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Abstract

Abstract

Microgels are three-dimensional, crosslinked polymer networks with high internal
solvent contents. In fundamental science, microgels are often considered as model
for soft colloids. For life science microgels are of particular intertest due to their
comparability to cells or viruses in terms of length scale and general soft behavior.
Furthermore, microgels can exhibit responses towards external stimuli like
mechanical force or ionic strength, which is comparable to biological systems. Here,
microgels can be used as less complex systems, leading to a better understanding of
fundamental processes, for example on the response of soft particles towards
crowded environments. Therefore, the aim of this thesis was to establish a model
system of core-shell microgels, for the investigation of soft colloids in dense packings
via small-angle X-ray scattering (SAXS). The core-shell microgels consist of an
inorganic core made from gold or siica and a thermoresponsive
poly-N-isopropylacrylamide hydrogel shell, providing in situ control over the volume
fraction of the system. Via the scattering intensity of the cores in SAXS, particle
number concentrations became accessible, which is otherwise hard to achieve for soft
and deformable systems like microgels. Core-shell microgels in the dilute state were
characterized in great detail by electron microscopy and various scattering techniques
like temperature-dependent dynamic light scattering and small-angle X-ray or neutron
scattering. Dispersions of core-shell microgels in dense packings, forming crystalline
structures, were investigated by synchrotron SAXS in order to receive information
about the morphology, size and the structure of the self-assembled microgels in
crowded environments. The photonic properties of the colloidal crystals were used to
follow the phase transition of the core-shell microgels between the crystalline and fluid
phase by temperature-dependent optical spectroscopy. In addition, the influence of
electrostatics on the phase behavior of the core-shell microgels could be studied by
the screening of charges, exhibited by the microgels, due to an alteration in the ionic

strength of the dispersion.
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1. Introduction

Scattering methods are powerful techniques, providing access to structural
information from the atomic to colloidal length scale. Early examples are the
Rutherford experiment! or crystal structure analysis via X-rays established by Bragg
in 1913.2 Scattering based techniques, are also widely applied as analysis methods
in colloid science, focusing on elastic scattering processes between photons or
neutrons with condensed matter. Starting with the work of Tyndall who reported on
the influence of disperse media like smoke on visible light, scattering methods like
dynamic or static light scattering became fundamental tools in modern colloid science.
In addition, radiation sources for highly brilliant and coherent neutrons or X-rays allow
for even more complex experiments like small-angle scattering, to study colloids on

different length scales and various contrast situations.

In the past years microgels became a prominent class of materials in colloid science,
being topic of numerous publications and are often considered as model systems for
soft colloidal particles.3'" Microgels consist of a crosslinked polymer network, swollen
by large amounts of solvent.”-8 1 Due to their size, high internal solvent contents and
overall polymeric nature, microgels exhibit characteristics attributed to colloids,
surfactants and macromolecules. % 1216 Depending on their composition, microgels
are also prominent for their responsive behavior towards external stimuli like pH, ionic
strength or temperature.'”2® Since introduced by Pelton and Chibante in 1986,2*
microgels based on poly-N-isopropylacrylamide (PNIPAM) are a prominent example
of responsive hydrogels, featuring the characteristic volume phase transition (VPT),25
27 around the respective polymers lower critical solution temperature at 32 °C.28
Microgels based on PNIPAM are usually synthesized by a precipitation polymerization
in aqueous environment, above the VPT temperature (VPTT) and in presence of the
crosslinker N,N’-methylenebisacrylamide (BIS). Due to the slightly faster consumption
of the crosslinker during the synthesis, the microgels exhibit certain inhomogeneities
in their internal network structure, accompanied by a gradient in crosslinking- and
polymer density. 25 2931 Figure 1.1 shows a schematic illustration of a microgel below
and above the VPTT. In the swollen state (T < VPTT) the microgel exhibits a higher
polymer density in the center which decreases towards the outer periphery where the
loosely crosslinked chains nearly resemble free polymer.2 In the collapsed state
(T > VPPT) the microgel is decreased in size and possess a rather homogenous

polymer density.3?
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Temperature

4_'

T<VPTT T>VPTT

Figure 1.1 Schematic illustration of a thermoresponsive microgel. Below the VPTT, the

microgel is in a swollen state (left), while it is in collapsed state above the VPTT (right).

In general, microgels are of great interest in science as they are highly versatile in
terms of preparation or post-synthetic modifications and therefore can be used as
simplified model systems to investigate soft particle interactions33-3 or to mimic or
interact with biological systems.37-40 Application driven investigation of microgels focus
on topics like viscosity modifiers, 4! 42 color changing systems*3-4% and printing.46
Beyond modifications in terms of the polymer composition, microgels are also suitable
for the fabrication of hybrid systems, for example hosting inorganic particles or even
enzymatic units in their polymer network. Therefore, microgels can exhibit even more
functionalities like for example optical or plasmonic properties as shown by Karg et
al.#7-%0 Furthermore, the group of Ballauff proposed hybrid microgel systems with
catalytic activity, possessing immobilized enzymes or metal nanoparticles, as

nanoreactor for chemical reactions.1-54

Due to their colloidal characteristics, microgels show assembly phenomena
comparable to hard spheres in 2D at liquid-interfaces or in 3D in the bulk phase. Here,
the microgels exhibit more complex interactions, compared to hard spheres, due to
their soft and deformable character.3% 55 When the interaction potential between two
hard spheres is given as function of center-to-center distance, the potential is low until
both spheres are in direct contact and the potential drastically increases. As microgels
are soft objects, the interaction potential slightly increases when the objects come into
contact and further increases when the center-to-center distance is decreased.3® This

is characteristic for the interaction between soft particles.
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The investigation of the 2D phase behavior of microgels is often performed in the dried
state, with microgels being transferred from the liquid-liquid or liquid-air interface onto
a solid substrate. These samples are investigated ex situ by microscopy techniques
like atomic force microscopy®® 57 scanning electron microscopy%® %° or optical
microscopy.®* During the compression of microgel monolayers at the interface, an
isostructural phase transition was observed ex situ in the dried state. Meaning that at
a certain compression, interparticle distances are drastically reduced and microgels
seem to collapse.57-60 A recent study performed by Kuk et al. investigated the phase
behavior of microgels at the liquid-air interphase during the compression of the
monolayer in situ, by small-angle light scattering.6' Here, the isostructural phase
transition was not observed at the liquid-air interface and the origin of this process
might be related to the transfer of the microgel monolayer from the interface to the
substrate and the consequent drying of the sample. In addition to the mostly
hexagonally ordered structures achieved by fluid interface assisted self-assembly of
microgels, even more complex structures like honeycomb structures or Moiré lattices

can be achieved by for example the deposition of a second layer of microgels.62-64

Microgels can undergo spontaneous self-assembly in 3D. For that, the microgels need
to occupy a certain volume in the dispersion?? 6567 or exhibit long ranged interparticle
interaction, often induced by the presence of charges.55 %8 The structures formed by
the microgels express crystalline characteristics and can be described as analogues
to common crystals, based on atoms, but on a colloidal length scale. Crystal structures
found for such monomodal systems are body centered cubic (bcc),%® 70 face centered
cubic (fcc),%8 7' hexagonally closed packed (hcp) or random hexagonally closed
packed (rhcp) structures.”” The hcp and fcc structure exhibit the highest possible
packing efficiency for spherical systems. With microgel dimensions comparable to the
wavelength of visible light, the colloidal crystals can exhibit photonic properties, as
light gets reflected on crystalline planes comparable to Bragg reflections in crystal
structure analysis. In optical spectroscopy, the photonic properties of the colloidal

crystals manifest as Bragg peaks in the recorded spectrum.43.47.72, 73

When studying microgels in dense packings, whether studies are focused on
structural properties or on the response of the microgels towards crowded
environments, the analysis can become challenging. Figure 1.2 shows a simulated
scattering profile of hard spherical particles, where the scattering intensity is given as

function of the magnitude of the scattering vector q.
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The form factor (P(q)) provides information about the size, shape and morphology of
the investigated particle. Information about the spatial correlation of the particle
ensemble and interparticle distances are provided by the structure factor S(g). The
structure factor maximum (S(q)max) and the first form factor minimum (P(q)min) are
indicated by black arrows. As shown in Figure 1.2, the structure factor and the form

factor are usually superimposed as both occur on similar length scales.
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>
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Figure 1.2 Simulated scattering profile from a sample of polydisperse hard spheres consisting
of a structure factor S(q) and form factor P(q) contribution. Structure factor maximum (S(q)max)

and the first form factor minimum (P(q)min) are indicated by black arrows.

In contrast to hard sphere like systems, microgels are soft and deformable objects
which can also undergo deswelling and interpenetration processes in dense
packing.”#7® Therefore, the form factor of the microgels can be influenced by the
packing density, which complicates the accurate extraction of the structure or form
factor from the recorded scattering data. This extraction needs to be performed to get
insights about the structure or morphology of the microgels. Even in microscopy, the
interpenetration and deformation of microgels can hamper the spatial separation of
individual microgels and the analysis of the recorded data becomes challenging. An
additional challenge for the investigation of microgels in dense packings is the
determination of particle number concentration and, correspondingly, the volume
fraction. This task is rather difficult due to their inhomogeneous density and high

internal solvent contents.
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In microscopy, the challenge of deformation and interpenetration processes were
addressed by the application of high-resolution optical microscopy techniques like
fluorescent confocal laser scanning microscopy or direct stochastic optical
reconstruction microscopy (dSTORM). 76 77 Figure 1.3 shows two color dSTORM
images of microgels with different concentrations (mass contents / wt %).7®¢ The
individual microgels as well as their response towards the crowded environment are
presented in real space images with high spatial resolution. At low concentrations
(10.8 %) the microgels are of nearly spherical shape and begin to interpenetrate as

the concentration increases. At the concentration of 18.7 wt %, the packing density is

high enough to force the microgels to undergo deformation.

Figure 1.3 Two color super resolution microscopy images (dASTORM) of densely packed
microgel pairs. Blue contour lines for the 23.6 wt % sample indicate the overlap of both
microgels. The length of the scale bar is 500 nm. From G. M. Conley et al., Jamming and
overpacking fuzzy microgels: Deformation, interpenetration, and compression. Sci. Adv. 3,
(10), 2017, e1700969.7¢ Reprinted with permission from AAAS.

In scattering experiments, the challenge of interpenetration and deformation of
microgels in dense packings with the consequent influence on the form factor can be
addressed by the use of small-angle neutron scattering (SANS). The groups of
Schurtenberger and Richtering made use of the special contrast situation provided by
SANS, probing dispersions consisting of deuterated and hydrogenated microgels with
similar sizes. In the group of Schurtenberger a zero average contrast approach was
applied to investigate single-particle properties in SANS. 7879 Here it was shown that
weakly charged microgels with low cross linker density exhibit interpenetration
processes at high packing densities. In contrast, ionic microgels tend to show
deswelling and do not undergo deformations. Richtering and Scotti made use of
microgel dispersions consisting of a majority of deuterated particles in D20, creating
a crowded environment for the microgels, while the recorded signal in SANS is related

to the spatially separated, hydrogenated microgels.”4 80
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Therefore, the form factor of the microgels is only related to the hydrogenated
microgels, providing information about microgel size and shape in dense packings.
These studies revealed that the microgel morphology and stiffness, which is related
to the crosslinker content, influences whether the particles exhibit deswelling or
deformation. Small-angle scattering also provides structural insights into assemblies
of microgels, especially for crystalline samples, where the high spatial correlation of
particles results in pronounced structure factors, giving access to interparticle spacing
and the crystal structure.86. 73, 81,82

An important aspect for the investigation of microgels in dense packings is the
influence of electrostatics. Here, one can distinguish between two classes of
microgels. Microgels being only weakly charged or even considered as neutral, when
charges are introduced by the initiator, and ionic microgels. lonic microgels usually
consist of a main monomer or an additional comonomer which features ionic groups
like carboxylic acids, introducing the respective functionalities into the polymer
network during the microgel synthesis.?!: 79 8 These particles often feature
pronounced responses towards external stimuli like ionic strength or pH, as well as a
prominent ionic contribution in the interaction potential.3®> Regarding weakly charged
and ionic microgels, Bergman et al. presented a system, consisting of PNIPAM-based
microgels copolymerized with pH responsive acrylic acid.®3 Due to the carboxylic acid,
the microgels are only weakly charged at low pH, where the acidic groups are
protonated and charges are only associated to the initiator. For an increase in pH, the
carboxylic acid groups are deprotonated and the microgels change into an ionic state
with much higher charge density. It was found that the ionic strength of the dispersion
has distinct influences on the morphology and size of the microgels in their respective
ionic and only weakly charged state. In a recent study, Petrunin et al. investigated the
influence of charges on the response of microgels towards crowded environments.?
Similar to Bergman et al., the microgels’ ionic character could be adjusted by pH. In
the weakly charged state, the microgels’ response towards the dense packing was
moderate deswelling followed by faceting, while in the ionic state, the microgels show
pronounced isotropic deswelling without getting into direct contact. Bocanegra-Flores
et al. presented microgel dispersions, exhibiting crystalline structures at very low
volume fractions and temperatures above the VPT, attributed to electrostatic
interactions.®® The microgels used in this study can be considered as only weakly

charged, as ionic functionalities are only introduced by the initiator.
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These studies show that microgel properties related to the presence of charges need

to be considered when investigating their phase behavior.

In his work “Pathways and challenges towards a complete characterization of
microgels” Scheffold stated that one of the challenges in the field of microgels is their
characterization in dense packings." The author explained that scattering methods
exhibit limitations in respect to the characterization, especially for hybrid microgels
and densely packed systems. These restrictions are mostly related to anisotropy,
potential deformations of microgels and the challenge of a sufficient extraction of the
form and structure factor contributions from scattering profiles recorded in dense

packings.

The aim of this thesis was to actually make use of hybrid microgels in scattering
experiments, creating special contrast situations in synchrotron small-angle X-ray
scattering (SAXS), in order to investigate densely packed dispersions of microgels.
These core-shell microgels are schematically shown in Figure 1.4 and consist of a

PNIPAM hydrogel shell and an inorganic gold or silica core.

Gold core Silica core

Figure 1.4 Schematic illustration of the core-shell microgels consisting of a PNIPAM shell and

a gold (left) or silica core (right).

At dense packings, the core-shell microgels should self-assemble into colloidal
crystals and express pronounced structure factors in SAXS. For the gold core-shell
microgels the scattering of the gold core enhances the overall scattering intensity of
the microgel. In addition, the form factor contribution of the gold core to the respective
scattering profile dominates the form factor of the core-shell microgel and oscillations

related to the shell are less pronounced.
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Due to the less significant contribution of the microgel shell to the final scattering
profile, the extraction of the structure factor recorded from core-shell microgels in
dense packings is simplified, providing access to information about the particle
assembly. One challenge for the investigation of microgels is the extraction of particle
number concentrations and consequently accurate volume fractions. For the microgel
system used in this work, the number of cores is accessible by the scattering intensity
of the cores in SAXS. The microgels possess only a single core and therefore the
number of cores in the dispersion equals the number of core-shell microgels. As a
result, the particle number concentration of microgels becomes accessible, which is

a quantity otherwise not easy to determine for microgels.

A similar system of core-shell microgels with cores consisting of silica instead of gold
was also employed to study microgels in dense packings. Changing the core material
from gold to silica maintained access to particle number concentrations via SAXS.
Additionally, the larger shell size provided a more pronounced form factor contribution
of the microgel shell to the scattering profile. The core-shell microgels formed colloidal
crystals exhibiting multiple diffraction orders of Bragg peaks in SAXS. This indicates
a high spatial correlation between the microgels which is typically found for crystalline
structures. In this work, the high number of diffraction orders in the recorded scattering
data, in combination with the narrow width of the Bragg peaks, even enabled the
determination of the crystal structure and the domain sizes. For the silica core-shell
microgels the form factor contribution of the polymer shell to the SAXS profile is much
more pronounced than for the gold core-shell microgels. This is related to the larger
size of the microgel shell and the lower contrast of the core material. The combination
of narrow Bragg peaks and the low polydispersity of the core-shell microgels resulted
in the presence of pronounced form factor oscillations. These are related to the
microgel shell and even enabled form factor analysis of the core-shell microgels in
dense packings. Due to the accurately modeled form factors, it became also possible

to extract the structure factor from the scattering profiles.

The thermoresponsive properties of the core-shell microgels provide control over their
volume fraction in the dispersion. In combination with the photonic properties of the
crystalline samples, this enabled the investigation of the phase transition of the
microgels between the crystalline and fluid phase, by temperature dependent

absorbance spectroscopy.
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These phase transitions can be induced by temperature, as the microgel shell
collapses upon heating and thereby melting or crystallization processes can be
induced. This is schematically shown by the core-shell microgels in Figure 1.5. At low
temperatures and high-volume fractions, the microgels are in dense packings and
form a crystalline phase while they undergo a transition into a fluid phase when
temperatures are increased. The temperature dependent generalized volume
fraction ({) of the core-shell microgels is shown in Figure 1.5 and normalized to its
value at 20 °C.
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Figure 1.5 Normalized, generalized volume fraction (¢) of the silica core-shell microgels as
function of temperature. Schematic core-shell microgels in crystalline and fluid state are

indicated at low and high temperatures, respectively.

Optical spectroscopy can be used as complementary method to SAXS for the
investigation of colloidal crystals with photonic properties. The results of both methods
can be compared quite well as they probe rather large sample volumes and provide
insights into the phase behavior of the microgels. The investigation of the same
samples via SAXS and optical spectroscopy even provides a direct relation between
the domain sizes and spatial correlation of the crystalline samples and their optical
properties. During the investigation of the phase transition of the core-shell microgels
and their fluid phase, a certain electrostatic contribution to their phase behavior was
found. The influence of electrostatics on the core-shell microgels was studied by
comparing their phase behavior in absence and presence of salt.
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Here, the ions introduced into the dispersion through the addition of salt are screening
the charges of the microgels and reduce electrostatic interactions. Nevertheless, the

core-shell microgels maintained colloidal stability above and below the VPT.

