) tpya = 7.5 min and

tpmMa = 15min in methanol-d4. An enlargement of the important shift

region is shown in (b).



A4.7 DLS measurements of microgels synthesised without BIS
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Figure A20: Ry in dependence of temperature T for the different microgels synthesised
without the additional cross-linker BIS (suffix "-noBIS").

Fig.[A20] shows the swelling curves of the microgels synthesised without BIS, solely
relying on the cross-linking ability of DMA, as a function of temperature. The curves
were determined using dynamic light scattering (DLS), as detailed in chapter[3.4, The
results demonstrate the characteristic temperature-responsive behaviour of the micro-
gels, where they undergo a collapse in size upon heating.

Notably, the microgel MG-t;5 6p-noBIS with a DMA injection time of tppa = 15 min
possesses the largest swollen hydrodynamic radius Ry (20°C). Ryy(20°C) subsequently
decreases for earlier injection times of DMA. The shrunken hydrodynamic radius
Ry1(50°C) is comparable for the three microgels.

This phenomenon can be explained as follows: When DMA is introduced into the re-
action at a later stage, it necessitates NIPAM'’s self-cross-linking ability [71-73] at the
beginning of the synthesis. Typically, this leads to the formation of microgels with a
low degree of cross-linking [189]. Structures with a lower cross-linking density, how-
ever, have a greater capacity to swell, as discussed in chapter[f] Conversely, when
DMA is introduced at the beginning of the synthesis, the microgel structure is cross-
linked by DMA. This should theoretically increase the overall cross-linking density of
the microgel - the microgels are less prone to swelling, leading to smaller hydrody-

namic radii.
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A5.1 Reaction kinetics
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Figure A21: Relative monomer consumptions cc, 1 of reactants NIPAM (a) and BIS (b)

as a function of the reaction time t obtained by MS. (c) Relative monomer
consumptions cc, 1 of DMA as a function of the effective reaction time
t — tpma. (d) shows the inverse monomer consumption c ! of DMA. A
linear fit can be applied, which underlines that DMA possesses a second-

order reaction kinetics.



Ab5.2 UV-vis standard addition
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Figure A22: Calibration curves obtained by UV-Vis standard addition for

(@) MG-cg1,ps, (b) MG-cgps, () MG-cgrp1o, (d) MG-cpyp15s and
(e) MG-cpyppo-  The microgel sample concentration was 0.05wt% for
(@)-(c) and 0.005wt% for (d)-(e). The absorbance A at Apmax = 282nm
was plotted over the added concentration of DMA solution. Calibration
curves were repeated 2 times. A linear function was fitted to the medium

of the two curves to obtain the unknown DMA concentration cpya unkn-
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A5.3 NMR spectra
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Figure A23: (a)'H NMR spectra of different microgels MG-cp; ps (orange), MG-cpy ps

(red), MG-cgyp1o (blue), MG-cpy p15 (green) and MG-cpyppo (purple) in

DMSO-dg. An enlargement of the important shift region is shown in (b).
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Figure A24: (a)'H NMR spectra of different microgels MG-cp; p5 (orange), MG-cpa ps
(red), MG-cgyp1o (blue), MG-cpy p15 (green) and MG-cpy po (purple) in
methanol-ds. An enlargement of the important shift region is shown in

(b).
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A5.4 DLS measurements

500 -
400 |

c 300
~~

T
X 200t

100 |

0
10 20 30 40 50 60
T/°C

Figure A25: Swelling curves of microgels fitted by a sigmoidal function.
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Figure A26: Calculated swelling ratios « (filled symbols) and mesh sizes ¢ (open sym-
bols) plotted against the concentration of BIS cgis and injected DMA

CDMA injected -



A5.5 AFM

AFM imaging

(@)

Figure A27: AFM scans taken in ambient conditions at a temperature of T = 20°C for
(a) MG-cg1,p0, (b) MG-cp2,po, (c) MG-cp1 ps, (d) MG-cpa,ps, (€) MG-cg2,pi10,
(f) MG-cpy p15 and (g) MG-cpy ppo. They were used to calculate the height
hamb apm and the width w,mp aApm of the microgels.
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Table A3: Characterisation of microgels at the surface by AFM scanning in ambient
conditions. Values are derived from an average of 5 different microgels per
sample. While the error of the height /1, aApm Was obtained directly by
standard deviation of the 5 particles, the error of the width w,m, Apv Was
assumed to be 10% as estimated by eye for the microgel with the highest
width MG-cgp po.