The influence of charge screening on the size and morphology of the microgels was
studied by various scattering methods like SAXS, SANS and temperature-dependent
DLS. Furthermore, temperature-dependent measurements of the electrophoretic
mobility were conducted to investigate the electrostatic properties of the microgels.
Concentrated dispersion with screened and unscreened charges in the crystalline
(low temperature, swollen) and fluid (high temperature, collapsed) phase were studied
by SAXS. Finally, due to the photonic properties of the samples, the influence of
screening on the phase behavior of the core-shell microgels could be investigated by
temperature-dependent optical spectroscopy. These measurements even enabled the
preparation of a temperature-dependent phase diagram of the microgels. The phase
diagrams reveal the significant influence of charge screening on the phase behavior
of the microgels in dense packings. Due to the accessibility of the particle number
concentration, the phase behavior could be presented as function of the generalized
volume fraction. This might be a feasible base for theoretical and simulation based

works in the future, which study the phase behavior of microgels.
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2. Theoretical Background

2.1 Microgels

Microgels are a specific category of polymer-based materials, consisting of a
three-dimensional, crosslinked polymer network exhibiting high internal solvent
contents. The term microgels was first introduced by Baker in 1949, working on
synthetic rubber, where he observed solvent swellable polybutadiene particles.8
Microgels are discrete particles with average diameters between 20 nm and 50 ym
consisting of various materials.8® Currently, research mostly focuses on aqueous
systems which are called hydrogels.85 Furthermore, in comparison to polymers which
get solvated under good solvent conditions, microgels form dispersions and swell to
a certain extent, incorporating high amounts of solvent.85 Due to their soft, polymeric
nature, with high internal solvent contents and total dimensions up to several microns,
microgels feature characteristics attributed to colloids, macromolecules and
surfactants.’® 1216 Despite the most prominent example being crosslinked
poly-N-isopropylacrylamide (PNIPAM) microgels, the variety of monomers and
crosslinkers, even different types of crosslinking, provide great variability and a high
degree of flexibility towards designing microgels for potential applications. Commonly,
crosslinking of polymer-chains is achieved by two potential processes. Physical
crosslinking, where the polymer-network is made of loops and entanglements
between the polymer-chains. lonic crosslinking which is a subsection of physical
crosslinking. Here the polymers feature a certain polyelectrolyte-character and act as
macroions, in which case oppositely charged ions or respective bifunctional molecules
act as linkers between the polymer chains. The final type is covalent crosslinking,
where polymer-chains are connected by covalent bonds. In microgel synthesis these
bonds are often introduced by comonomers, described as crosslinkers, which exhibit
two or more polymerizable units like vinyl, methacrylic and acrylamide groups.
Microgel properties can be further tailored by adding additional comonomers during
synthesis3" 86-88 and even the initiator used to start the polymerization can influence
the final properties of the particles.8® With their high internal solvent content, leading
to a generally soft behavior, microgels are often referred to as model colloids, to
investigate soft particle interactions.® 35 This made microgels a prominent topic in
interdisciplinary and fundamental research in the fields of polymer chemistry, colloid

physics, material science and simulation focused computer science.? 1. 35 90, 91
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2.1.1 Influence of Temperature on the Morphology of Thermoresponsive

Microgels

Thermoresponsive polymers typically possess a lower or upper critical solution
temperature (LCST/UCST). Critical solution temperatures describe how two
substances can form a continuous phase and separate into two phases depending on
the temperature and composition of the system. Figure 2.1 shows a graphical
illustration of the LCST- and UCST behavior based on a schematic phase diagram.
The solid black lines indicate the miscibility gaps of the system. Here, the green and
blue circles indicate the UCST and LCST, respectively. In the 1 phase state, both
substances are miscible and form a solution. When the miscibility gaps are crossed
due to changes in temperature or composition the solution undergoes a phase
separation (2 phase state). The LCST or UCST marks the lowest or highest

temperature where the phase separation can occur.92

PNIPAM is a LCST-type polymer, possessing a LCST at around 32 °C.28 When the
polymer is dispersed in water and the dispersion is heated above 32 °C, it undergoes
a phase separation. The phase separation takes place on a microscopic level and is
expressed by an increase in turbidity of the sample, rather than a separation in two
continuous phases. This is often monitored by turbidity measurements and
characterized by the cloud point.%3 94

2 Phases

LCST
1 Phase
UCST

Temperature

2 Phases

Composition

Figure 2.1 Schematic phase diagram illustrating LCST and UCST behavior as result of a
miscibility gap.
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For PNIPAM based microgels the thermoresponsive properties are usually
characterized by the volume phase transition temperature (VPTT). The VPTT is
defined by the temperature-dependent evolution of the microgels size. At low
temperatures the microgels are in the swollen state with high internal solvent contents.
Upon an increase in temperature and reaching the VPTT the microgels expel solvent
and decrease in size. The temperature at which the microgel size reduction is most
pronounced is defined as the VPTT. Therefore, by definition, the VPTT of a microgel

differs from the LCST of a thermoresponsive polymer.

The reason for PNIPAM possessing a LCST in aqueous solution is related to its
composition. With hydrophilic domains associated to the amide-groups and
hydrophobic domains being the isopropyl group and the polymer backbone, PNIPAM
exhibits an amphiphilic character. At low temperatures, water molecules hydrate the
hydrophobic domains, lowering the entropy of the water molecules, while the system
gains in enthalpy due to the formation of stable hydrogen bonds between the solvent
molecules. This is called hydrophobic hydration. With the now “hydrated” hydrophobic
domains, water molecules which do not participate in the hydration process possess
high entropy inside the polymer network and microgels are able to incorporate large
amounts of solvent.?® When the temperature of the dispersion is increased above the
LCST of 32 °C, the degree of hydration regarding the isopropyl groups is decreased.
In contrast to the former dominating polymer-water interactions, polymer-polymer
interactions are now favored. With the decrease in hydration, the entropy of the “free”
water molecules inside the polymer network is decreased, forcing them to leave the
system. This is accompanied by gains in enthalpy and the formation of polymer
globule or regarding microgels, deswelling and collapsing. The water content of
collapsed PNIPAM based gels is still around 50% and the system cannot be described
as completely hydrophobic.%® Therefore, PNIPAM does not undergo a transition from
a hydrophilic to a hydrophobic material when heated above the LCST but rather
becomes less hydrophilic compared to its behavior below the LCST/VPTT. In
conclusion, the whole process is driven by a complex interplay between entropic and

enthalpic processes, still not resolved to one hundred percent.
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Alongside to PNIPAM based microgels, there are additional polymers exhibiting a
LCST behavior in water, which are used for synthesizing microgels. Some of these
polymers share similar molecular structures to PNIPAM. Examples being microgels
consisting of poly-N-n-propylacrylamide (PNNPAM) with a VPTT around 21 °C®” and
poly-N-isopropylmethacrylamide (PNIPMAM) exhibiting a VPTT at
approximately 44 °C.97. % When the chemical structures of these polymers are
compared to PNIPAM, the VPTT of the microgels shifts towards higher temperatures
when the hydrophobicity of the microgels increases. The same trend can be observed
for PNIPAM microgels with an increasing crosslinker content, shown in Figure 2.2a.
Here, the normalized volume of a microgel is given as function of the temperature for
nominal crosslinker ratios of 1 mol% (blue), 5 mol% (green) and 16 mol% (red) with
regard to the monomer content. For an increase in temperature, the volume
decreases and reaches a nearly constant value at high temperatures. The VPTT shifts
from 32 °C to 35 °C, indicated by the dashed lines. This is a result of the increased
crosslinker content of N,N-methylenebisacrylamide (BIS), which increases the
hydrophobicity of the microgel. An increase in the crosslinker content is also
accompanied by a less defined VPT, as the decrease in volume is performed in a
broader temperature section. It is also shown that the crosslinker content has a
pronounced influence on the swelling capacity of the microgels. The particle volume
is normalized to its value at 20 °C and upon heating a relative decrease of 92 % in
volume is exhibited by the lowest crosslinker ratio of 1 mol%, while the microgels with
a crosslinker ratio of 16 mol% only exhibit a decrease of 71 % in volume. A first
theoretical approach to describe the swelling behavior of microgels is based on the
classical binary Florey-Rehner theory.?®: 190 But even with modifications, when
describing the swelling behavior of microgels, the model can suffer from difficulties in
the interpretation of physical parameters.'0'. 192 This is amplified by the versatility of
microgels in terms of the composition with different comonomers, making the

prediction of their behavior towards temperature even more challenging.
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Figure 2.2 Influence of temperature on microgels. (a) Normalized volume as function of
temperature for microgels with nominal crosslinker contents of 1 mol% (blue), 5 mol% (green)
and 16 mol% (red). Volumes are based on temperature dependent dynamic light scattering
measurements. Dashed lines indicate the respective VPTTs and normalization was performed
with respect to the volume at 20 °C. Data was provided by Ben Pfeffing and Marius Otten.
(b) Schematic radial density profile of the polymer volume fraction of microgels with different
nominal crosslinker content in the swollen state (mixed dashed and solid lines, 20 °C) and the
collapsed state (solid lines, 50 °C, assuming 50 % internal solvent content). Solid lines
indicate the homogeneous center of the microgel and dashed lines are related to the
inhomogeneous outer part possessing a pronounced decay in polymer density. Solid and
dashed circles on the schematic microgels indicate the same section of the particle with

respect to the given profiles. Profiles are based on the fuzzy sphere model.® 3

When PNIPAM based microgels undergo the VPT, their morphology changes. In the
swollen state, the center part of the microgel possesses a drastically higher polymer
density than the outer part. This is a result of the faster consumption of the crosslinker
(BIS), compared to the main monomer, during the precipitation polymerization.?®
Therefore, the microgels exhibit a gradient in crosslinking density towards the
periphery of the particle.?% 2931 When heated above the VPTT, the microgel collapses
and decreases in size, as solvent molecules leave the polymer network and a nearly
homogeneous particle, in terms of its polymer density is formed. Figure 2.2b provides
schematic density profiles where the polymer volume fraction (¢rolymer) is given in
dependence of the radius, for microgels with increasing crosslinker content from low
(blue) over medium (green) to high content (red) in the swollen (20 °C) and collapsed
state (50 °C). The profiles were calculated based on the fuzzy sphere model® 3¢ and
the values of groymer were approximated based on literature.*?
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Profiles referring to the swollen state consist of a solid and a dashed line section. The
solid section is related to the more homogenous inner part of the microgel, while the
dashed section indicates the decrease in groymer related to a decrease in crosslinker
density. Schematic microgels in their swollen and collapsed state are shown in
Figure 2.2b where the dashed and solid circles, indicate the respective section in the
profiles. In the swollen state, some outer parts of the polymer chains are located
outside of the dashed circle referring to dangling ends which nearly act as linear
polymers. The density profiles referring to the collapsed state consist of a solid line
and exhibit a clearly defined decay in polymer density at the respective radius of the
collapsed microgel. Here, the microgels possess no gradient in polymer density and
the dangling ends are collapsed on the surface of the particle. In conclusion, the
microgel exhibits a gradient in polymer density in the swollen state and a rather
homogenous structure in its collapsed state where it can be described as a

homogenous sphere.? 103
2.1.2 Core-Shell Microgels

Core-shell microgels usually consist of an inorganic or organic core and a microgel
shell. The implementation of a core can provide further functionalities and provides
possibilities to tailor the system. For example, microgels with a core and shell
consisting of two different responsive polymers can be used to obtain an even more
adjustable core-shell microgel. For example when both polymers are responsive
towards temperature, but exhibit differences in their VPTT, the microgels can exhibit
a unique two-step decay in their size as response to temperature.'94-1% Polymeric
cores of non-water swellable or responsive materials, such as polystyrene are also
encapsulated in microgels, being widely used in literature as model colloids to
investigate particle assembly or rheological properties of dispersions.®” 197 Inorganic
core materials, like silica, iron-oxide, gold or silver can be introduced into core-shell
microgels to provide magnetic, optical, plasmonic or catalytic properties.*8. 108111 Silica
particles provide cost-efficient and well established synthesis routes yielding
monodisperse particles with good size control.''?1'4 Encapsulation of a silica core in
a microgel shell followed by dissolving the core yields hollow microgels with voids in
the center of the particle.''5 "1 Due to their morphology, it is interesting to study the
microgels response towards crowded environments, as they possess an increased

potential for performing deswelling and deformation processes.”5 117, 118
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For the investigation of microgels in crowded environments, core-shell microgels can

also provide specific contrast situations for small-angle X-ray scattering experiments.

In this work, the PNIPAM shell acts as a low contrast spacer to guide potential
assembly processes, while the inorganic core enhances the overall contrast of the
particle. Furthermore, the thermoresponsive shell allows for precise control over the
volume occupied by the microgels in dispersion, more accurately the volume fraction.

This is especially beneficial for investigating microgels in dense packings.

Figure 2.3. schematically shows the synthesis of inorganic core and PNIPAM shell
microgels, with silica (SiO2) or gold (Au) as exemplary core materials. Both types of
core particles were surface functionalized in order to increase the hydrophobicity of
the surface and for silica cores to provide functional groups facilitating covalent
bonding between core and microgel shell.32 5. 119 Here, NIPAM is the primary
monomer and BIS acts as crosslinker in order to build the microgel shell. In general,
the synthesis of thermoresponsive microgels is usually performed by precipitation
polymerization, at temperatures above the LCST of the respective polymer. The
reaction is started by the thermal initiator, potassium persulfate (PPS), incorporating
negative charges in the polymer network. These provide colloidal stability even when
the particles are in the collapsed state. For the encapsulation one can describe the
reaction as seeded precipitation polymerization. It is presumed that oligomers which
are already exhibiting LCST-behavior precipitate onto the hydrophobic cores, being
the first step in the encapsulation process. The functionalized silica cores even
provide polymerizable units on their surface which allow for covalent bonding between
core and shell. From this point on, the shell starts to grow by further accumulating
lower molecular weight oligomers on its surface as well as active chain-growth,
accompanied by the formations of crosslinks by the consumption of free monomer
and crosslinker. If the ratio between number of cores and monomer concentration is
adjusted correctly, each inorganic core acts as seed for a single core-shell microgel.'"®
This method provides high yields of core-shell microgels possessing single cores and
fairly low number of pure microgels without cores. Exemplary TEM images are shown

in Figure 2.3b and c.
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Figure 2.3 (a) Schematic illustration of the synthesis of core-shell microgel systems
possessing inorganic cores, that were used in this work. (b and ¢) TEM images of silica and
gold core-shell microgels with core diameters of 35+ 3 nmand 13 + 1 nm.
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2.1.3 Microgels in Dense Packings

First insights into the phase behavior of colloids in dispersion are provided by the
phase diagram of a hard sphere-like system shown in Figure 2.4, which is based on
the work of Pusey and van Megen.'? At low volume fractions (¢ < 0.49), the
dispersion is in a fluid, unordered phase as indicated by the blue spheres. From a
volume fraction of 0.49, the system undergoes a transition towards the coexistence of
a fluid and a crystalline phase (combination of blue and green spheres). Between
volume fractions of 0.55 and 0.64 the system of spheres can form a crystalline or a
glass phase (red spheres). Above a volume fraction of 0.64 up to the hard sphere limit
of 0.74, only a crystalline phase is to be expected (green spheres). Therefore, the
potential existence of crystalline structures can be expected when a dispersion of
spheres exceeds a volume fraction of 0.49. Microgels being soft and deformable
objects can express a different behavior than hard sphere-like colloids when placed
into dense packings. The reason for this is their difference in the respective interaction
potential. When hard particles are brought into contact, the interaction potential
approaches infinity, which makes further compression impossible. Microgels express
a soft interaction potential, which allows for compression which is characteristic for
soft colloids. The phase behavior of microgels is investigated in 3D with concentrated
dispersions of microgels in the bulk phase 43 66.80.82 gnd also in 2D at interfaces.58 1.
17,121 Due to their softness, microgels can be compressed above the maximum
volume (0.74) or area fractions (0.91) being the upper limit for hard sphere-like

systems.
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Figure 2.4 Schematic representation of the phase diagram for a dispersion of hard spheres.
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Blue spheres refer to the fluid phase, green spheres are related to the crystalline phases and

the glass phase is indicated by red spheres.
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For microgels, depending on the volume fraction of the dispersion, fluid and glassy
phases were observed’?2 123 and in principle the phase behavior is comparable to
hard sphere-like systems. Spherical microgels can also self-assemble into crystalline
structures, which could be a primitive, body-centered-cubic (bcc), face-centered-cubic
(fcc), hexagonally-closed-packed (hcp) or random hexagonally-closed-packed crystal
(rhep) structure for a monomodal system. Here the packing efficiency increases from
primitive to fcc and hcp which are closed packed structures, with maximum packing
efficiency for spheres. The closed packed crystal structures are shown in Figure 2.5
with the indicated ABA (hcp) and ABC (fcc) stacking of hexagonal planes. In the top
left of each stack a schematic unit cell of the respective crystal structure is shown. In
literature, crystalline microgel dispersions often exhibit closed packed crystal
structures, which might be attributed to the respective high packing efficiency.5 66 71,
82 The interaction potential between microgels and the preparation of the obtained
colloidal crystals has a distinct influence on the final structure of the dispersion. Very
soft microgels, with a low degree of crosslinking, exhibited a bcc crystal structure?,
while for ionic microgels a coexistence between fcc and becc structures was found.®°
These coexistence regions in the phase diagram were also indicated by
computational simulations.’?? As the core-shell microgels discussed in this thesis
feature a rather low core-to-shell ratio, a similar phase behavior to common microgels
can be expected for comparable experimental conditions and nominal crosslinker

contents.
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Figure 2.5 Schematic illustration of the closed packed crystal structures hcp (a) with its ABA
stacking and fcc (b) with its ABC stacking of hexagonal planes.
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In dense packings, microgels can undergo several processes which allow them to
exceed the maximum packing fraction of hard spheres mentioned above.'8 124 These
processes are independent of the microgels being in a glassy or a crystalline phase
and are shown in Figure 2.6. Here, a core-shell microgel colored in green is shown
in its dilute state and surrounded by blue colored core-shell microgels in dense

packings, expressing the respective response towards the crowded environment.”*
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Figure 2.6. Potential responses of (core-shell) microgels towards dense packings. Deswelling

(bottom left), interpenetration (bottom middle) and faceting or deformation (bottom right).

Microgels can undergo a deswelling process, reducing their total dimensions
(Figure 2.6 left). This is often referred to as osmotic deswelling, occurring when the
bulk modulus of the microgels is exceeded by the osmotic pressure of the dispersion.
Here, the bulk modulus of the microgels is related to their stiffness.’?* The increase in
osmotic pressure can be ascribed to local concentration maxima of, for example,
polymer or ions. At dense packings, the distance between microgels is drastically
decreased and their periphery might begin to overlap, resulting in a local maximum of
polymer concentration. Therefore, the polymer network responds with deswelling to
resolve the local concentration maximum, as the microgels are not able to increase

the average distance to their neighboring particles.

21



2. Theoretical Background

When the microgels possess charges, which are often incorporated by the initiator,
this effect can occur, even before the microgels are in close contact with each other.
Here, every microgel possesses an individual ion cloud and the overlapping of these
ion clouds can also lead to local concentration maxima, increasing the osmotic
pressure to a point where the microgels undergo osmotic deswelling.25127 If the
microgels do not show deswelling in shell-to-shell contact, the particles might undergo
interpenetration (Figure 2.6 middle). The outer periphery of the microgels usually
possesses a lower polymer density compared to the inner part of the particle.
Therefore, these low-density regions of the polymer network can strongly overlap and
the polymer networks can even interpenetrate each other.”® When the microgels do
not show deswelling or interpenetration under these conditions, they may exhibit
changes in their shape. Withdrawing from their spherical shape, the microgels can
facilitate higher packing efficiencies, accompanied by an increase in the polydispersity
of the system. This process is considered as faceting or deformation
(Figure 2.6 right).”# 128,129 Dye to these processes and their potential influence on the
volume of the microgels one needs to distinguish between the real volume fraction
occupied by the microgels ¢ and the generalized volume fraction . The generalized
volume fraction is solely based on the particle number concentration and the microgel
size in the dilute regime. Therefore, the reduction of particle size, as consequence of

an increase in particle concentration, is not considered.

As a result of the explained processes and the size of microgels, the analysis of such
systems in dense packings can become highly challenging.!" Electron microscopy can
be used to investigate such systems, but is mostly applied on dilute samples. In order
to study microgels in dense packings and their swollen state cryo-electron microscopy
techniques like cryo-scanning-electron-microscopy need to be apllied.52 30 [f the
particles possess a sufficient size, optical microscopy can also be applied to
investigate microgels under these conditions.”8. 77128 This of course requires a certain
size of the microgels and possibly super resolution microscopy techniques in addition
to fluorescent-labeling. Here, super resolution microscopy even allows to resolve the
deformation and interpenetration processes of microgels in dense packing.”® 128
Without super resolution, faceting and interpenetration between particles make the
investigation of microgels non-trivial, as both processes hamper the separate spatial
resolution of particles.
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2. Theoretical Background

In contrast to microscopy which directly provides real space images, scattering
techniques are also widely applied to investigate microgels in dense packings,
yielding results in reciprocal space with great statistics. In addition, scattering
methods utilizing different types of radiation exhibit different contrast situations,
making them highly versatile for investigating such customizable systems like
microgels. More details on scattering methods regarding the investigation of colloidal
dispersions are given in chapter 2.2.

Microgels are a beneficial system for studying the phase behavior of soft colloids. In
the first place this is because of their variability, as softness, size, morphology and
potential charges can be determined by the synthesis conditions and the addition of
comonomers. Therefore, microgels are suitable systems for a broad range of
experimental methods. The second and even more important fact is that dispersions
of, for example, PNIPAM microgels can change their volume fraction as function of
temperature. This allows for complex experiments where microgels can switch
between phases and very low temperature changes can induce, for example, melting
or recrystallization events within the microgel dispersion.82 13" With fast experimental
methods like synchrotron small-angle X-ray scattering or microscopy techniques,
microgels are an ideal model system to investigate the tunable phase behavior of soft
colloids.
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2. Theoretical Background

2.2 Scattering of Soft and Hard Colloids

Scattering methods are widely applied in colloid science to analyze the structural
composition and properties of dispersions. When the scattering object is illuminated
with an electromagnetic wave, the electromagnetic field induces an oscillatory motion
in the electric charges of the scattering object. These accelerated electric charges
radiate electromagnetic waves in all directions and this secondary radiation is called
scattered radiation. If the energy of the incident radiation remains unaffected by the

scattering process, it is classified as elastic scattering.'3?

The scattering vector 4 is introduced to quantify the direction of the scattered radiation
which is based on the difference of the wavevectors of the incident radiation E}n and

the scattered radiation k..

-

Ei = Ein - kout (21)

Figure 2.7 shows a sketch of the geometric definition of the scattering vector g. The
incident radiation (En) is scattered by a scattering center (blue sphere) into a direction

(Eout) which is defined by the scattering angle 6.

Scattering
Cer}ter

) kOut q
: 0
<

Figure 2.7 Construction of the scattering vector ¢ based on the scattering angle 6 and the

wave vector of the incident (Ein) and scattered radiation (Eout).

The magnitude of the scattering vector § provides a quantitative measure for the
length scale in a scattering experiment and is determined by the wavelength of the
incident radiation A, the refractive index n and the scattering angle 6. For SAXS and
SANS experiments in this work, a refractive index of one was approximated and used
to calculate q.

il =q=""sin(3) (2.2)
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2. Theoretical Background

When a scattering object exceeds a certain size in respect to the applied wavelength,
the scattering intensity becomes angle dependent. This is because of the scattering
object being represented not by a single but multiple scattering centers which
potentially show interference. For visible light, scattering objects exhibiting
dimensions much smaller than the wavelength of the incoming radiation
(2Rscattering object < A/20), possess no angular dependency in terms of their scattering
intensity and are classified as Rayleigh-scatterer. Here, the entire scattering object is
considered as a single scattering center (Figure 2.8). In contrast, larger scattering
objects consist of multiple scattering centers and exhibit distinct angular

dependencies in their scattering intensity.'33

Scattering

, Center . .
-

; A
®
e
®
L L

Rayleigh- Mie-
Scatterer Scatterer

Figure 2.8 Schematic illustration of scattering objects consisting of one and multiple

scattering centers. Blue spheres indicate scattering centers in the scattering object (green).

To describe the more complex situation of angle dependent scattering due to the

distribution of multiple scattering centers in a single scattering object one can make

use of a continuous density function p(dsc).
A(G) = fooo P(&sc) eXp(—iO_iscﬁ) ddsc (2.3)

Here, JSC is the vector corresponding to the distance between scattering centers and
A(q) is the scattering amplitude. A(g) is a measure for the scattering of an object
consisting of multiple scattering centers. The microgels investigated in this work are
of mostly spherical shape and as first approximation the scattering amplitude for a
homogeneous sphere is given by:

in(qR)—qR R
A(g) = 4mR* TN );"S(q ) (2.4)
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2. Theoretical Background

For a homogenous sphere, the scattering amplitude only depends on the magnitude
of the scattering vector g and the radius of the sphere R. The scattering intensity I(q)
is proportional to the square of the scattering amplitude. This is ascribed by the form
factor P(q) which is typically used to describe the scattering properties of scattering
objects. The form factor of a homogenous sphere is given by the Rayleigh-Debye-
Gans approximation: 134

sin(qR)—qR cos(qR) 2

P(q) = 374515 (2.5)

Further, the total scattering intensity can be described by taking into account additional
quantities like the contrast situation, number and volume of the scattering objects and

potential structure factors. This is described by the following equation:
1(q) = NV2ASLD?P(q)S(q) (2.6)

With N, referring to the number of scattering objects in the probed volume. This
volume is commonly described as scattering volume. V refers to the volume of the
scattering objects. For X-rays or neutrons, the contrast difference between the
scattering object and its environment can be described by the difference in scattering
length density (ASLD). In the case of visible light, the contrast is related to the
difference of the respective refractive indices. P(q) and S(q) correspond to the form

factor and structure factor.

Figure 2.9 shows a schematic illustration of an ensemble of spherical scattering
objects, consisting of multiple scattering centers. The scattering intensity 1(q) as
function of g and R, the radius of the scattering object, is shown as solid blue line. In
addition to the form factor (P(q)) contribution, which is indicated by a solid green line,
the scattering profile exhibits a structure factor (S(q)) contribution. For the sake of
simplicity, the additional quantities (Equation 2.6) like particle number, volume and
contrast are included in the form factor contribution. The structure factor contribution
is indicated by the maximum around a gR of 3 in the scattering profile and the
separated structure factor is shown as solid red line. While the form factor
corresponds to the size and shape of the scattering objects, the structure factor is
related to their spatial correlation and interparticle distance. For very dilute

dispersions, the spatial correlation is usually very low and S(q) = 1.
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2. Theoretical Background

Figure 2.9 Schematic illustration of non-dilute dispersion of scattering objects and the
respective scattering profile I(q) (solid blue line). Including the separated form factor P(q)
(solid green line) and structure factor S(q) (solid red line) contributions. The form factor

exhibits a size-polydispersity of 7.5 %.

In the following the form factor contribution to the scattering profile is explained in

more detail before shifting the focus on the discussion of the structure factor.

As shown in Figure 2.9, the intensity of the form factor contribution (solid green line)
is highly depending on q. At high gR the intensities are low, in the gR range between
4 to 20 multiple oscillations are present and a plateau with high intensity is reached at
very low gR. Here, the position of the first form factor minimum is located at gR = 4.49.
The progression of the scattering intensity at very low gR can be explained by
Equation 2.5, as for qR tending towards zero P(qg) = 1. Hence, the scattering intensity
at very low gR can be considered as independent of the form factor and depends
mostly on particle number, volume and contrast. At higher gR the scattering intensity
is depending on g. The reason for this is that in the respective qR-regime, the
scattering object cannot be described as a single scattering center and consists of a
distribution of scattering centers (see Figure 2.8). Therefore, the phase relation of the
scattered photons or particle waves changes, facilitating interferences which result in

angle dependent scattering intensities.'33
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2. Theoretical Background

The form factor contribution to the scattering profile is also influenced by the
size-dispersity of the investigated scattering objects. This is commonly observed in
experiments as synthetic samples often possess some polydispersity. In order
illustrate this, Figure 2.10 shows the simulated scattering profiles for homogeneous
spheres from low (blue) to high size-polydispersity (red) on the example of a Gaussian
size distribution (Equation 2.7). Here, (R) is the average radius of the spheres in the
distribution function and R corresponds to the radius of the individual spheres, while

o is related to the respective standard deviation.

1 (R—(R))?
D(R,(R),0)=mexp(— 202 ) (2.7)
10°
105
= 10°1
9,
T 1024

10°
0.5

Figure 2.10 Influence of increasing size-polydispersity (o) on the form factor (P(q)) of a
homogenous sphere. The inset illustrates a selected section of the respective Gaussian size

distribution.

For low polydispersity (o < 0.075), the profiles indicated by violet to light blue color
exhibit distinct and pronounced oscillations. When polydispersity is increased, the
amplitude of the oscillations decreases and the respective form factor minima become
less distinct (green to red profiles). For a standard deviation of approximately 0.2
(yellow profile), the form factor profile does not exhibit oscillations and the intensity
follows a slope of g. The increase in scattering intensity at low gR in the scattering
profiles for systems with a high polydispersity is due to the size distribution being

number weighted, while I(q) is intensity weighted.
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2. Theoretical Background

This is provided by Equation 2.6 and allows for the following relation between the

size of a scattering object and its respective scattering intensity:
1(q) < R® (2.8)

To study the scattering profile recorded from a dilute sample of scattering objects and
extract information about shape and size, form factor analysis is applied. It is
beneficial if the scattering profile exhibits some pronounced form factor oscillations
which is usually the case for samples featuring low size-polydispersity. In some cases,
scattering profiles do not exhibit these oscillations. This can be the result from either
high polydispersity or a limited accessible g-range where the oscillations are not
present. In this case, the Guinier approximation can give an impression on the
scattering intensity /(q) as function of q.'35 For a scattering object, the Guinier

approximation is given in the following equation:

1(q) = Igy exp (— qugz) (2.9)

3

With Rg, the radius of gyration, being related to the center of mass of the scattering
centers within the scattering object. Therefore, Ry does not provide direct access to
the scattering objects dimension or shape, but Rq and the radius of a scattering object

Riscattering object €Xhibit fixed, shape dependent relations. For a homogeneous sphere, Ry

is given by Rq = Rsphere/3/5.1%% In addition, the Guinier approximation is sufficient to
describe the scattering intensity in the plateau-like section of the scattering profile at
low gR.

The scattering objects investigated in this thesis are mostly microgels which need for
more complex models to describe their scattering behavior. Figure 2.11a provides a
comparison of scattering profiles based on two common form factor models which are
used to describe the scattering properties of microgels. The profile of a homogeneous
sphere is provided as reference. The ASLD profiles of the respective form factor
models are normalized to the outer radius of the scattering objects and are given in
Figure 2.11b. In the following, we want to describe and then compare these models

beginning with the homogeneous sphere.
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Figure 2.11 Form factors (a) and respective contrast profiles (b) referring to a homogeneous
sphere (green), a fuzzy sphere (blue)® 3 and an exponential sphere model (red). In order to
account for a realistic size distribution, size-polydispersity was set to 7.5 %. All scattering
profiles are based on the same particle number concentration and total volume of the

scattering object.

The homogeneous sphere model is indicated by a solid green line and does not
ascribe for internal inhomogeneities of microgels. In contrast, Figure 2.11b shows
that the fuzzy sphere model® 3° (FS-model, solid blue line) and the exponential sphere
model (ExpS-model, solid red line) both account for a certain inhomogeneity in the
ASLD profiles of the microgels.2? 30. 103 The FS-model ascribes the gradient in density
and the rather undefined periphery of a microgel by a constant ASLD section for the
inner structure, followed by a Gaussian shaped decay of the ASLD profile. In the
ExpS-model, the density profile follows an exponential decay, in order to simulate the
potential internal structure of a microgel with high polymer density in the core and only
low polymer density in the periphery. All three form factor models exhibit distinct
oscillations but the first form factor minima of the FS- and the ExpS-model are shifted
to higher gR, compared to the profile related to the homogeneous sphere. This is due
to the increase in (polymer) density towards the center of the particle, as indicated by
the respective ASLD profiles, shown in Figure 2.11b. The differences in scattering
intensity between the profiles shown in Figure 2.11a are explained by the differences
in the ASLD profiles, as the scattering profiles were calculated with the same particle
number concentration. In conclusion, the homogeneous sphere model can only be
used as a first approach to describe the experimentally recorded data but for a

sufficient analysis more detailed models should be applied.
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The FS- and the ExpS-model are well suited and widely applied form factor models,

which provide a well description of scattering data recorded from microgels.80. 129, 136

After discussing the form factor contribution to the scattering profile, the focus is
shifted towards the structure factor S(qg). In Figure 2.9, the scattering profile (solid
blue line) possesses a maximum in the scattering profile at a gR of 3. The origin of
the maximum is a maximum in the radial distribution function, which is related to the
structure factor (solid red line) by a Fourier transformation.'3® The simplest way to
yield such a spatial correlation in an experiment, is to increase the number of
scattering objects in the scattering volume and to reduce the interparticle distance to
a point where a correlation can be detected. In most cases, the position of the first
structure factor maximum is related to the interparticle distance between the
scattering objects. The amplitude and width of the structure factor are related to the
spatial correlation between the scattering objects. Therefore, structure factor maxima
possessing a small width and high intensity correspond to a high spatial correlation.
Crystalline structures are a common example for highly ordered systems which
express sufficient long-range order. For unordered systems, like glasses or fluids a
certain spatial correlation can be found at sufficiently high particle densities and short

nearest-neighbor-distances.

In order to study the structure factor contribution in the scattering profile, it is often
necessary to extract the structure factor from the scattering profile. This can be
challenging as the position of the form and structure factor in terms of g are commonly
very close to each other and can be superimposed. The extraction is often performed
by dividing the scattering profile recorded in the concentrated state by a profile
recorded int the dilute state. At sufficiently high concentrations the scattering profile
I(g)conc. exhibits a structure factor while in the dilute state (1(q)qi.) S(q) = 1. As shown
in Equation 2.10, a scaling factor (fscaiing) is needed to account for the different number
concentrations of both samples. It is notable that I(q)di. can be exchanged with a
sufficient form factor fit based on the respective scattering profile.

_ 1(q) conc.
S(q) - fscaling 1(q)aqil. (21 0)
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This is a convenient approach for scattering objects being unaffected by deformations,
such as hard spheres, disks or rods where the form factor profile is independent of
the packing fraction of particles. For soft particles like microgels, which are of major
interest for this work, the form factor may change in dense packings as a consequence
of deswelling or faceting.” 12° As a result, the extraction of structure factors from

microgels in dense packings is particularly challenging.

Figure 2.12 provides the extraction of the structure factor regarding a crystalline (a)
and a fluid (b) system, based on experimentally recorded scattering profiles from
dispersions of core-shell microgels at temperatures of 20 °C and 40 °C.'3! Structure
factors were extracted according to Equation 2.10. The crystalline system in
Figure 2.12a exhibits more and distinct structure factor maxima compared to the fluid
system in Figure 2.12b. This is due to the more pronounced structural correlation of
particles assembled in crystalline lattices, compared to a fluid and unordered system
where correlation is a matter of statistics. The relation between g, and the position of
the structure factor maximum S(Q)max is determined by the structural order of the

system.
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Figure 2.12 Structure factor (red) extraction from experimentally recorded scattering profiles
(blue) of a crystalline (a) and fluid (b) sample of core-shell microgels recorded at 20 °C and
40 °C. The respective form factor (green) is based on a form factor fit. Data is adapted from

Hildebrand et al.?3!
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For a crystalline system, S(q)max is related to the distance d, between specific crystal

planes defined by the miller indices h, k and / of the respective crystal lattice.

S@max = 5 2.11)

In case of an unordered system like a fluid or glass, the center-to-center distance
between scattering objects can be approximated from S(g)max according to the

following equation.

S @max = 7 (2.12)
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2.2.1 Small-Angle Scattering

The following chapter covers the fundamental setup of a small-angle scattering (SAS)
experiment and a short explanation of how the choice of radiation can impact the
experimental results. SAS methods can be applied on various disperse systems in a
broad field of applications, for example in the fields of biological materials, polymers,
colloids and nanocomposites.'35140 |n a SAS experiment, the intensity of the scattered
or diffracted radiation is measured as function of the scattering angle 6, which is
transformed into the magnitude of the scattering vector q (Equation 2.2). A schematic
SAS setup is shown in Figure 2.13 consisting of a beam generated by a polychromatic
radiation source, followed by a monochromator. The monochromatic beam is
collimated and focused on the sample. A collimator system is used to reduce the
divergence of the beam, while an aperture is applied to control its shape and focus
the radiation on the sample and detector. In SAS a 2D detector records the scattered
radiation at multiple angles simultaneously, yielding a 2D scattering pattern. An
experimentally recorded detector image is shown in Figure 2.13 where form factor

oscillations are present as pronounced rings of alternating high- and low intensities.

2D-Detector

Sample

Monochromator Collimator

Polychromatic

Beam

Sample-to-Detector
Distance

Figure 2.13 Schematic setup of a small-angle scattering experiment. Experimentally recorded
SAXS 2D-pattern, indicating the 2D-detector, was recorded from a sample of core-shell

microgels with silica cores provided by Arne Lerch.

Depending on the type of SAS, the beam consists of neutrons (SANS), electrons or
photons in the range of X-rays (SAXS) to visible and near-infrared light (SALS).
Beginning with visible light, conventional lasers and laser diodes provide
monochromatic and coherent beams with a high photon flux, being well suitable for

lab application due to their small sizes.
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The provision of a sufficient neutron flux requires for large scale facilities which
generate neutrons in nuclear reactors or spallation sources. Therefore, SANS is only
available at scientific facilities like the Institut Laue-Langevin (ILL), the spallation
neutron source (SNS) located in the Oak Ridge National Laboratory or the European
spallation source (ESS). X-rays can be generated on laboratory scale with common
X-ray sources like X-ray tubes or metal jet technology. Ultra-high flux X-rays combined
with acquisition times in the millisecond time frame are only provided by modern
synchrotrons, where the generated beam can exhibit excellent coherence, polarized
light and high brilliance. 35

The g-range accessible in a scattering experiment is the factor which determines the
resolvable size-range of the investigated structures. According to Equation 2.2, the
g-range can be defined by the wavelength of the applied radiation and the accessible
range of scattering angles 6. In SAS, the range of recorded scattering angles can be
adjusted by the sample-to-detector distance. This can also influence the instruments
resolution in g. Therefore, SAXS and SANS can potentially resolve structures between
a few nm up to several pm, highly depending on the instrument.'4!. 142 Due to the
influence of the applied wavelength on q, SALS operates in the same size domains
as optical microscopy (0.8 to 80 um), due to the longer wavelength of visible light

(A = 380-750 nm) compared to X-rays and neutrons (A <4 nm).

The applied type of radiation is also defining the contrast situation for the scattering
experiment. While electrons, and photons exhibit interactions with the electrons of the
respective materials, neutrons show interactions with the atom nuclei. For SAXS and
SANS, the contrast is defined by the difference in the scattering length density (ASLD)
between the scattering objects and the respective environment. The SLDs, in terms
of X-rays are directly related to the electron density of the material. For neutrons, the
SLDs depend on the strength of the interaction between the neutrons and the nuclei
of the respective material which does not correspond to the elements position in the
periodic table of elements.'3 The SLD can even vary between different isotopes of
the same element. Hydrogen for example offers two drastically different contrast
situations for the isotopes 'H and 2H (D). In SANS, this feature provides excellent
contrast for hydrogenated samples dispersed in deuterated solvents and enables
matching the SLD of a material for example in a H20/D20 mixture.” 8 This becomes

advantageous for samples consisting of different materials.
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Regarding light scattering, contrast is defined by the difference of the refractive index
n between the scattering object and the respective environment. For all contrast
situations, the investigated sample must provide sufficient transmittance and
therefore, the absorbance coefficient of the respective material needs to be

considered.