Microgel hamb,AFM / NI Wamp, ApM / M

MG-cg1,po 17 £2 1177 £ 118
MG-cga,po 28 =3 1061 £ 106
MG-cg1 D5 201 984 + 98
MG-cg2 ps 44 £ 7 904 + 90
MG-cp2 D10 78 £3 706 £ 71
MG-cpa p15 131 +£ 4 471 £ 47

MG'CBZ,DZO 234 + 12 433 4+ 43




AFM force spectroscopy
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Figure A28: (a) Pure force curves received for the different microgels with a BL-
ACA40TS cantilever, used for the calculation of E moduli. (b) Inset of (a)
highlighting the attraction before the actual indentation. For the microgels
with lower cross-linker amount (MG-cg; pg and MG-cp; ps), the microgel’s
height is so small that the cantilever already touches the substrate’s sur-
face before reaching the trigger point. This could damage the tip when
forces get too high. However, the measurement of 10 different microgels
with the same tip showed no large deviations in force curves and E mod-

uli, so we conclude that the tip stays intact.
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Figure A29: (a) Exemplary force curve of MG-cp, ppo microgel fitted by different meth-
ods: either a constant indentation range 6 or a constant force range F was
chosen. (b) Inset of (a) visualising the choice of fitting values. Constant

forces above 100 pN cannot describe the force curve adequately.
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Figure A30: (a) E moduli obtained from 10 force curves of each microgel particle plot-
ted over the concentration of BIS cpis and injected DMA cpma injected, €al-
culated by fitting the approach force curves with a constant indentation
range of 0 — 40%. Light grey symbols correspond to results obtained by
Kithnhammer et al.>°. For MG-cpp p15 and MG-cgp poo, the approach force
curves were fitted additionally with a constant force range of 100 pN (open

symbols).
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A6.1 Increasing packing density
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Figure A31: Exemplary force curves of the microgel samples prepared with an increas-
ing packing density for (a) the pure PNIPAM microgel MG-cgypp and
(b) the P(NIPAM-co-DMA) microgel MG-cgy p19. The approach curve is
illustrated as continuous line, while the retract curve is illustrated as a
dashed line.
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Table A4: Relevant parameters of colloidal probe measurements on samples prepared

in by the Langmuir-Blodgett technique with different surface pressures I1
for (a) the pure PNIPAM microgel MG-cpy po and (b) the P(NIPAM-co-DMA)
microgel MG-cpy p1p: mean colloidal probe radius Rp (derived from SEM
images), mean indentation depth 6, contact radius a (eq. and contact

area A (eq.3.23) calculated from an average of 10 force curves.

Microgel ~ packing density ~ Rp / pm 5 / nm a / nm A / pm?
MG-cg2, o Ip 214+0.03 1146+125 49524272 3.04+0.33
mp 214+0.03 193.0+18.6 6427313 5.07+048
dp #1 214+0.03 131.1+183 541.7+£372 3.63+0.48
dp #2 2.14+0.03 143.6 155 554.4+30.17 3.80+£0.41
MG-cgz p1o Ip 214+0.03 97.6+16.7 457.0+£39.2 259+0.44
mp 214+£0.03 100.8+12.8 4644+29.7 268+0.34
dp #1 214+£0.03 828+73 4209+188 2214020
dp #2 214+0.03 81.1+93 416.6xt241 216=x0.25




(a) MG-cg; po
Ip

Figure A32: SEM images of colloidal probes used for force spectroscopy measurements
on samples prepared by the Langmuir-Blodgett technique at different sur-
face pressures IT: 5mNm ™!, 21 mNm~! and 24 mN m™}!, resulting in dif-
ferent packing densities - low packing (lp), medium packing (mp) and
dense packing (dp). (a) shows images of colloidal probes used for the pure
PNIPAM microgel MG-cpy po and (b) for the P(NIPAM-co-DMA) microgel
MG-cgp p10-

Ageing effect of microgel layer and colloidal probe

As explained in chapter[3.6.2) force maps were conducted at different positions on the
silicon wafers (A, B and C) to check for ageing effects arising from material fatigue
or due to contaminations. The normalised adhesion force F,q, A~ of each indepen-
dent spot is given in fig.[A33|(a) for the pure PNIPAM microgel MG-cp pg and in (b)
for the P(NIPAM-co-DMA) microgel MG-cgy p1p. The microgels were deposited on
silicon wafers using the Langmuir-Blodgett technique at different surface pressures
GmNm~!, 2ImNm~! and 24mNm™!). This results in different packing densities:
low packing (Ip), medium packing (mp) and dense packing (dp).

For the pure PNIPAM microgel MG-cpy pp with a dp (named dp #1 in the following),
Fqn AL clearly decreases with the ongoing measurement. Therefore, the measure-
ment was repeated with a new, cleaned colloidal probe (see fig.[A32) at a different
position on the silicon wafer. The measurement is named dp #2. For the repeated
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measurement, the normalised adhesion force F,q, A~! decreases as well, indicating an
ageing effect. Values of both measurements are in good agreement with each other,
demonstrating the reproducibility of the results. For the remaining samples, no ageing
effects were observed.