Exemplary contrast situations in SAS for selected materials dispersed in H20, or
dispersed in D20 in case of SANS, are schematically shown in Figure 2.14. Each box
is related to one material, where the color intensity of the inner circle refers to the
contrast of the material compared to its respective environment, which is indicated by
the excess area outside of the circle. In addition, the box is divided into three sections
that are related to visible light (red, A = 633 nm), X-rays (blue, A=0.12 nm) and
neutrons (green, A = 0.5 nm) as different types of radiation. Polystyrene and silica
provide excellent contrast in light and neutron scattering as indicated by the strong
color contrast between the inner circle and the outer part. This is due to their high
refractive index and the large content of 'H. Silica particles provide sufficient contrast
for all types of radiation usually applied in SAS experiments.
Poly-N-Isopropylacrylamide
Polystyrene (PS) Silica (SiO,) 80 % swollen with water

vis. light X-Ray
A =633nm | A=0.12 nm

Neutrons A = 0.5 nm Neutrons A = 0.5 nm Neutrons A = 0.5 nm

Figure 2.14 Exemplary contrast situations regarding polystyrene, silica and
poly-N-isopropylacrylamide (swollen with 80 % mass content of water) with respect to H20 or
D20 (neutrons), for different types of radiation: light (A = 632 nm), X-rays (A = 0.12 nm) and

neutrons (A = 0.5 nm).
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As this work focuses on PNIPAM based core-shell microgels with silica cores, the
contrast situation of PNIPAM microgels swollen with 80 % of H20, D20 respectively,
is also shown in Figure 2.14. Due to the high internal solvent content of the microgels,
the contrast to the respective solvent is naturally decreased but still sufficient for the
conduction of scattering experiments in all presented contrast situations. The
displayed contrast situations show how hybrid particles, consisting of multiple
materials can enhance the contrast and therefore the overall scattering intensity of a
particle system for one specific or multiple scattering methods. In the case of SiO2
core-shell microgels, the lower contrast of the swollen microgel is enhanced due to

the presence of a core consisting of a high contrast material.

Especially for SAXS and SANS, the absolute scattering intensity of a sample can
provide additional information about the investigated scattering objects. In order to
record scattering data in absolute units, some sort of calibration is mandatory, for
example with respect to glassy carbon. Here, a sample of glassy carbon with a defined
thickness is used as reference, to calibrate a device for absolute intensity
measurements.'3 For well-defined and homogenous particles with known
composition and density, the particle number concentration becomes directly
accessible through the scattering intensity, due to their direct correlation as shown in
Equation 2.6. The extraction of the particle number concentration from scattering
profiles recorded in absolute units can be performed according to following equation:

I(0) Na Pscat. obj.”
(0) scat. obj . (213)
Mgcat. obj.Mscat. obj.ASLD

Nocat. obj. =

With Avogadro’s number Na, the density of the scattering object pscat. obj., Mscat. obj.
being the average mass of a scattering object and Mscat. obj. its molecular weight. The
scattering intensity at infinitely small q, /), is obtained from a Guinier analysis of the
recorded scattering profile (Equation 2.9). To do so, it is necessary to exclude
structure factor contributions in the g-range selected for the Guinier analysis of the
scattering profile. When the particle morphology is more inhomogeneous, like for
swollen microgels, with particle densities being hard to determine, absolute intensity
measurements can give access to solvent contents and the actual polymer volume

fraction within the microgel.3?
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2.2.2 Dynamic Light Scattering

After discussing small-angle scattering experiments and getting insights into form and
structure factors, we want to focus on dynamic light scattering (DLS). DLS is widely
applied as basic method, operating noninvasively, to obtain information about particle
sizes on a length scale of a few nanometers to micrometers.'44 145 There are devices
offering simple conduction of measurements followed by automated analysis, and it
is used as standard method in industry. Figure 2.15a shows the basic setup of a DLS
system.

a J—
Laser Lens Sample
= £
Computer
N Correlator Photon
- Detector

o
@

<04

counts

time 10* 103 102 10" 10° 10" 10% 10° 10 10°
T [ms]

Figure 2.15 Schematic setup and procedure for DLS experiment. (a) Basic setup for a DLS
measurement system. The ComponentLibrary by Alexander Franzen was used for this
sketch.'® (b) Intensity of the scattered light as function of time. (¢) Normalized intensity-time
autocorrelation function g2)(g,7)-1 as function of the delay time 7. The red line indicates a 2"

order cumulant-fit.
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The laser beam is focused on a sample and the scattered light is detected by a photon
detector. Usually, the scattered light is recorded at a fixed angle 6, but more versatile
systems allow for angle dependent measurements. Independent of the angle, the
measured scattering intensities are recorded as function of time and exhibit
fluctuations (Figure 2.15b). These fluctuations are a result of the constant movement
of the scattering objects in the probed volume, due to Brownian motion. When the
interparticle distance changes, the phase difference between the light waves, emitted
by the scattering objects is shifted. These phase shifts will cause alterations in the
interferences between the propagating electromagnetic waves, influencing the
measured intensities. The recorded fluctuations are transformed into a normalized

intensity-time autocorrelation function g2)(q,7) by a hardwire or digital correlator.

o (a,7) = FEE (2.14)
Here, I(f) and I(t+7) are the respective scattering intensities at times t and t+r, with 7
being the delay time. In principle, the autocorrelation function compares the evolution
of the scattering intensity from the time t to following measurement points att + 1. A
perfect correlation would reflect no changes of the intensity-time autocorrelation
function over time. Here, the correlation would maintain a constant value of 1.
Depending on how fast the scattering objects change in position, the correlation
function will decrease, until reaching zero. Via the Siegert relation, one can convert
the intensity-time autocorrelation function into the field-time autocorrelation function
g (q,1). Here, B refers to the intercept of the correlation function which is related to

the dynamical contrast factor.

9@ 1) =1+ Blgw (@D (2.15)

For monodisperse and isotropic scattering objects in dilute dispersion, g()(q,7) is

following an exponential decay:
9y(q,7) = exp(=TI'1) (2.16)

With the decay constant I and the magnitude of the scattering vector g, one can
calculate the translational diffusion coefficient Dt of the dispersed particles according

to the following equation:

Dy = ;—2 (2.17)
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From the diffusion coefficient, the hydrodynamic radius of the scattering objects can

be derived based on the Stokes-Einstein equation:

R, = 8L (2.18)

- 6nnDT

With ks referring to the Boltzmann constant, T being the absolute temperature and n

corresponds to the dynamic viscosity of the dispersion medium.

However, the interpretation of DLS data is rather difficult as samples are often
polydisperse and exhibit a certain size distribution, like for the intensity-time
autocorrelation function in Figure 2.15¢ which is recorded from a microgel dispersion.
Therefore, the measured autocorrelation function is a mean function of superimposed
functions related to distributions of respective decay times G(I') attributed to the size

distribution of the sample.

+ o0

9@ =J, G I exp(-Tt)drl (2.19)

For a monomodal sample featuring some polydispersity, with a narrow size
distribution, the method of Cumulants can be applied to analyze such data.'#”
Basically, the Cumulant method uses a series expansion to describe the recorded

autocorrelation function.

n|gw(q )| =-Lt+ ”2—212 - %13 + %T‘* (2.20)

The mean value of the decay constant is defined by the first cumulant I; and the
second cumulant indicates the width of the decay constant distribution related to the
actual size distribution of the scattering objects. A simplified approach to extract the
decay rate and the second cumulant from the autocorrelation function is proposed by

Frisken, with B being the baseline of the function:'48

— 2
92(q,1) =B +l3eXp(—2111)(1 +”2—212) (2.21)

The method of Cumulants reaches its limitations when the investigated sample is
multi-modal and features more than one mean decay constant. Here, the CONTIN
algorithm provides a numerical approach to describe the autocorrelation function and

to extract decay constants, to a certain extend even for multimodal samples.'4®
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In the following, the potential influence of the form factor on the results of a DLS
experiment is explained using spherical particles as an example. In Figure 2.16a, the
scattering intensity of spherical particles as function of the probed angle is shown in
a polar graph for selected form factor radii (Re(q) between 10 and 500 nm. Scattering
intensities in Figure 2.16a and b are both normalized to the Intensity at 6 = 0° or
infinitely small q. Small particles (< 20 nm, blue) exhibit Rayleigh scattering, as the

scattering intensity remains constant at every angle, if:
particle diamter < 2'1—0 (2.22)

When the scattering objects increase in size (Rpi > 50 nm, green to red), the
scattering profiles show distinct oscillations which are ascribed to the form factor of
the particles. In addition, the scattering intensity at higher angles is drastically
decreased. This is also shown in Figure 2.16b, where the scattering intensities of the
respective spherical particles are given as function of gq. The grey section indicates
the g-range which is accessible for typical DLS setups. Here it is important to note
that the respective g-range highly depends on the respective wavelength of the laser
(here 658 nm, 8 from 10° to 176°) and the refractive index of the solvent used for
sample preparation. It is shown that particles with Rp(g) < 150 nm are rather unaffected
from form factor oscillations in the selected g-range because these oscillations are
not present in the g-range of a DLS setup. The larger particles on the other hand
exhibit pronounced form factor oscillations, which can potentially influence the result

of a DLS measurement.
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Figure 2.16 (a) Normalized (to an intensity of 1 at 8 = 0°), polar graph for scattering profiles of
hard spheres with increasing radius (Rr(q) from 10 to 500 nm. (b) Respective, scattering
profiles of hard spheres (size polydispersity of 0.075) as function of the scattering vector g
normalized to an arbitrary scattering intensity at g = 0 nm-'. The grey area indicates the g-
range accessible based on a laser with a wavelength of 658 nm for 6 from 10° to 176°. Graph
in a is based on Mie scattering calculations conducted with the Mie scattering calculator by
Scott Prahl.’®® The wavelength of the laser was 658 nm and the refractive index of sample

environment was set to 1.332.

Due to scattering being intensity weighted, a small number of large scattering objects
can easily dominate the recorded signal for a sample of small particles. Reconsidering
Figure 2.16, the influence of a minority of large scattering objects on the DLS
experiment is minimized at high angles where large scattering objects typically have
low intensities. One can make use of this relation between angle-dependent scattering
intensity and size, by investigating small particles at high angles. Here, potential larger
aggregates possess a low scattering intensity and their influence on the DLS

measurement can be minimized.
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Performing a DLS experiment at a g-value close to the minimum of a form factor can
have an influence on the results obtained from a DLS experiment. In Figure 2.17 the
form factor oscillations for a system of monodisperse hard spheres, at selected
scattering angles are shown as function of the radius R (Equation 2.5). In contrast to
the here presented form factor oscillations being related to monodisperse spheres,
synthetic samples typically feature some polydispersity in their size distribution. The
grey lines refer to mean particle radii of 150 and 280 nm, while the red area indicates
a size distribution of 10%. This is a typical size range for microgels with a realistic size

distribution.
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Figure 2.17 Form factor profiles of monodisperse hard spheres as function of the radius for
selected scattering angles (A = 658 nm and n = 1.332). Solid grey lines refer the radii of 150

and 280 nm with a size polydispersity of 10%, indicated by the red areas.

The results of the DLS measurement of the 150 nm particles should be rather
unaffected by the selected scattering angle. This is due to the absence of form factor
minima in the respective size range of the profile. This is different for the 280 nm
particles, where the average radius of the sample is located close to a form factor
minimum for scattering angles of 175° and 90°. For the potential measurement
conducted at 6 = 175° (blue), the scattering intensity decreases for radii larger than
Rp(g) = 280 nm, resulting in an underrepresentation of the larger fraction of particles
for the detected scattering signal. Therefore, the hydrodynamic radius, obtained from

the DLS measurement will be slightly smaller than the real Rn.
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For 6 = 90°, a form factor minimum is located at lower radii than the average particle
radius and the scattering intensity of the smaller fraction of particles, within the
respective size distribution, is expected to decrease. Therefore, the hydrodynamic
radii obtained for the 280 nm particles will yield three slightly different values
depending on the respective scattering angle. In comparison to the real Rh, the
measurement conducted at 175° will yield a smaller Rn, while at 90°, the Rn will be
larger. Only at 15°, for a monomodal sample without the presence of aggregates, the

obtained R» and the real R are expected to be the same.™4

In conclusion, influences on the results of a DLS experiment in the discussed g-range,
due form factor oscillations, can be avoided for particles with radii smaller than
150 nm. This is the case for the core-shell microgels discussed in this thesis, which
possess a Rh of 147 nm at a temperature of 20 °C. When measuring the hydrodynamic
radius of larger particles, these influences can be minimized by performing
measurements at multiple angles. This becomes particularly important when the
investigated particles, like many types of microgels, exhibit a responsive behavior
towards external stimuli. For example, in the process of a temperature dependent DLS
measurement, PNIPAM based microgels can undergo changes in their total
dimensions over one magnitude. Because of the change in the radius of the microgels,
the position of the form factor oscillations changes and might influence the obtained
hydrodynamic radii at the respective temperatures. To measure the temperature
dependent hydrodynamic radius of such samples one can make use of an angular
dependent DLS setup. Via this method, the decay constant I can be determined for
a high number of angles and plotted as function of g2 (Equation 2.17). Consequently,
the diffusion coefficient and the hydrodynamic radius can be extracted based on the
measurements performed at multiple angles. This minimizes the potential influence of

form factor minima on the measurements and results in reliable data.
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3. Synopsis

In this work, core-shell microgels were used to investigate the phase behavior of soft
colloids in dense packings. Synchrotron small-angle X-ray scattering (SAXS) is an
excellent and fast method to receive insights into such colloidal assemblies, providing
great statistics by probing a high number of particles simultaneously. Studying
microgels in dense packings via SAXS is accompanied by three challenges. First, the
separation of the structure factor from the scattering profile, which is challenging due
to the form and structure factor contributions being superimposed. Secondly, the
determination of the exact volume fraction and particle number concentration of the
microgels which is of high importance when investigating their phase behavior. The
third challenge is to gain insights in the response of microgels towards dense
packings. Here, microgels can undergo several processes like deswelling,
interpenetration and deformation.'8 129 This information is provided by the form factor
contribution to the scattering profile of the microgels recorded in dense packings.
Furthermore, the extraction of the form factor contribution can also be beneficial for

the successful separation of the structure factor from the recorded scattering data.

The first two challenges are addressed in the first publication (SAXS Investigation of
Core—Shell Microgels with High Scattering Contrast Cores: Access to Structure Factor
and Volume Fraction®?), which contributes to this thesis. Here, a core-shell microgel
system with a small gold core which possesses high contrast towards X-rays and a
PNIPAM shell exhibiting low contrast was employed to study microgels in dense
packings. At first the motivation behind this was related to the preparation of
self-assembled plasmonic structures in bulk. Therefore, the aim was to prepare
colloidal crystals and to get insights into the spatial correlation of the scattering
centers, presumably the gold cores, in these assemblies. The recorded scattering
patterns show up to three diffraction orders and surprisingly narrow Bragg peaks.
These findings indicate a high spatial correlation of the gold cores which correspond
to the cores being well positioned in the center of each microgel. Here, the shell guides
the assembly process and acts as spacer between the gold cores, which also
minimizes the superposition between form and structure factor oscillations as shown
in Figure 3.1. In the low g-regime (g < 0.09 nm-"), the scattering profile exhibits distinct
structure factor maxima and no significant form factor oscillations can be detected.
This facilitated the analysis of the structure factor and was the first approach to

address the separation of the structure factor from the scattering profile.
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Figure 3.1 Table of contents figure from “SAXS Investigation of Core—Shell Microgels with
High Scattering Contrast Cores: Access to Structure Factor and Volume Fraction®! From left
to right: Exemplary scattering profile recorded from a dispersion of core-shell microgels in
dense packing. Schematic illustration of core-shell microgels in a hexagonally ordered
structure and the respective contrast situation of the particles regarding X-rays. Digital

photograph of a core-shell microgel dispersion in a capillary used for SAXS measurements.

The second challenge regarding the determination of the volume fraction could be
addressed due to the presence of the gold cores. These cores enabled the
determination of the ratio between the mass content of core-shell microgels in
dispersion and the respective particle number concentration N. According to
Equation 2.6, the scattering intensity of the cores is directly proportional to the
number of particles in the respective probed volume. When SAXS is measured in
absolute units the number of cores (Ncore) contributing to the scattering can be
calculated with Equation 3.1, based on the scattering intensity /o at infinitely small g.
Here, the core needs to show a pronounced form factor contribution that allows for a
separate form factor analysis to extract /o) from the recorded scattering profile.
Therefore, the form factor oscillations of the core and the shell need to be separated
with respect to q. This is limited by the size-, respectively the volume ratio between
the core and shell of the core-shell microgel.

Iy Na Peore? =N (31)

Mcore Mcore ASLD? core—shell microgel

NCOK'E =

With the AuNP core density pcore, Na Avogadro’s number, Mcore the molecular weight,

meore the mass of the core and ASLD the scattering length density differences.
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This procedure is only possible because the core consists of a homogeneous material
with a known density. Due to the vast majority of microgels possesses one single core,
the number of cores equals the total number of particles. Therefore, this core-shell

microgel system provides direct and easy access to particle number concentrations.

Based on the promising results from the gold core-shell microgels, the aim of the
second publication (Fluid-solid ftransitions in photonic crystals of soff,
thermoresponsive microgels’’) was to improve the long-range order of the
assemblies and to get insights into the response of the microgel shell towards the
crowded environment. Synchrotron SAXS was used to record scattering profiles
which possess structure factors with narrow Bragg peaks and pronounced form factor
oscillations. The core-shell microgel system was modified in terms of core material
and size, while maintaining a comparable core-to-shell size-ratio. Therefore, the
advantages of the core-shell system, like the accessibility of particle number
concentration, could be maintained. To increase the contribution of the microgel shell
to the scattering profile in SAXS, the size of the shell (swollen state) was increased
from an Rh of 105 nm to an Rh of 147 nm with respective core sizes of 6.5 nm and
18 nm. For a more feasible control over the core size, the material was changed from
gold to silica. A comparison of the scattering properties of both core-shell microgels in
SAXS is shown in Figure 3.2. The scattering profiles were simulated to facilitate a
comparison of both core-shell microgels over a broad g-range and similar particle
number concentrations. However, the parameters used to simulate the scattering
patterns were obtained from form factor analysis of experimentally recorded SAXS
profiles.8!- 13" The contributions of the core and shell to the scattering profiles are
indicated by dashed and solid arrows. Shifts in the position of the form factor
oscillation correspond to shifts in the different radii. For the silica core-shell microgel
the contribution of the shell to the scattering profile is significantly increased and form
factor oscillation are more pronounced. This was expected to be beneficial for
investigating the response of the microgel shell towards dense packings and therefore
adressing challenge number three.
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Figure 3.2 Comparison of the simulated scattering profiles of core-shell microgels in SAXS.
Scattering profiles of the core-shell microgels (solid lines) in dilute state (T= 20 °C) and the
respective core contribution (dashed lines) for gold (red) and silica (grey) as core materials.
The profiles exhibit the same number concentrations and are simulated based on parameters
obtained from the form factor fits of the respective core-shell microgel.?'- 13! Arrows indicate
the first form factor minima of the microgel shell (solid arrows) and the core (dashed arrows)

in the scattering profiles.

In order to record more pronounced structure factors in SAXS, the long-range order
and the domain size of the colloidal crystals needed to be increased. Therefore, an
annealing procedure with low cooling and heating rates of 1.5 K/h was employed to
prepare colloidal crystals from the silica core-shell microgels. The self-assembled
microgels exhibit multiple diffraction orders of narrow Bragg peaks in SAXS as shown
in the detector image in Figure 3.3a. This underlines the success of the annealing
procedure. The multiple diffraction orders in the SAXS pattern also enabled a detailed
analysis of the domain sizes, lattice constants and crystal structure (hexagonally
closed packed) of the colloidal crystals. The SAXS profiles recorded from crystalline
assemblies of core-shell microgels show pronounced from factor oscillations
associated to the microgel shell. Due to the narrow width of the Bragg peaks, these
oscillations enabled a detailed form factor analysis of the core-shell microgels in
dense packings. As response towards the dense packing, the microgel shell was
found to undergo isotropic osmotic deswelling, before interparticle contact. This was
associated to pronounced electrostatic interactions and the presence of an ion cloud

possessing larger dimensions than the core-shell microgel.

48



3. Synopsis

Absorbance

Wavelength [nm]

I

. . . . . . .
.
. .
. . . . 3 .
g v @
Qo .
) . e
” IS}
2 .
. . < . e .

Wavelength [nm]

Figure 3.3 Modified table of contents figure from “Fluid-solid transitions in photonic crystals of
soft, thermoresponsive microgels” 3! (a) Scattering pattern recorded from dispersions of
core-shell microgels below the VPTT, forming a crystalline phase as indicated by the scheme
of hexagonally ordered core-shell microgels. (b) The transition between fluid and
crystalline/solid phases is shown by temperature dependent Vis-NIR spectra. (¢) Scattering
pattern recorded from dispersions of core-shell microgels above the VPTT, forming a fluid

phase as indicated by the scheme of unordered and collapsed core-shell microgels.

In addition to SAXS, the photonic properties of the crystalline samples were utilized
to study the phase behavior of the core-shell microgels. With lattice constants close
to the wavelength of visible light, the samples possess narrow Bragg peaks in Vis-NIR
absorbance spectroscopy which is shown by the blue curves in Figure 3.3b. The
Bragg peaks can be used as indicator for the presence of crystalline structures in the
investigated sample volume. Here, both methods are probing rather large sample
volumes and provide representative insights into the phase behavior of core-shell
microgels, which was further investigated with temperature-dependent optical
spectroscopy. The decrease in Bragg peak intensity, followed by a complete
disappearance, as response to an increase in temperature (blue to red color
transition), is related to a phase transition of the dispersion between the crystalline

and fluid phase.

49



3. Synopsis

The reversibility of the transition is shown by the spectra in Figure 3.3b for the heating
(top) and cooling (bottom) process. Due to the thermoresponsive properties of the
PNIPAM shell, the increase in temperature is accompanied by a decrease in size and
respectively volume fraction of the core-shell microgels in dispersion. At a certain
volume fraction, the packing density is no longer high enough to maintain the
crystalline structure and the dispersion undergoes a phase transition. The crystalline
and fluid phase are indicated by the schematic core-shell microgels in Figure 3.3a
and c. This process can be followed by absorbance spectroscopy and the transition
volume fraction was found to be at { = 0.45 + 0.05. Therefore, thermoresponsive
microgels are an ideal system to study the phase behavior of soft colloids, as the
volume fraction can be controlled by temperature. The complete transition into the
fluid phase was proven by additional SAXS measurements, performed at elevated

temperatures, where the core-shell microgels are in the collapsed state (Figure 3.3¢).

The analysis of the structure factors recorded from core-shell microgels in their
collapsed state at dense packings (Figure 3.3c) and the osmotic deswelling before
interparticle contact indicated the presence of a pronounced electrostatic contribution
to the phase behavior of the microgels. This is related to charges being incorporated
into the core-shell microgels during the synthesis, primarily by the radical initiator
potassium persulfate. The third publication (Temperature-dependent phase diagrams
of weakly charged, thermoresponsive microgels under charged and charge-screened
conditions) focuses on the electrostatic contribution to the phase behavior of the
core-shell microgels. Therefore, the influence of charge screening on the microgels in
dense packings was studied. To achieve this, salt (0.5 mM potassium chloride, KCI)
was added to the microgel dispersions increasing the concentration of ions and
reducing the effective electrostatic interactions between the microgels. In order to
ensure a successful screening of charges, the electrophoretic mobility of the
microgels was recorded, revealing a drastic decrease in the electrophoretic mobility
of the microgels in the swollen state. Core-shell microgels in the dilute state were
investigated for the influence of salt on the size or morphology. Therefore, various
scattering techniques like small angle neutron and X-ray scattering, as well as static
and dynamic light scattering were applied. Here, the core-shell microgels show similar
dimensions and an influence of the presence of salt on the morphology could not be

detected.
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SAXS and optical spectroscopy were used to study the potential influence of charge
screening on the phase behavior of the core-shell microgels in dense packings. The
recorded SAXS patterns and profiles indicated that the charge screening resulted in
a shift of the phase boundary between the fluid and crystalline phase towards higher
volume fractions. With exception of this shift, the core-shell microgels, in their swollen
state, behave similar in the unscreened and charge-screened state. In both states the
crystalline samples show SAXS patterns with high diffraction orders of Bragg peaks.
Form factor analysis of the respective SAXS profiles showed that the core-shell
microgels feature similar dimensions in these dense packings, independent of charge
screening. At elevated temperatures, the collapsed microgels were in a fluid phase
and the recorded structure factor was analyzed with a hard-core
one-Yukawa-potential.’®!. 152 The influence of charge-screening on the interaction
potential is shown in Figure 3.4. Here, the length of the interaction potential L, reveals
a significant influence of charge-screening on the effective interaction radius of the
core-shell microgels. In absence of salt (red) the potential features a higher potential
strength and length which is drastically reduced when charges are screened (black).
It is likely that this reduction in the effective interaction radius is the reason for the shift
in the phase boundaries found for the core-shell microgels in their swollen state. It can
be assumed that this effect is less expressed in the swollen state of the microgels,

where the charge density is slightly lower due to the larger dimensions of the particle.
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Figure 3.4 Schematic illustration of the collapsed core-shell microgels in the unscreened (a)
and charge-screened state (b). The position and number of charges serves only as schematic
illustration and is not based on experimental results. (c¢) Interaction potential
(one-Yukawa potential’®") as function of the interparticle spacing (dec-c — 2RHc) for silica
core-shell microgels in the collapsed state for the unscreened (red) and charge-screened
state (black).
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Similar to the previous work, the photonic properties of the colloidal crystals enabled
the investigation of the phase behavior via optical spectroscopy. Therefore,
temperature-dependent Vis-NIR spectroscopy gave insights on the influence of
charge-screening on the phase transition between crystalline and fluid phase. In order
to investigate a broad range of volume fractions, a concentration series of core-shell
microgels was prepared and the respective temperature regions where the samples
undergo the phase transition (crystalline/fluid) could be extracted. Due to the particle
number concentration becoming accessible via the scattering intensity of the silica
core in SAXS, a precise mapping of the generalized volume fraction becomes
feasible. As a result, the former indicated shift of the phase boundary between the
crystalline and fluid phase, as well as the reduction of the effective interaction radius
of the microgels, due to charge screening could be quantified. The pronounced
influence of charges and respective charge screening can be detected in the
temperature dependent phase diagrams presented in Figure 3.5. As indicated by the
solid black line and the evolution of the crystalline region (light brown), it is shown that
in absence of salt (Figure 3.5a), the core-shell microgels self-assemble into
crystalline structures at very low volume fraction around 0.39 and high temperatures
are needed for a transition into the fluid phase.
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Figure 3.5 Phase diagram of core-shell microgels in absence (a) and presence of salt (b) with
the transition temperature as function of the generalized volume fraction { at 20 °C. The blue
area corresponds to the fluid regime and the crystalline regime is indicated in light brown.
Between both regimes we find the transition area marked in green. For the area colored in red
(b) no Bragg peaks could be found. The solid black lines indicate the expected transition
temperature based on the respective average (iransition. The grey bar on the right indicates the

decrease in volume fraction for an increase in temperature.
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When charges are screened (Figure 3.5b), the phase boundary is much more defined
and core-shell microgels self-assemble into crystalline structures around the expected
volume fraction, compared to a system of hard spheres (0.52 vs. 0.49). For a more
detailed discussion see chapter 6.4.5. This work shows that even weakly charged
microgels can exhibit distinct electrostatic contributions, which significantly influence

their phase behavior.

The presented core-shell microgels are an ideal model system to investigate the
phase behavior of soft colloids by means of scattering methods and optical
spectroscopy. Particle number concentrations and volume fractions became
accessible from the scattering intensity of the cores in SAXS. The presence of the
cores also simplified the extraction of the structure factor from the scattering profiles.
With sufficiently large shell sizes, SAXS gave even insights into the microgels
response towards dense packings. It was also found that the weak charges of the
core-shell microgels have an influence on the phase behavior. This was studied by
structure factor analysis from SAXS profiles and temperature-dependent optical
spectroscopy recorded from samples of core-shell microgels in dense packings under
charged and charge-screened conditions.
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3.1 Contributions to Joint Publications

Chapter 4: SAXS Investigation of Core-Shell Microgels with High Scattering
Contrast Cores: Access to Structure Factor and Volume Fraction.

Marco Hildebrandt, Sergey Lazarev, Javier Pérez, Ivan A. Vartanyants, Janne-Mieke

Meijer and Matthias Karg

Published in Macromolecules, 2022, 55, (7), 2959-2969.
https://doi.org/10.1021/acs.macromol.2c00100

M.K., J.-M.M. and | designed the storyline of the study. | synthesized the core-shell
microgels and conducted the characterization of the particles via dynamic light
scattering, absorbance spectroscopy and analyzed the transmission electron
microscopy images. J.-M.M. and S.L. performed synchrotron SAXS measurements,
where J.P. assisted as responsive beamline scientist. | conducted the sample
preparation. J.-M.M. and M.K. supported me during the analysis and interpretation of
the synchrotron SAXS data. Additional SAXS data were acquired by me in order to
extract particle number densities. Absorbance spectroscopy on densely packed
samples was also performed by me. | designed and prepared all figures and wrote
the first version of the manuscript. M.K and J.-M.M performed major editing and
rewriting. All authors contributed with helpful discussions and proofread the

manuscript.

Chapter 5: Fluid-solid transitions in photonic crystals of soft, thermoresponsive

microgels

Marco Hildebrandt, Duong Pham Thuy, Julian Kippenberger, Tillmann L. Wigger,
Judith E. Houston, Andrea Scotti and Matthias Karg

Published in Soft Matter, 2023, 19, (37), 7122-7135.
https://doi.org/10.1039/D3SM01062G

M.K. and | designed the storyline of the study. D.P.T. synthesized the particles and
performed preliminary experiments. Particle characterization, including dynamic light
scattering, determination of particle number densities and the analysis of angle
dependent dynamic light scattering data and transmission electron microscopy

images was performed by me.
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J.E.H. and A.S. conducted synchrotron SAXS measurements and did the data
reduction. J.K. enabled and conducted angle dependent reflectance spectroscopy.
T.L.W. assisted with the domain size analysis. Temperature dependent absorbance
spectroscopy and the respective data interpretation was conducted by me. |
performed the analysis of the synchrotron SAXS data, supported by M.K. | designed
and prepared all figures and wrote the first version of the manuscript. M.K. performed
major editing and rewriting. All authors contributed with helpful discussions and

proofread the manuscript.

Chapter 6: Temperature dependent phase diagrams of weakly charged,

thermoresponsive microgels under charged and charge-screened conditions

Marco Hildebrandt, Duong Pham Thuy, Anna Domgans, Andrea Scotti, Sylvain
Prévost and Matthias Karg

Manuscript in preparation for submission

M.K. and | designed the storyline of the study. D.P.T. and | synthesized the particles.
D.P.T. performed preliminary experiments. Particle characterization, including
dynamic light scattering, electrophoretic mobility measurements, determination of
particle number densities and the analysis of static light scattering data and
transmission electron microscopy images was performed by me. A.D. assisted with
the sample preparation. A.S. conducted synchrotron SAXS measurements and did
the data reduction. S.P. performed SANS measurements and the respective data
reduction. Temperature dependent absorbance spectroscopy and the respective
interpretation of the recorded data was conducted by me. | designed and prepared all
figures and wrote the first version of the manuscript. M.K. performed major editing and
rewriting. All authors contributed with helpful discussions.
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4.1 Abstract

To explore dense packings of soft colloids, scattering experiments are ideal to access
the structure factor. However, for soft microgels determination of the structure factor
is difficult because of the low contrast of the polymer network and potential microgel
interpenetration and deformation that change the form factor contribution. Here, we
employ small-angle X-ray scattering (SAXS) to study soft, thermoresponsive
microgels with poly-N-isopropylacrylamide (PNIPAM) shells and gold nanoparticle
cores. The scattering of the gold cores dominates the scattering patterns and allows
precise determination of the microgel volume fraction over a broad range of
concentrations. At high volume fractions we find distinct patterns with sharp Bragg
peaks allowing extraction of the structure factor and characterization of the phases
combined with UV-Vis spectroscopy. The unique scattering contrast of our core-shell
microgels combined with SAXS opens up new ways to investigate dense packings of

soft microgels including in situ studies of phase transitions.

4.1 Introduction

Microgels are composed of cross-linked polymer networks that are swollen by a
solvent and possess a dual colloid-polymer nature.® 4 16 Through the polymer
composition, microgels can be rendered responsive towards various external stimuli
such as pH, ionic strength and temperature.”. 19 20. 83, 153-155 The most prominent
example for microgels that respond to changes in temperature undergoing a
pronounced volume phase transition (VPT) is composed of poly-N-
isopropylacrylamide (PNIPAM). PNIPAM microgels were first synthesized by Pelton
and Chibante?* and received great attention ever since for example as model system
for soft colloids.”> 72 123, 156,157 Fyrthermore, such responsive microgels are of interest
for different applications, for instance photonic crystals,’? 3D bioprinting,*¢ color-

changing systems,** 85 as well as viscosity modifiers and lubricants.*'- 42

Similar to hard spheres, microgels can form crystalline phases in 2D and 3D
assemblies. The fact that the microgel size can be tuned by external parameters and
thereby allowing for in-situ changes of the volume fraction, ¢, makes responsive
microgels highly attractive for the study of crystallization and melting phenomena.*”:
82 Furthermore, the softness and deformability of microgels extend their phase
diagram even above the hard sphere limit (¢ = 0.74).
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In 3D assemblies of hard spheres, the maximum packing density is reached when
particles are in direct contact in close packed crystalline structures, namely fcc (face
centred cubic) or hcp (hexagonally close packed). Higher packing fractions are not
possible because hard spheres cannot be deformed and/or compressed. In contrast,
upon contact, microgels can deform, shrink and/or interpenetrate resulting in apparent
volume fractions above the hard sphere limit and even above unity, ¢ > 1.4' For the
real volume fraction the changes in individual microgel volume at high packings needs
to be considered. The difference between the apparent and the real volume fraction
of soft and deformable microgels has been addressed recently by Scotti et al.8°
Clearly, understanding the influence of the softness and responsiveness of microgels
on the structure and dynamics in dense dispersions is important for their applications
as well as of fundamental interest to study, for example, crystallization, melting as well
as glass or jamming transitions.

For relatively large microgels with sizes in the micron range, optical microscopy
techniques have been used for investigating the local organization of microgel
systems on a single particle level.*3 65 158  The overlapping of microgels in dense
packings however limits the resolution in optical microscopy. In addition, different
scattering methods, such as dynamics and static light scattering (DLS and SLS) or
small-angle X-ray and neutron scattering (SAXS and SANS) were frequently
employed to study the bulk structure and dynamics of microgel systems — mostly
focusing on microgels too small to be observed with optical microscopy.? 66 159 A major
advantage of scattering methods over microscopy methods is that much higher
particle numbers can be addressed in one measurement giving access to ensemble
averages with great statistics. At high volume fractions, in particular, where microgels
form colloidal crystals, scattering methods are much more powerful to resolve the
long-range 3D order. However, it remains difficult to unambiguously decouple the form
factor, P(q), and the structure factor, S(q), from scattering profiles. On the one hand
both contributions appear on similar length scales (or ranges of scattering vector, q),
thus requiring the form factor to be determined with great statistics. On the other hand,
in contrast to hard spheres, the microgel form factor can change with concentration,

in particular for dense packings due to interpenetration and/or deformation.”+ 78
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Furthermore, the form factor of microgels is much more complex than that of hard
spheres due to the inhomogeneous distribution of the cross-linker leading to the well-
known fuzzy sphere morphology® 32 and the overlap of their outer polymer segments

at high concentrations.”®

Recently, there has been an increased interest in microgels that contain metallic
nanoparticles. Such hybrid microgels are attractive for the development of new
materials with applications in photonics, plasmonic lasing, and opto-electronic
devices.47. 109, 160, 161 The interest has arisen because the nanoparticle core, for
example silver or gold, can host localized surface plasmon resonances (LSPRs),4? 162
while the interparticle spacing is controlled by the microgel shell that also governs the
formation of 2D or 3D colloidal crystals.*” For core-shell (CS) microgels consisting of
gold nanoparticles (AuNPs) coated with a cross-linked PNIPAM shell it was shown
that these behave as soft microgel systems, forming 2D and 3D crystal lattices.*8 73
90,163,164 The 2D lattices were found to show surface lattice resonances (SLR) when
the inter-particle spacing was in the order of the visible wavelength leading to
plasmonic-diffractive coupling.63. 161. 165,166 Dye to the strong LSPR absorption of the
AuNP cores, however, the use of optical microscopy methods is limited and so far the
3D crystal lattices have been mostly investigated with UV-Vis spectroscopy focusing
on the Bragg reflection.*” A recent study also explored SANS for the characterization
of 3D colloidal crystals and found that the PNIPAM shell leads to the formation of a
dominant fcc crystal lattice, irrespective of the presence of the small gold core.”™
However, in SANS the scattering arises from the polymer shell and therefore the same
interferences between form and structure factor hampers the detailed analysis of the
structure factor. It further remains unclear if the gold cores are truly located in the
centers of microgel shells. Lapkin et al. recently studied a similar system focusing on
the melting and crystallization of CS microgels at high volume fraction.82 Thanks to
the high scattering contrast cores, ultra small-angle X-ray scattering (USAXS) could
be used to provide detailed information on the phase transition upon changes in
temperature in situ. The appearance of sharp Bragg peaks in the crystalline regime

allowed a detailed analysis of the melting and crystallization behavior.
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In this work, we focus on studying PNIPAM microgels with small AuNP cores by
SAXS. We exploit the large size and electron density difference between the cores
and the swollen PNIPAM shells that will lead to the main scattering contribution arising
from the AuNP cores. We investigate different low concentrations of the CS microgel
system and demonstrate that the AuNP core allows for the precise determination of

the apparent microgel volume fraction.

We also explore the formation of colloidal crystals driven by the microgel shells and
investigate a broad concentration series. We determine the phase behavior and
interparticle spacing as a function of microgel volume fraction. Finally, we compare
our findings from SAXS with results from Bragg peak analysis using UV-Vis

spectroscopy.

4.3 Experimental Methods

Chemicals

Gold(lll) chloride trihydrate (HAuCls; Sigma-Aldrich, 299.9%), sodium citrate dihydrate
(Sigma Aldrich, 299.0%), butenyl amine hydrochloride (Sigma Aldrich,97.0%), sodium
dodecyl sulfate (SDS; Merck, 295.0%), N-isopropylacrylamide (NIPAM; TCI 98.0%),
N,N’-methylenebis(acrylamide) (BIS; Aldrich, 99%), potassium peroxodisulfate (PPS;
Sigma 299.0%), sodium chloride (NaCl; Fischer Chemical,; Ph. Eur.). Water was
purified with a Milli-Q System (Millipore), resulting in a final resistivity of 18 MQ cm.