(a) (b)
2 T T T 2 T T T
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m p = Ip
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Figure A33: Normalised adhesion force F,qh A~! of (a) the pure PNIPAM microgel
MG-cpp pp and (b) the P(NIPAM-co-DMA) microgel MG-cp; p1o, calculated
from force maps conducted at different positions (A, B and C) at the silicon
wafer with a trigger point of 15nN. Due to ageing effects, measurements
were repeated on the dp sample of the pure PNIPAM microgel MG-cp; po
(dp #1 closed symbols and dp #2 open symbols).

Densely packed P(NIPAM-co-DMA) microgels

The pure PNIPAM microgel exhibits superior adhesion compared to the P(NIPAM-
co-DMA) microgel for high packing densities. To conduct a more comprehensive
assessment and validation of this phenomenon, a new P(NIPAM-co-DMA) microgel
sample with a dp was prepared, referred to as dp #2. The AFM scan of this sample
is illustrated in fig.[A34]in comparison to the first sample prepared with a dp (dp #1).
Force spectroscopy measurements on the sample dp #2 were conducted with a new
colloidal probe. The SEM image of the colloidal probe is given in fig.[A32] The average
normalised adhesion force F,q, A™! aligns with the results obtained for the initial
sample as illustrated in fig.[A35]



nm

Figure A34: AFM scans of two different samples prepared by the Langmuir-Blodgett
technique with a surface pressure IT of 24mNm ™! resulting in a dense
packing ("dp") for the P(NIPAM-co-DMA) (named dp #1 and dp #2). Col-
loidal probe measurements have been performed on both samples to test

the reproducibility of the results.
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Figure A35: Averaged normalised adhesion force F,qp, A~1 of the P(NIPAM-co-DMA)
microgel MG-cpy p1p in dependence of the packing density. The open
rhomboid symbol illustrates the value obtained from the repeated mea-

surement dp #2.
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A6.2 Increasing DMA amount

Table A5: Relevant parameters of colloidal probe measurements on samples prepared
by the Langmuir-Blodgett technique with a mp for the pure PNIPAM micro-
gel MG-cgp po and the P(NIPAM-co-DMA) microgels with increasing DMA
amount (MG-cgp,ps, MG-cpy p1p and MG-cpp p15): mean colloidal probe ra-
dius Rp (derived from SEM images), mean indentation depth &, contact ra-

dius a (eq.]3.22) and contact area A (eq.[3.23) calculated from an average of

10 force curves.

Microgel Rp / pm 5 / nm a / nm A / um?

MG-cgppp  2.124£0.04 19334152 639.74+259 5.0340.40

MG-cgps  2.124+0.04 122.0+£7.3 508.6+16.0 3.20+0.20

MG-cgyp1p 2.124+0.04 102.8+12.0 467.3+27.6 2.71+0.32

MG-cgyp1s 2.124+0.04 841487 42204222 221+0.23
(a) MG-cg; po (b) MG-cg; ps

Figure A36: SEM images of colloidal probes used for force spectroscopy measurements
on samples prepared with the Langmuir-Blodgett technique with a mp for
(a) the pure PNIPAM microgel MG-cp; pg and the P(NIPAM-co-DMA) mi-
crogels with increasing DMA amount ((b) MG-cpp ps, (¢) MG-cgz p1o and

(d) MG-cpy,p15)-
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Figure A37: Pure force curves received for the different microgels indented by the col-
loidal probe, used for the calculation of the global modulus Egp.
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Figure A38: The average adhesion force normalised by the colloidal probe radius
Faan Rp ! of the different microgels in dependence of the sum of cross-

linker BIS concentration cpis and injected DMA amount cpya injected fOr
better comparison to literature values.
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A7 AFM art

Figure A39: Top down view, provided by the Cypher AFM camera, on a cantilever and
a random microgel sample. Due to large variances in height and rough-
ness of the sample’s surface, light is scattered differently in different re-
gions of the sample. As a result, the sample visually resembles a night

sky.



Figure A40: Top down view, provided by the MFP-3D AFM camera, on a cantilever

and a random microgel sample. Due to the presence of a thin moisture
film on the sample’s surface, incident light is partially reflected at both the
top and bottom surface of the film, leading to interference effects. This
interference, involving both constructive and destructive interference, is
influenced by the film’s thickness and the angle of incident light. As a
result, the surface of the sample displays vibrant colours, resembling a

rainbow.
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