Synthesis of Core-Shell Microgels

CS microgels with spherical gold cores and polymer shells consisting of chemically
cross-linked PNIPAM were synthesized via seeded precipitation polymerization.'®
NIPAM (1.169 g; 10.3 mmol) and BIS (0.239 g; 1.6 mmol) were dissolved in 600 mL
of Milli-Q water followed by degassing with argon at a temperature of 70 °C for 1.5 h.
Before initiating the reaction with 12 mg PPS dissolved in 1 mL of water, 8.4 mL of a
stock dispersion of spherical Au-NP seeds*® with a mean radius of 7.4 nm (from
transmission electron microscopy) and an elemental gold concentration of [Au®] = 0.02
mol/L were added to the reaction mixture. After the polymerization was initiated, the
reaction was continued for 4 h. The final CS microgels were purified by three
centrifugation steps, each for 3 h at 7500 rcf and redispersion in water to remove
residues of salt, unreacted monomer and potentially non-cross-linked polymer.
Finally, the CS microgels were freeze-dried. We take into account for a residual water

content of 5.7% in the final freeze-dried sample.”3. 136
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Sample Preparation

CS microgel dispersions with different weight concentrations were prepared by
diluting a highly concentrated stock dispersion made from freeze-dried CS microgels.
In this way sample dispersions within the concentration range from 0.5 wt% to 22.5
wt% were prepared. Although care was taken to control all wt% concentrations, for
the very dense samples we sometimes observed CS particle deposition on the
capillaries. This loss of particles in combination with solvent evaporation could lead to

changes in the wt%.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was conducted with a JEOL JEM-2100PIlus
TEM in bright-field mode operated with an acceleration voltage of 80 kV. Samples
were prepared via drop casting of a dilute aqueous CS microgel dispersion on carbon
coated copper grids (200 mesh, Electron Microscopy Science). The grids were dried
at room temperature for several hours before investigation. The particle size was
determined from the TEM images using the GMS 3 software from Gatan as well as

ImageJ.'67. 168
Dynamic Light Scattering

Temperature dependent dynamic light scattering (DLS) was performed with a Malvern
Zetasizer Nano S (A = 633 nm; 6 = 173°). Three measurements at each temperature
in a range of 15 to 65°C with a step of 1 K were taken with acquisition times of 60 s
each. Dilute aqueous microgel dispersions were measured in standard polystyrene
cuvettes with 1 cm pathlength. Hydrodynamic radii R (z-average) were determined

with cumulant analysis provided by the instrument software.

Electrophoretic Mobility Determination

Electrophoretic mobility was measured with a Malvern Zetasizer Nano Z (A = 633 nm;
6 = 173°) at a temperature of 20°C. The CS microgels were dispersed in 104 M
aqueous NaCl solution to provide a constant ionic background.

UV-Vis Absorbance Spectroscopy

UV-Vis spectra were recorded using a SPECORD S 600 (Analytik Jena) UV-Vis
spectrophotometer. Dilute samples were measured in 1 cm PMMA cuvettes. Dense
samples at high volume fractions were measured in 0.2 mm X 4.0 mm x 50 mm

capillaries (VitroTubes). Measurements were performed at room temperature.
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Small-Angle X-Ray Scattering

In-house SAXS measurements were performed on a Xeuss 2.0 (XENOCS) equipped
with an X-ray beam of 8.048 keV, a sample to detector distance of 1 m and an
acquisition time of 3600 s. Scattering patterns were collected with a Pilatus3R 300K
with an area of 83.8 x 106.5 mm?2 and a pixel size of 172 x 172 ymZ2. This setup
provides a g-range of 0.03 nm™' < g < 3.5 nm-'. We want to mention that the resolution

in the g-range of 0.03 — 0.1 nm-' is much lower compared to synchrotron SAXS.

Dilute samples were measured in 1 mm round capillaries (WJM Glas) at a
temperature of 20 °C. The measured signal was background corrected for the
scattering of water, normalized to absolute scale using the thickness of the capillary
and the scattering of glassy carbon as reference and finally radially averaged with the

Foxtrot software provided by Xenocs."%?

Synchrotron SAXS measurements on dense samples at high volume fractions were
performed at the SWING beamline at the SOLEIL synchrotron in Saint-Aubin
(France). An X-ray beam of 8 keV (A = 0.155 nm) was employed with a sample to
detector distance of 6497 mm. An Eiger 4M detector with an area of 155.2 x 165.5
mm? and a pixel size of 75 x 75 ym? was used to collect the 2D scattering patterns.
This setup provides a g-range of 0.01 nm-' < g < 1.0 nm-'. Samples with different wt%
were prepared in 0.2 mm X 4.0 mm X 50 mm capillaries (VitroTubes). These thin-
walled rectangular capillaries provide short optical paths and also allow for
measurements by SAXS and by UV-Vis absorbance spectroscopy on the same
sample. Due to the high viscosity of high wt% samples, samples were heated to
approximately 50 °C, which is well above the volume phase transition temperature
(VPTT) of the microgel shells. At this temperature the volume fraction is significantly
reduced due to the shrinkage of the PNIPAM shells lowering also the dispersion
viscosity. By applying a small, reduced pressure to one opening of the capillaries, the
dispersions were sucked inside the capillaries. The capillaries were sealed with two-
component epoxy glue. Prior to investigation, all samples were annealed at a
temperature of approximately 50 °C. Subsequently, the samples were slowly cooled
to room temperature during at least 1 h. All samples were measured at a temperature
of 20 °C with an acquisition time of 100 ms. Background corrections were performed
on the recorded 2D SAXS patterns before analysis with the Foxtrot software provided
by SOLEIL."6%
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Radially averaged scattering profiles were analysed with the SASfit software by
Kohlbrecher.'7 The 2D SAXS patterns were analysed with the Software Scatter by

Forster and Apostol.'!

4.4 Results and Discussion

4.4.1 Characterization in the Dilute State

Seeded precipitation polymerization was used to synthesize CS microgels that have
high electron density AUNP cores and low electron density hydrogel shells composed
of chemically cross-linked PNIPAM. A schematic depiction of the CS morphology is
shown in Figure 4.1a. In order to verify this CS structure experimentally and to
determine the yield of encapsulation, the CS microgels were studied by TEM.
Figure 4.1b shows a representative TEM image where the CS structure with the high
contrast, spherical AUNP cores and the low contrast PNIPAM shells can be clearly
identified. Due to drying effects on the TEM grids and the high vacuum conditions
during the measurements, the microgel shells are in a collapsed state with dimensions
much smaller than in dispersion under good solvent conditions (red, dashed circle in
the TEM image). We also attribute the drying effects to be responsible for the AUNP
cores not appearing in the centre of the microgels in TEM images (see Figure 4.1b).
In addition, some microgels without cores could be observed (see Figure S4.1 in the
Supporting Information). The percentage of microgels that do not feature a AuNP core
is low however (< 1 %) in agreement to findings in a previous work.""® The mean
radius of the AuNP cores, R, was determined as Rc = 6.6 + 0.7 nm. A corresponding
histogram of the core sizes determined by TEM analysis is shown in Figure S4.2 in
the Supporting Information. A UV-Vis extinction spectrum measured from a dilute
dispersion of the AuNP cores (no shells) reveals a single dipolar LSPR with a
resonance maximum at Aispr = 524 nm (see Figure S4.3 in the Supporting
Information). Due to the rather small size of the AuNPs the LSPR is related to
absorption of light while scattering, that scales with the sixth power of the particle
radius, is negligible. The extinction properties change significantly when the much
larger PNIPAM shell is added. Figure 4.1c shows the corresponding extinction
spectrum of the CS microgels measured from dilute dispersion. While the LSPR of
the AuNP cores is still visible as a peak at 524 nm wavelength, an increased
absorbance is observed at lower wavelengths due to Rayleigh-Debye-Gans scattering
of the larger PNIPAM shells.
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This superposition of scattering from the PNIPAM shells and absorption from the
AuNPs cores hampers the determination of particle number concentrations from
extinction values.'3® We will later on show that SAXS is the ideal tool for extracting
number concentrations with great precision. The total size of the CS microgels in dilute
dispersion was determined by DLS. At 20 °C, i.e. in the swollen state, we measured
a hydrodynamic radius, Rh, of 105 + 1 nm. The VPT of the PNIPAM shell was studied
using temperature-dependent DLS measurements. Figure S4.4 in the Supporting
Information shows the evolution of Rn as a function of temperature. With increasing
temperature Rn decreases continuously until a plateau is reached when the shell is in
a fully collapsed state at T > 50°C with R approaching approximately 65 nm. The
VPTT is found at approximately 36 °C which agrees well to other PNIPAM microgels
with similar cross-linking densities.”® 136 The finding that we observe a pronounced
temperature response for such high nominal cross-linker contents is in agreement
with a recent study by Ponomareva et al. where similar CS microgels with varying size
and cross-linker contents were studied in detail by different methods including light
and neutron scattering.3? The electrophoretic mobility of the CS microgels was
investigated because it is known that electrostatic interactions can have an influence
on the interparticle interactions.”2 173 We find an electrophoretic mobility of -1.6 um
cm/Vs at 20 °C for the CS microgels. This slightly negative charge is related to the
anionic initiator used in the synthesis. Therefore, we consider our microgels to be

weakly electrostatically stabilized.
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Figure 4.1 Characterization of Au-PNIPAM CS microgels. (A) Schematic illustration of the CS
structure and the most relevant radii accessible by scattering experiments with Rc the radius
of the AuNP core, Rs the radius of the CS microgel from SAXS and Rhx the hydrodynamic
radius. (B) Representative TEM image of the CS microgels. The red circle indicates the
dimensions of the swollen PNIPAM shell as obtained from DLS. (C) UV-Vis absorbance
spectrum of a dilute dispersion of CS microgels. The red line highlights the position of the
LSPR. (D) Synchrotron SAXS profile from a dilute dispersion (0.5 wt%) of the CS microgels
recorded at 20 °C. The dashed line corresponds to the form factor fit of the AuNP scattering
contribution. The solid line corresponds to a form factor model that combines two
polydisperse hard spheres with different size and different scattering contrast. (E) Scattering
length density differences between Au, swollen PNIPAM microgel shell (80 % water content)
and water as the dispersion medium. Note the break in scale due to the large difference
between core and shell SLD. SLDs were obtained from the SLD calculator provided by
NIST.174
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To determine the form factor of the CS microgels and in particular to determine the
contributions of core and shell scattering, we studied dilute microgel dispersions by
SAXS. Figure 4.1d shows the radially averaged synchrotron SAXS profile measured
at 20 °C. The scattered intensity /(q) depends on the scattering contrast (ASLD) given
by the scattering length density (SLD) for homogenous scattering objects, the particle
number density N, the scattering object volume Ve, the form factor P(q) and the

structure factor S(q), according to
I(q) = N(ASLD)*V?P(q)S(q) (4.1)

For dilute particle dispersions interparticle interactions can be considered negligible
and S(g) = 1. In the mid to high g-region (g > 0.1 nm-') the SAXS profile is dominated
by the form factor contribution of the AuNP cores. This contribution can be described
by a simple polydisperse sphere model as the dashed red line in Figure 4.1d
illustrates. In the following we will focus on the analysis of the core form factor and its
forward scattering intensity. However, in the scattering profile we also observe an
increase in scattering intensity in the low g-region (g < 0.1 nm") that is related to
scattering from the swollen PNIPAM shell. The contribution of the core is more distinct
due to the difference in the SLD of the AuNP core and the PNIPAM shell as shown in
Figure 4.1e. The difference in SLD of the AuNP cores and water exceeds that of the
swollen PNIPAM shells with respect to water by almost three orders of magnitude,
explaining the dominant contribution of the core in the mid to high g-region. The water
content of PNIPAM microgels with different cross-linker densities up to 25 mol%
(nominal) was investigated in detail by using SANS recently.3? Even for such high
nominal cross-linker amounts water contents of more than 80% in the swollen and
more than 60% in the collapsed state were found. However, even though the shell
possesses a lower contrast, it still contributes to the scattering profile at low g due to
its much larger volume. As a simple approach to describe the core and the shell
contribution we use the simple sum of two polydisperse spheres taking into account
the difference in scattering contrast of the cores and shells (solid red line Figure 4.1d,
for details see Supporting Information). Qualitatively this simple model describes the
measured data sufficiently well. We want to note that a more complex form factor
model that considers interference between core and shell and also accounts for the

inhomogeneous cross-linker distribution in the shell would be more appropriate.82 116
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However, due to the rather small scattering contribution from the shell and the
absence of pronounced form factor oscillations in the accessible g-range, we do not
want to go deeper into such an analysis here. In the Supporting Information a form
factor analysis comparing different models used to fit the scattering profile of the dilute
CS microgel sample is given in Figure $4.5. In the following, the scattering signal
from the cores only is what we will be using for further analyses in this study. From
the fit of the core scattering contribution we find Rc = 6.5 £ 0.6 nm which is slightly
smaller than the radius obtained from TEM (6.6 + 0.7 nm). This difference can be
explained by approximation of a perfect sphere in SAXS while we measure slightly
anisotropic shapes in TEM. The form factor fit resulting from the linear combination of
two polydisperse spheres describes the full scattering profile sufficiently well and we
determine a radius of Rs = 77.9 £ 8.7 nm for the CS microgel. The reason Rs is
significantly smaller than R is that the model does not take into account the fuzziness
of the PNIPAM shell, while the outer low cross-linked region still contributes to the
hydrodynamic dimensions. Itis well known that PNIPAM microgels possess a gradient
in cross-linker density due to the faster consumption of the cross-linker BIS during the
precipitation polymerization.3% 175 This gradient also leads to dangling end chains at
the surface that contribute to Rn but are not resolved in SAXS due to their very low
contrast.”® 79. 8 This is also in good agreement with our previous results.”® 82 Also,
the radius of gyration Ry = 71.1 £ 1.7 nm determined from Guinier analysis is smaller
than Rs (see Figure S4.6 and discussion in the Supporting Information).This can also
be ascribed to the gradient in cross-linker density. A similar difference is found when
we compare Ry and R, where we find the ratio Rg/Rn = 0.68, which is typically

observed for microgels, for example studied by light scattering.'%”
Volume Fraction

Due to their soft and deformable nature as well as the dangling ends that allow for
interpenetration in dense packings, the determination of the volume fraction, ¢, of
microgel dispersions is challenging and often defective. One approach to extract
volume fractions from dilute microgel dispersions is relative viscosimetry.36 80 Here,
owed to the strong scattering contrast of the AuNP cores, we can use the absolute
SAXS intensity to determine the number concentration, N (see Equation 4.1), of the
CS microgels very precisely in the low concentration regime. Figure 4.2a shows
radially averaged scattering profiles recorded for dilute CS microgel dispersions

(S(g) = 1) at 20°C with known concentrations (wt%).
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The red solid lines correspond to the respective form factor fits of the AuNP core
contribution. It is important to note that the scattering curves are not offset and the
increase in /(q) is a direct result of the increase in concentration and hence N.
Because we normalized /(q) to absolute intensity (cm), the particle number density
and hence ¢core can be determined from the intensity /o extrapolated to ¢ > 0 nm™!

according to:

N = Io Na peore? (42)

Mcore Mcore ASLD?

With pcore the AuUNP core density, Na Avogadro’s number, Mcore the molecular weight
and meore the mass of the AuNP core, and ASLD the scattering length density
differences between gold and water (for more details see Supporting Information).
Once N has been determined, the volume fraction of the CS particles, ¢cs, can be

obtained from the number concentration N and the hydrodynamic radius Rh:
bes = N 3Ry’ (4.3)

We employ Rn because Stieger et al.? showed that this is the most accurate size to
describe soft microgels in the swollen state. The forward scattering intensities, lo, were
determined from linear extrapolation of the scattering data in a Guinier plot where only
the g-range relevant to scattering from the AuNP cores is considered. The inset in
Figure 4.2a shows the Guinier plot for the differently concentrated samples and the
corresponding linear fits (red lines). More details about the fitting procedure and a
larger scale image of the inset in Figure 4.2a are provided in the Supporting
Information (Table $4.3 and Figure S4.7). For the fits we have ignored the scattering

from the shell, visible at q < 0.06 nm".

Figure 4.2b shows the resulting relation between the sample concentration in wt%
and the extracted volume fraction of CS microgels, ¢cs, derived from N resulting from
the SAXS data and using the hydrodynamic radius (Rx= 105 nm) in the swollen state
at 20 °C. As expected, there is a linear relation between ¢cs and the CS microgel
concentration in wt%. The slope of the linear fit to the data provides the scaling
between the two quantities and allows us the calculation of the volume fraction for any
given concentration in wt% (see also Figure $4.8 in the Supporting Information). We
find:

cs = (0.13 £ 0.01) mass concentration in wt% (4.4)
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A more detailed overview of concentrations and the respective volume fractions is

presented in Table S4.4 in the Supporting Information.
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Figure 4.2 (A) Radially averaged SAXS profiles for differently concentrated dispersions of the
CS microgels in the dilute regime. The concentrations were 0.62 wt% (blue), 1.23 wt%
(green) and 2.45 wt% (dark grey). Red lines correspond to the form factor fits only taking into
account the scattering contribution of the AUNP cores. The inset shows the SAXS data in the
Guinier plot representation with the red lines corresponding to linear fits used for the
extrapolation to obtain loat ¢ > 0 nm™'. (B) Determined volume fraction ¢s for each

experimental wt% (black circles) showing a linear relation (red line).
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4.4.2 Separation of the Form Factor and Structure Factor

For dense packings of purely organic microgels without high contrast cores, form
factor and structure factor typically overlap to some extent in the low g-range.® 6
Therefore, the determination of the structure factor is often difficult and requires, for
example, contrast variation experiments.”® While for hard spheres, the form factor will
not be significantly affected by concentration, microgels can deform, interpenetrate
and even change their size in dependence of concentration. This hampers the simple
calculation of the structure factor by S(q) = leonc.(q) / li.(q) with the measured scattering
profiles of the dense sample (lonc.(q)) and a dilute reference sample (li.(q)) where
S(q) = 1.6 In our case, we deal with CS microgels that have a high contrast AUNP
core. Due to the much greater volume of the PNIPAM shell with respect to the core,
interparticle interactions of our swollen CS microgels are governed by the soft
repulsive potential of the shells. Only at extremely high packing densities a
contribution from the hard core might become relevant. In this work we focus on
packing fractions where the phase behaviour is comparable to purely organic PNIPAM
microgels without hard cores similar to our previous work.” Specifically, we look at a
range of concentrations where we observe the self-organization into crystalline
structures.*”- 82 Since the interparticle spacing, d, is much larger than the AuNP core
size in these samples, we expect the dominating form factor of the cores and the
structure factor of the crystalline assemblies to appear in significantly different ranges
of q.

The as-prepared concentration range of CS particles we investigated spanned from
0.5 wt% to 22.5 wt%. Already visual inspection of these samples provides first insights
into the phase behaviour. For the two most dilute concentrations with 0.5 wt% (¢cs =
0.06) and 2 wt% (¢cs = 0.24), fluid-like samples were obtained indicative by the
absence of opalescence. In contrast, for concentrations higher than 2 wt%
opalescence was observed indicating the formation of crystallites.'23 176. 177 We also
ascribe potential crystallization at lower volume fractions than expected (¢ < 0.49) to
electrostatic interactions between the slightly charged CS microgels. Figure 4.3a
shows scattering profiles from synchrotron SAXS measurements of all investigated
samples. Like in the dilute concentration regime investigated with in-house SAXS, the
mid to high g-regions (> 0.1 nm-") are dominated by the form factor contribution of the
AuNP cores. The continuous increase in /(q) at a given q in this region reflects the

increase in number density N (see Equation 4.1).
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Using the forward scattering intensity /o of the AuNP core scattering determined from
the dilute sample and applying a correction that considers the residual water of the
freeze-dried CS microgels we can use this dilute concentration of 0.5 wt% to precisely
map N for each sample in the concentrated regime. In other words, we can determine
the concentrations in the dense phases non-destructively and also account for local
density fluctuations and potential sample inhomogeneities. Table S$4.5 in the
Supporting Information lists the as-prepared and corrected wt% concentrations and
corresponding volume fractions for all samples investigated. With our set of samples
in the concentrated regime we cover a broad range of volume fractions ranging from
¢cs = 0.24 to ¢es = 1.95. We want to note that values well above the hard sphere
packing limit are possible because of the soft and deformable nature of the CS

microgels.

Now turning to the low g-region in our synchrotron SAXS data, we observe clear
structure factor contributions for all concentrated samples with ¢cs = 0.24. Although
the dilute sample (light brown circles in Figure 4.3a) does show an intensity increase
with decreasing g in the low g-region related to the PNIPAM shells (Figure $4.9 in
the Supporting Information), the low g scattering of the dense samples is dominated
by the structure factor that results from the periodic arrangement of the AuNP cores.
In particular for volume fractions close to and higher than the hard sphere packing
limit (¢ = 0.74), we expect any form factor contributions from the shell to be negligible.
In addition, since the shells will be in close contact and can deform at high ¢cs leading
to a reduction in shell contrast.”® 7 To confirm this assumption, we simulated
scattering profiles assuming various shell contrasts and fixed core contrasts. From
these simulated profiles we extracted the structure factors shown in Figure $4.10 in
the Supporting Information. No significant changes in the position of the first structure
factor maximum, gmax, could be detected. A similar effect of disappearing contrast
between shell and background can be seen in the UV-Vis spectra from such colloidal
crystals where the scattering at lower wavelength is strongly supressed.”® Assuming
that the form factor and structure factor are well separated, we can now eliminate the
form factor contribution by dividing all measured intensity profiles by the form factor
of the AuNP cores, that is /4i.(q). Figure 4.3b shows the corresponding results for the
sample with ¢cs = 0.66. The black circles represent the experimental scattering profile

and the red dashed line corresponds to the form factor fit.
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The extracted structure factor is represented by the blue circles. For g > 0.08 nm-' the
obtained structure factor is very close to unity highlighting that the form factor

contribution was completely eliminated.
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Figure 4.3 (A) Radially averaged synchrotron SAXS profiles for a broad range of CS microgel
volume fractions listed in the legend. (B) Extracted structure factor of the sample with ¢cs
=0.66 (blue circles) from the radially averaged intensity profile (black circles) via the fitted

AuNP core form factor (red dashed line).

We now want to investigate the structure factors of the samples in more detail. To
determine which crystal lattice was formed by the CS microgels, we first analysed the
2D SAXS patterns to determine the origin of the S(q) peaks. As shown in the
Supporting Information the 2D detector images of two selected samples reveal at least
two orders of pronounced Bragg peaks with a six-fold symmetry indicating the
formation of hexagonal close packed planes aligned to the capillary wall (see
Figure S4.15a and S4.15b in the Supporting Information). Furthermore, the first order
Bragg peaks are superimposed with a pronounced amorphous ring indicating a liquid-
like contribution. Thus, these selected samples show the coexistence of crystalline
and fluid-like phases in the probed scattering volume. For colloidal spheres it is well
known that the stacking sequences of the close-packed hexagonal planes can lead to
the formation of a random hexagonally close packed (rhcp) structure, which is a
mixture of hexagonally close packed (hcp) and face centred cubic (fcc) stacking
sequences, as the energetic differences are very small.”! 82178 To get an idea of the
dominant stacking sequence and lattice spacing we modelled the 2D SAXS patterns
with the software Scatter (see Figure S4.15¢ and S4.15d in the Supporting
Information).
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We found a good agreement between the experimental and simulated patterns with a
dominant fcc structure consisting of CS microgels with a homogeneous density shell
and small domain sizes'”® (for more details see Supporting Information). This finding
is in good agreement with the structure found for quite similar CS microgels in a
previous SANS study.” We want to note that in other works on PNIPAM microgels
rhcp phases were identified and that the presence of higher order Bragg peaks is
needed to conduct a precise determination of the exact crystal system.®® 7' The
observation of sharp Bragg peaks indicates that the AuNP cores are well centred in
the PNIPAM shells, since positional fluctuations would lead to the smearing or

absence of clear structure factor peaks.

73



4. SAXS Investigation of Core—Shell Microgels with High Scattering Contrast Cores: Access to
Structure Factor and Volume Fraction

A 100 T T T T T T T
0.24
0.46

O

O
® @ o 0.66
Hoo % & o 0.89
o % 5@ g [} o 1.06
— o & of ggo 0-1.16
310 0—-1.20

104 © 8 0-1.20
8, S R o 153
— § o o170
CH % o 18
(7]
1

T : : ; . 0 T T T T T T —
0.02 0.03 0.04 0.05 0.06 0.07 0.08 300 350 400 450 500 550 600 650 700

q [nm™ Wavelength [nm]
C 500 et
‘ 4
! -l
450 | .
1
400 | a ]
— ! A o
€ ! = ]
E.350- ' A v
—_ ! © \ _
m 1
Py ]
300 "8
250 | ]
I
1 .
02040608 1 1214 16 18 2 02040608 1 1214 16 18 2
¢CS ¢CS

Figure 4.4. (A) Extracted structure factors for all crystalline samples. (B) UV-Vis absorbance
spectra of all crystalline samples recorded in transmission geometry. Volume fractions
regarding are listed in the legends. (C) Lattice constant a and (D) volume fraction @sragg peak
extracted from SAXS via the first (111) fcc (blue triangle) and second (220) fcc structure factor
peak (green triangle), as well as from the diffraction peaks (Agir) in UV-Vis spectra (red
circles). The black curve in (C) serves as guide to the eye and follows the expected scaling
between a and ¢cs. The dashed, vertical line in (D) represents the hard sphere limit for close
packed spheres, and the black, solid line corresponds to a linear dependence with a slope
equals to one and a zero intercept. Error bars in (C, D) are the same size or smaller than the

data points.
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4.4.3 Phase Behaviour

We now want to focus on the crystalline structures and extract their lattice constants
from the Bragg peaks obtained via UV-Vis spectroscopy and from the structure factor
peaks determined by SAXS to get insights in the unit cell dimensions of the crystals.

From the lattice constants we can also determine the volume fraction of CS microgels.

Figure 4.4a shows the experimentally determined structure factors from SAXS for
samples of a broad range of volume fractions, i.e. ¢es = 0.24 to ¢es = 1.95. Having
verified the alignment of the hexagonally packed planes to the capillary wall and a
dominant fcc crystal structure, we can index the peaks in the structure factor profiles
with their Miller indices h, k and /.56 We can assign the first peak of S(q) to the quasi-
forbidden (111) reflection for fcc'”® and the second peak to the (220) reflection. We
do note that the first Bragg peaks could also be related to the presence of rhcp
stacking that would lead to the appearance of the hcp (100) reflection'® 181  put its
position in q is very close to the (111) peak and therefore the two peaks are hard to
distinguish. For simplicity and in agreement to our previous results from SANS”® and
works by others on microgel crystallization, we will continue with the fcc analysis.®® 67
Here we also want to mention the work of Lapkin et al. where a similar system was
investigated with larger focus on the crystal structures.®? In Figure 4.4a, upon
increasing ¢cs all peaks move to higher g values indicating a decrease in lattice
constant. In addition, the intensity of the structure factor peaks decreases for
increasing ¢¢s which we attribute to a decrease in the degree of order. In addition, we
provide the structure factors that are obtained by dividing using the form factor of the
dilute sample in the Supporting Information Figure S4.11. Despite differences in
intensity due to the shell contribution the structure factors and in particular the peak

positions are in good agreement to the results in Figure 4.4a.

In addition to synchrotron SAXS, we investigated the diffraction properties of our
samples using UV-Vis spectroscopy.*”- 73 182,183 Figure 4.4b shows the spectra of all
samples. The relatively broad peak at A = 524 nm in all spectra is related to the LSPR
of the AuNP cores. In addition, sharp peaks originated from the Bragg reflection of the
incident light by the (111) planes of the crystals can be observed. For instance, for ¢es

= 0.66 the Bragg peak occurs at approximately Asragg = 488 nm.
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Next, we quantitatively compare the results from both techniques, for example via the
obtained lattice spacings, a. For this, we extracted the first two structure factor peak
positions using the Gaussian fits to the data (see Figure S4.12 and S4.13 in the

Supporting Information).

From the structure factor maxima gmax, we calculate the lattice spacing dhu:

2T

dyg = (4.5)

dmax
The lattice spacing dhk is assigned to different crystalline planes by the Miller indices
h, k and /. With the lattice spacing we calculate the lattice constant a for the (111)

peak according to:
a=dygVh? + k2 + 12 = dpgV/3 (4.6)

The Bragg peak analysis by UV-Vis spectroscopy gives also access to the lattice

spacing:

mlBragg = 2dhkl ’ncrystal2 — sin 92 (47)

Here Agragg is the spectral position of the diffraction peak, dnu the lattice spacing, nerystal
the refractive index of the crystalline sample and 6 the angle between the incoming
plane and the normal to the crystal plane.'6% 171. 177 For the (111) crystalline plane one
can simplify the calculation, since we assume the hexagonally close packed planes

to be oriented parallel to the capillary wall so that 6 = 0°:
Agiff
dy,q =4 (4.8)

We use nerystal = 1.345 as the average refractive index of the colloidal crystals similar

to our previous work.”3

Figure 4.4c compares the determined lattice constants from SAXS and UV-Vis
spectroscopy in dependence of the volume fraction of the samples. The data from
both methods nicely collapse onto a single master curve showing a decrease from
a =457 nm at ¢cs = 0.24 to a = 226 nm at ¢es = 1.95. The black line in Figure 4.4c
serves as guide to the eye following the theoretical scaling between a and ¢cs, more
details are given in the Supporting Information. Here we note that the volume fraction
we use does not take into account any interpenetration and/or faceting of microgels
when the volume fraction exceeds the hard sphere limit of ¢ = 0.74 as recently

discussed by Scotti et al.” &
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In agreement to the scaling of a with ¢cs'"3 we found the decrease of Adirr to scale with
¢ 2 which was previously observed for microgel systems (see Figure S4.14 in the

Supporting Information).5”

We now want to compare the relation between the volume fraction ¢cs that we
determined using the forward scattering of the AuUNP cores in SAXS and the volume
fraction ¢sragg peak that we can calculate from the Bragg peak analysis of SAXS and
UV-Vis data. Using the lattice constants, a and the hydrodynamic radii, Rn we get the

following relation:

(3+1) 5 TRy

¢Bragg peak = 23 (4.9)

Here an fcc lattice was considered and the (3 + 1) terms corresponds to the number
of CS microgels in the fcc unit cell. In Figure 4.4d we compare @sragg peak Obtained
from SAXS and UV-Vis data with ¢cs. The data from both techniques are in good
agreement and we find a linear scaling between ¢gragg peak and ¢cs for low volume
fractions. At higher volume fractions exceeding the hard sphere limit of ¢ = 0.74
(dashed line in Figure 4.4d), we find that @sragg peak is significantly smaller than ¢cs.
This deviation indicates that microgel deformation and/or interpenetration starts to
occur. In addition, we believe that the formation of wall crystals in coexistence with a
disordered sample structure, as also indicated by the presence of the pronounced
rings in the 2D SAXS patterns (Figure S4.15 in the Supporting Information) can cause
this discrepancy. The discrepancy between ¢gragg peak determined from the (111) and
the (220) reflections for samples exceeding the apparent volume fraction of 1 might
be related to contributions from rhcp lattices as mentioned before. We can also not
exclude that the form factor of the CS microgels in the dense regime might influence

the peak positions to some extent.

Clearly, the phase behaviour and packing in dense microgel systems is difficult to
quantify precisely. The benefits from scattering techniques for the investigation of soft
colloids like microgels at higher volume fractions are clearly the good statistics by
probing millions of particles at once. SANS is often used to investigate such samples
but suffers from long durations for a single measurement. The combination of a hard
inorganic core encapsulated in a soft and responsive microgel shell provides us with
a powerful model system to make use of SAXS with acquisition times below 1 s and
the separation between the form factor and structure factor, due to the difference in

size and contrast between core and shell.
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When normalized to absolute scattering intensities, the scattering signal of the core
also provides detailed information about the number concentration of particles, which
makes this system promising not only for dense packing, but also for studies in the

dilute state were accurate control over the particle number is needed.

4.5 Conclusion

We have studied core-shell microgels in the dilute and densely packed regime using
small-angle X-ray scattering. Owed to the pronounced difference in volume of the gold
nanoparticle cores and the cross-linked poly-N-isopropylacrylamide shells as well as
the stark difference in the scattering contrast, form factor and structure factor of
crystalline samples are well separated. Using absolute scattering intensities and form
factor analysis of the gold core contribution, we could determine microgel number
concentrations very precisely. With this we could relate the experimentally given
weight concentration to microgel volume fractions. We find that the microgels form
crystals with a dominant fcc structure over a large range of ¢es. The quantitative
agreement between crystal analysis from SAXS and results from UV-Vis
spectroscopy is very good, with the lattice constants of the crystal unit cells collapsing
on a single master curve. There is an increasing deviation for higher volume fractions,
in particular, above the hard sphere packing limit between the volume fraction
obtained from the number concentration of the cores and the volume fraction
determined from the lattice constant. This can be explained by having crystals in
coexistence with a disordered sample structure indicated by distinct rings in the SAXS

patterns and the occurrence of microgel deformation and interpenetration.

We propose that such core-shell microgels are ideal model systems to study the
phase behaviour of microgels, in particular at high volume fractions. While the small
gold nanoparticle cores dominate the mid to high g scattering in SAXS, they do not
significantly affect the inter-particle interactions that are governed by the microgel
shells. The short acquisition times of SAXS open up the possibility to investigate the
impact of temperature changes on the microgels in dense packing, which induces
melting and recrystallisation of the system, due to the temperature-dependent volume
of the microgels®?, but has also been shown to change the particle interactions.35 In
addition, core-shell microgels with high contrast cores will allow further explorations
of other fundamental phenomena such as jamming and the glass transition of soft
colloidal systems. This is expected to lead to new insights in the field of soft colloidal

systems.
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4.6 Supporting Information

General Characterization of Core-Shell Microgels

The morphology of the CS microgels and the successful encapsulation of single AUNP

cores in each microgel was investigated by TEM. Figure S4.1 shows TEM images of

the CS microgels at different magnifications. These images were used to determine

the encapsulation rate

R

of the AuNP cores in the PNIPAM shells.

B T e

Figure S4.1. TEM images of CS microgels recorded at different magpnifications.

Figure S$4.2 shows the size distribution histogram of the AuUNP cores as obtained from

manual TEM image analysis using ImageJ.
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Figure $4.2. Size distribution of the AUNP cores as determined by TEM. The red line

corresponds to a fit to the data using a Gaussian distribution function.
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The optical properties of the AUNP cores and the final CS microgels were studied by
UV-Vis spectroscopy. Figure S4.3 shows UV-Vis absorbance spectra of the
as-synthesized AuNP cores and the final Au-PNIPAM CS microgels. The Au®
concentration of the AUNP core dispersion was determined via the absorbance at 400
nm, Abs(400), according to:'37

__ Abs(400)xFp
&

(S4.1)

Cay®
Here ¢ = 2330 Lmol-'ecm! and Fp is the factor of dilution.

The peaks in absorbance at A = 524 nm (vertical red lines) are related to the localized
surface plasmon resonance (LSPR) of the AuNPs. For the CS microgels the LSPR is

less pronounced due to the increased light scattering contribution of the polymer shell
(Figure S4.3B).
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Figure S4.3. (A) Absorbance spectrum of the AuNP core dispersion (Fp = 50).
(B) Absorbance spectrum of the CS microgels in dilute aqueous dispersion. The vertical red
lines highlight the LSPR positions of the AuNPs.

The volume phase transition (VPT) of the CS microgels was followed by
temperature-dependent DLS measurements. Figure S4.4 shows the resulting
evolution of the hydrodynamic radius, Rn, as a function of temperature. Rn decreases
continuously with increasing temperature until reaching nearly constant values at
temperatures of 60 °C and higher where the PNIPAM shells are in their collapsed
state. The VPT temperature (VPTT) is approximately 36.2 °C. Even at high nominal
cross-linker contents of 15 mol% and more PNIPAM microgels show distinct response
to temperature.32 73
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Figure S4.4. Hydrodynamic radii (Rn) of the CS microgels from DLS as a function of

temperature. The solid black line corresponds to a fit using the Boltzmann sigmoidal function.
Form Factor Modeling

We measured the form factor of the CS microgels in dilute dispersion using SAXS.
Due to the isotropic character of all recorded scattering data in the dilute regime, data
were radially averaged to obtain the average scattering intensity, /, as a function of

the magnitude of the scattering vector, g, given by:

131 = q="sin(2) (S4.2)

2
Here @is the scattering angle and 4 the wavelength of the X-ray beam.

For the investigated g-range the scattered intensity, /(g), depends on the microgel
number density, N, the volume of a single microgel, V;, the scattering length density
(SLD) difference between the scattering object and the solvent, ASLD, the form factor

P(q) of the scattering object and additional background contributions, /s:
1(q) = NVp*(ASLD)?P(q) + I (S4.3)

Here we neglect any structure factor contributions, S(q), since we are in the dilute

regime, where S(q) = 1.
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The form factor of a solid sphere with the radius R is given by:

sin(qR)—qRcos(qR) 2

P(q) = |3 (S4.4)

The form factor of a spherical shell is given by the radius of the core R, the thickness
of the shell AR and the difference in scattering length dentistry between the matrix

and the respective core and shell, ASLDcore and ASLDsheil.

Ishell (q' R' AR' ASLDCorer ASLDshell)
= [K(qu + ARrASLDshell) - K(q' R'ASLDshell - ASLDcore)]z

(S4.5)
with

K(q,R,ASLD) =2 nRASLD 35"’“‘”)(:+5(‘1R) (S4.6)

In order to account for polydispersity, the form factor and the volume are convoluted

with a normalized Gaussian distribution function:

1 (R—(R))?
D(R,(R), o = —0x (— ) S4.7
( ( ) pOIY) 27'L'tTpoly2 P ZUPOIYZ ( )

Here (R) is the average particle radius and opoly is the relative size polydispersity. In
order to describe the measured form factor of the CS microgels, we used the simple
sum of two homogeneous spheres. Thus, one polydisperse sphere accounts for the
scattering of the AuNP cores, while the second one accounts for scattering from the
PNIPAM shell. We want to highlight that this simple superposition does not consider
for any interference between core and shell. Due to the large difference in contrast
and size between the AuNP cores and the PNIPAM shells as well as the limited
resolution of the microgel form factor, we used this very simplified model to estimate
the total microgel size from our SAXS data. Since we do not attempt to describe the
microgel form factor in detail in this work, we do not apply more complex core-shell or
core-shell-shell models that are commonly used for microgels/core-shell microgels.3%
82,116 Table S4.1 lists the obtained fit parameters for the core and the shell contribution

obtained from a measurement of a diluted (0.5 wt%) sample at 20°C.
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Table S4.1. Summary of fit parameters obtained from form factor analysis using SASfit.

Core Shell
R 6.5+ 0.6 nm 77.9+8.7 nm
ASLD 1.2 x 102 nm2 4.7 x 105 nm™2
Is 0.35cm! 0.35cm-"
Opoly 0.09 0.11

In addition to the sum of the two polydisperse spheres (red line), we show form factor
fits based on a core-shell model in Figure $4.5. The two fits based on the core-shell
model only differ in the polydispersity (opoly = 0.1 for the fit in green and opoy = 0.24
for the fit in blue). More details on the fits are listed in Table S4.2. We see that the fit
exhibiting the higher polydispersity describes the data quite well but the unrealistically
high polydispersity of gpoly = 0.24 is in strong contrast to former SANS studies on very
similar systems resulting in polydispersities close to opoly = 0.1. Here we want to note

that the contrast of the polymer shell is much higher in SANS and should lead to more

reliable results.32 73
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Figure $4.5. SAXS profile from dilute CS microgel dispersion (20°C). The solid lines
correspond to the applied form factor fits. In red, the introduced fit based on the sum of two
polydisperse spheres, in blue and green fits based on the core-shell model with

polydispersities of opoly = 0.1 (green) and opoly = 0.24 (blue) of the respective shell.
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Table S4.2. Summary of fit parameters obtained from form factor analysis based on the core-
shell model using SASfit.

Core-Shell Core-Shell
Reore 6.5 nm 6.5 nm
Rshell 79.6 £8nm 79.6 £19.2 nm
Is 0.35 cm! 0.35 cm"!
ASL Dcore 1.2 x 102 nm™2 1.2 x 102 nm™2
ASLDsell 3.2 x 105 nm? 3.2 x 105 nm?
Opoly, shell 0.1 0.24

The radius of gyration Rq of the CS microgels was determined by analysis of the

Guinier region at low g as shown in Figure $4.6.
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Figure S4.6. Guinier plot and linear fit (red line) of the low g SAXS data measured form a

dilute CS microgel dispersion (0.5 wt%) at 20 °C.

The slope of the linear fit gives access to Ry:
—qu 2
1(q) = Iy X exp [7%] (S4.8)

We obtain Rg=71.1 £ 1.7 nm.

85



4. SAXS Investigation of Core—Shell Microgels with High Scattering Contrast Cores: Access to
Structure Factor and Volume Fraction

Due to the large difference in core and shell size, our SAXS data from dilute samples
(see Figure 4.2a of the main manuscript) allow also to perform Guinier analysis in the
mid to high g-range, where the scattering of the AuNP cores dominates. Thus, we can
determine the values of Ry and also the forward scattering intensity, /. Figure $4.7
shows the corresponding Guinier plots and linear fits to the data for three different CS

microgel concentrations.
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Figure S4.7. Guinier plots of the SAXS data measured from dilute CS microgel dispersions

with 2.45 wt% (black circles), 1.23 wt% (green circles) and 0.62 wt% (blue circles). Linear fits

(red lines) were applied to extract lo and Ry according to Equation S4.6.

The parameters from the linear fit and the resulting forward scattering lo and Ry are
listed in Table S4.3.

Table S4.3. Parameters from Guinier analysis of the AuNP core scattering contribution at mid

to high q.
2.45 wt% 1.23 wt% 0.62 wt%
Intercept 4.79 4.07 3.45
Slope [nm-?] -11.55 -11.53 -11.44
lo [cm™] 120 59 32
Rg [nm] 5.89 5.88 5.86
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As expected, the forward scattering scales with the microgel concentration. The
obtained values of Ry are slightly smaller than the value obtained from the
polydisperse sphere form factor analysis (Rcre = 6.54 nm). This is expected for
homogeneous spheres.

Determination of Number Density and Volume Fraction

With our absolute intensity in-house SAXS data and the theoretical scattering length
densities of the AUNP cores and water, we can calculate the particle number density,
N, based on the intensity /o at infinitely small g, i.e. the forward scattering intensity of
the AuNP cores:

N = _foNap® (S4.9)

m M,, ASLD?

Here Na is Avogadro’s number, p the density of the AuNP cores (19.3 g-cm2), m the
average mass of a single AuNP core and My its molecular weight. With the values of
lo obtained from the Guinier analysis provided in Figure S4.7, we calculated N
(Table S4.4).

Table S4.4. Number concentrations obtained from SAXS measurements of diluted samples

with known concentrations.

2.45 wt% 1.23 wt% 0.62 wt%
N [10" mI] 6.59 3.22 1.73

Since we know from detailed TEM analysis that each CS microgel contains one single
AuNP core, the obtained number density of the AuNP cores is equal to the number
density of CS microgels, i.e. the number of cores is equal to the number CS microgels.

This allows to determine the volume fraction of CS microgels, ¢cs:

¢cs = N I7 Ry® (S4.10)
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Figure S4.8 shows the determined values of ¢cs as a function of the weight
concentration (wt%). The linear fit to the data (black line) for the differently
concentrated samples in the dilute regime allow for an extrapolation to higher
concentrations. We find the following relation:

cs = (0.13 £ 0.01) mass concentration in wt% (S4.11)
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Figure S4.8. Volume fraction of CS microgels ¢cs determined for samples in the dilute regime
from in-house SAXS measurements. The black line is a linear fit to the data. The red lines

indicate a 10% error corridor.

The very valuable relation provided by Equation S4.11 and the fact that we can
precisely determine the forward scattering of the AuUNP core contribution allows us to
determine the local concentration of dense samples probed by the rather small X-ray
beam in the synchrotron SAXS experiments. As reference for the mapping of the
concentrations, we choose the most dilute sample (0.5 wt%). This sample was
prepared by dilution of a stock dispersion prepared from freeze-dried CS microgels.
We considered a residual water content in the freeze-dried sample of 5.7%.73
Table S$4.5 lists the results for all sample concentrations studied in this work. The as-
prepared, expected concentrations, are the concentrations that were aimed at by
weighing in freeze-dried microgels and dispersing the microgels in the respective
amounts of water. The forward scattering intensities from the AuNP core scattering
contribution, o, were determined by Guinier analysis of the mid to high-g scattering
region as demonstrated in Figure S4.7.
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Table S4.5. Determination of sample concentration and volume fraction based on the forward
scattering of the AuUNP core contribution in the synchrotron SAXS measurement and the

relation given by Equation S$4.11.

as-prepared b [a.u.] concentration concentration? volume fraction
expected based on lo corrected for water Pes
concentration [wt%] content

[Wt%)] [wt%]

0.5 88.6 0.5 0.47 0.06

2 353 1.99 1.88 0.24

4 665 3.75 3.54 0.46

6 961 5.42 5.11 0.66

8 1290 7.28 6.86 0.89

10 1530 8.63 8.14 1.06

11 1675 9.45 8.91 1.16

12.5 1739 9.81 9.25 1.20

11 1740 9.82 9.26 1.20

15 2210 12.47 11.76 1.53

17.5 2464 13.9 13.11 1.70

22.5 2822 15.92 15.02 1.95

aValues were corrected for a residual water content of 5.7% (by mass).

Structure Factor Analysis

We now turn to the synchrotron SAXS investigation of dense samples in the crystalline
regime. We first want to address the potential influence of the scattering contribution
from the CS microgels at low g as observed from the synchrotron SAXS
measurements in the dilute regime. To do so we divide the experimental scattering
profile of the dilute sample by the fitted polydisperse sphere form factor of the AuNP
cores Pcore(qQ). The residual scattering profile shown in Figure $4.9 should correspond
solely to scattering from the PNIPAM shells. The shell contribution is only visible for q
< 0.07 nm™'. Here we observe a continuous increase in scattering intensity with

decreasing q.
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Figure S$4.9. Shell contribution to the scattering intensity after division by Pcore(q) as

measured with synchrotron SAXS.

We now want to discuss whether such residual scattering from the PNIPAM shells
hampers the analysis of the structure factor with a particular focus on the peak
positions of S(q). While for systems of hard, non-deformable scattering objects S(q)
is typically easily accessible by simply dividing scattering profiles of dense samples
by profiles of dilute samples, where S(q) = 1, the situation is more complex for soft
microgels. In the dense packing regime, microgels can deform and/or interpenetrate
and thus, the form factor is different as compared to the dilute state. We want to
determine whether this is also the case for our SAXS data of the CS microgels where
scattering of the shells is weak and core scattering dominates. To do so, we simulated
scattering profiles in SASfit using the form factor and contrast parameters as listed in
Table S4.1 and a structure factor corresponding to a volume fraction of 0.64 and a
hard sphere radius of 115 nm. The specific hard sphere radius and volume fraction
are chosen to give the most realistic description of the system and are obtained from
the lattice spacing a. We used a structure factor based on the Percus-Yevick model
for hard sphere fluids.’® These simulated scattering profiles where then divided by
the dilute state form factor only where we apply different contrasts for the PNIPAM
shell. A contrast of 1 ASLD(shell) corresponds to the values given in Table S4.1. A
contrast of 0 ASLD(shell) corresponds to scattering of the AuNP cores only.

Figure S4.10 shows the resulting structure factors for different shell contrasts.
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Figure S4.10. Calculated structure factors from SASfit simulations for decreasing shell

contrasts. The vertical black line highlights the position of the first structure factor peak.

While we see a pronounced influence in structure factor intensity at low g, the position
of the structure factor peaks, gmax, remain unaffected by the shell scattering
contribution. The first structure factor peak appears at gmax = 0.0331 nm™,
independent of the considered shell contrast. Even for the simple division by the AuNP
core form factor (0 ASLD(shell)), we obtain the same peak positions. Therefore, all
structure factors of dense samples shown in the main manuscript were obtained by
dividing the experimental SAXS profiles by the AuNP core form factor contribution

only.

Here we also want to provide the structure factor extracted by dividing the scattering
profile of the dense samples lonc.(q) by the scattering profile of the dilute sample /ai.(q)
where S(q) = 1. Figure S4.11 shows the resulting structure factors in the same g-
range as used in Figure 4.4a in the main manuscript. We see a shift of the structure
factor towards high g with increasing volume fraction. Overall, we find very similar
peak positions and shapes as in Figure 4.4a. The most prominent differences refer
to the peak intensities and overall structure factor intensity at very low q where the
shell scattering from the dilute sample is strongest. This is also clearly seen in
Figur $4.10.
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Figure S4.11. S(q) extracted by dividing /conc.(q) through /¢i.(q) obtained from the

experimentally measured SAXS profile of a dilute CS microgel dispersion (20°C).

In Figure S4.12 we exemplarily show the obtained structure factor for a CS microgel

sample at ¢.s = 0.66.

1 00 T T i T T i T T o 0{66

g [nm™]

Figure S4.12. S(q) obtained from a sample at a volume fraction of 0.66 and the Peak
assignment of the 111 and the 022 peak for a fcc crystals structure including Gaussian fits

which were used to extract the structure factor maxima.
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The first two structure factor maxima are clearly visible and correspond to the (111)
and (022) peaks. The high-q shoulder of the (111) peak corresponds to the
amorphous ring from the fluid-like scattering contribution. To extract the positions of
the structure factor maxima, we applied Gaussian fits to the data in selected ranges
of q (blue lines in Figure S4.12).

For higher volume fractions the intensity of the (022) peaks drops significantly as
shown in Figure S$4.13. Nevertheless, we could still analyze the peak positions by

performing Gaussian fits to the data.
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Figure $4.13. Structure factors in a selected g-range and analysis of the (022) peaks by

Gaussian fits (red lines).

In total we analyzed the structure factor of 11 different samples covering a broad
range of volume fractions. In addition to Bragg peak analysis from SAXS, we also
studied the sample diffraction by using UV-Vis spectroscopy. The results from both

methods are summarized in Tables S4.6 and S4.7.
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Table $4.6. Positions of the first two structure factor maxima (gmax), positions of Bragg peaks

from UV-Vis spectroscopy (Asragg) and the resulting lattice spacings (d).

dcs gmax(111) | qmax(002) Abragg d(111) d(022) | duvvis(111)
[nm] [nm] [nm] [nm] [nm] [nm]
0.24 0.0239 0.0389 263 162
0.46 0.0281 0.0476 560 224 132 208
0.66 0.0336 0.0547 489 187 115 182
0.89 0.0366 0.0589 468 172 107 174
1.06 0.0376 0.0629 433 167 100 161
1.16 0.0379 0.0632 420 166 99 156
1.20 0.0390 0.0696 418 161 90 155
1.20 0.0387 0.0682 433 162 92 161
153 0.0410 0.0724 393 153 87 146
1.70 0.0422 0.0747 382 149 84 142
1.95 0.0449 0.0788 140 80

Table S4.7. Lattice constants (a) and the resulting volume fractions of the CS microgels

calculated from the lattice spacings of Table S5.

dcs a a auv-vis Pes Pes bes
[nm] [nm] [nm] (111) (022) UV-Vis
(111) (022)
0.24 456 457 0.20 0.20
0.46 388 374 361 0.33 0.37 0.41
0.66 324 325 315 0.57 0.56 0.62
0.89 298 302 301 0.74 0.70 0.71
1.06 289 283 279 0.80 0.86 0.90
1.16 287 281 270 0.82 0.87 0.98
1.20 279 255 269 0.89 1.17 0.99
1.20 281 261 279 0.87 1.09 0.90
1.53 265 246 253 1.04 1.31 1.20
1.70 258 238 246 1.13 1.44 1.30
1.95 242 226 1.36 1.69
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For most of the samples we find very good agreement between the determined
volume fractions from structure factor analysis (SAXS) and diffraction analysis by UV-
Vis spectroscopy. Only in some cases we observe a mismatch with more than 10%
deviation. The mismatch is highest for the higher volume fractions and is attributed to
a less precise analysis of the weak (022) structure factor peak in SAXS. The volume
fractions obtained from UV-Vis spectroscopy are defective to the average refractive
index of the dense samples. Deviations to the SAXS data might be explained by the
fact that we did not consider the concentration dependence of the refractive index.
Nevertheless, the good agreement between the data for most of the samples,

highlights the robustness of our structure factor analysis.

Figure S4.14 shows the experimentally determined Bragg peak positions (Aragg) from
UV-Vis spectroscopy plotted as a function of ¢'/3. A linear fit (solid line) describes the
experimental data well indicating that all samples contain crystalline domains with the

same crystal structure.

350 T T T T T
0.8 0.9 1 1.1 1.2 1.3 1.4

-1/3
q)CS

Figure S4.14. Results from Bragg peak analysis by UV-Vis spectroscopy. Plotted are the
positions of the Bragg peaks (Asragg) as function of ¢-'3. The black line represents a linear fit

while the red lines show the respective error range.
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The position of Aeragg depends on the lattice spacing (dhk), the refractive index of the

crystalline sample (ncrystal) and the angle between the incoming beam and the sample:

Adgiee = 2 dhkl\jncrystalz —sin6? (S4.12)

We prepared samples in rectangular capillaries that were studied in standard
transmission geometry. For an fcc (or rhep) crystal structure, we expect the 111 plane
to be parallel to the walls of the capillary. Therefore, the 111 plane is orthogonal to

the beam in transmission geometry (6= 0°). Therefore, Equation S4.12 simplifies to:
Agits = 2 dyi Nerystal (S4.13)
The lattice constant a and the lattice spacing dh are related by the following equation:
a=dpygVh? + k2 + 12 (S4.14)
Combining Equations $4.13 and S4.14 we get:

_ Aqife vV h2+k2+12

2 Ncrystal

a (S4.15)

The volume fraction of an fcc crystal with 3 + 1 spheres per unit cell can be calculated

with the lattice constant a and the radius of the spheres R.

(3+1)§nR3

0} — (S4.16)
Using a according to Equation S4.15, we get:
(3+1) 2x R3
p=—"TJ " —>7 (S4.17)
Adiffm>
( 2 Ncrystal

With Equation S4.17 providing the relation between the volume fraction and the
position of the diffraction peak, we can directly show the linear dependency between

Adif and ¢es 3 as experimentally verified in Figure S4.14:

(ldiff\/h2+k2+lz)3 _ G+1) 3R (S4.18)

¢

2 Nerystal

2nerystal |G+ ERS 1
v R (S4.19)

Vh2+Kk2+12

Adiff =
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Regarding the scaling of ¢cs with the lattice constant a shown in Figure 4.4c in the

main manuscript, we can rewrite Equation S4.16 in the following way:

ad = %nR}fi (S4.20)

a="[2R,¢ (S4.21)

Here, we use the hydrodynamic radii (Rn) of the CS microgels. According to
Equation S4.21 the lattice constant would approach zero for high enough volume
fractions. In reality, our soft and deformable CS microgels can only be packed to a
certain limit. To take this into account, we add the offset B to describe our

experimental findings:

a="|n Ry +B (S4.22)

Equation S4.22 is used to the guide to the eye shown in Figure 4.4c in the main
manuscript. We used a value of B =215 nm as offset. Regarding a fcc crystal structure
this would result in a hard sphere radius of 76 nm which is close to the CS microgel

radius of 77.9 nm that we determined from SAXS.
Characterization of Crystalline Samples

Due to the anisotropic scattering signal from dense samples, we can also apply
analysis of the 2D detector images from SAXS. Figure S4.15A and S4.15B show the
2D SAXS patterns of two crystalline samples with ¢.s = 0.66 and ¢.s = 1.20. Both
patterns show at least two orders of sharp Bragg peaks with six-fold symmetry
indicative of hexagonally ordered planes aligned parallel to the capillary walls. In
addition, a distinct amorphous ring is visible indicating the coexistence with fluid-
like/disordered regions in the samples. Furthermore, some weak Bragg peaks are
visible that are most likely caused by small, differently oriented crystal domains and

will be excluded from further analysis.
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Figure S4.15C and S4.15D show the overlay of the experimental scattering patterns
with simulated ones obtained from Scatter.'”' Using an fcc crystal structure with small
domain sizes'® (~1 um) we find qualitatively good agreement. We used a core shell
model in our simulations with a homogeneous shell. This is comparable to our
approach of fitting the form factor. The homogeneous shell is described by a constant
scattering length density of the polymer shell in its radial density profile, which is not
addressing the fuzzy sphere morphology known for microgels. The particle sizes used
in the simulation were Rcore = 6.5 Nm and Riotal = 91 nm for ¢es = 0.66 and Riotal = 83
nm for ¢cs = 1.20, respectively (see Table $4.8). The facts that both particle sizes are
smaller than Rn =105 nm and that Rutal decreases with ¢cs indicate that the microgels
are in close contact and densely packed. The agreement between simulated and
experimental scattering patterns is reasonable and points towards fcc as the crystal
structure. This finding is in agreement with a previous SANS study of similar CS
microgels.”® However, we want to highlight that a precise analysis of the crystal lattice

would require scattering data with many more orders of Bragg peaks.

While in our previous SANS study the main scattering contribution to S(q) was related
to scattering from the microgel shells, here the dominant contrast in SAXS comes
from the small AuNP cores. The fact that we observe such sharp and pronounced
Bragg peaks underlines that the AuNP cores are well centered in the microgels. In
contrast pronounced variation in core location would lead to strong smearing of the

structure factor.
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Figure S$4.15. 2D SAXS patterns of the ¢cs = 0.66 (A) and ¢es = 1.20 samples (B). (C, D)
Scattering patterns simulated with Scatter software (left half) on top of the 2D SAXS patterns

shown in (A) and (B) respectively.
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Table S4.8. List of the parameters used for the simulation of the 2D scattering patterns of

crystalline samples with the Scatter software.

dcs = 0.66 ocs =1.20

Crystal lattice fce fcc
Unit cell a [nm] 322 281
Radial domain [nm] 1100 950
Azimuthal domain [nm] 750 650
Maximum hkl 2 3
Form Factor Sphere (core + homogenous Sphere (core + homogenous

shell) shell)
Reore [nm] 6.54 6.54
Ocore 0.07 0.07
Rcs [nm] 9N 83
p (ratio between SLDs) 0.01 0.01
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5.1 Abstract

Microgels are often discussed as well-suited model system for soft colloids. In contrast
to rigid spheres, the microgel volume and, coupled to this, the volume fraction in
dispersion can be manipulated by external stimuli. This behavior is particularly
interesting at high packings where phase transitions can be induced by external
triggers such as temperature in case of thermoresponsive microgels. A challenge,
however, is the determination of the real volume occupied by these deformable, soft
objects and consequently, to determine the boundaries of the phase transitions. Here
we propose core-shell microgels with a rigid silica core and a crosslinked,
thermoresponsive poly-N-isopropylacrylamide (PNIPAM) shell with a carefully chosen
shell-to-core size ratio as ideal model colloids to study fluid-solid transitions that are
inducible by millikelvin changes in temperature. Specifically, we identify the
temperature ranges where crystallization and melting occur using absorbance
spectroscopy in a range of concentrations. Slow annealing from the fluid to the
crystalline state leads to photonic crystals with Bragg peaks in the visible wavelength
range and very narrow linewidths. Small-angle X-ray scattering is then used to confirm
the structure of the fluid phase as well as the long-range order, crystal structure and
microgel volume fraction in the solid phase. Thanks to the scattering contrasts and
volume ratio of the cores with respect to the shells, the scattering data do allow for
form factor analysis revealing osmotic deswelling at volume fractions approaching and

also exceeding the hard sphere packing limit.
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5.2 Introduction

Microgels and nanogels are composed of chemically and/or physically crosslinked
polymer chains and are swollen by large amounts of solvent under good and typically
even bad solvent conditions.” 8 With this large solvent content and their soft polymeric
network structure the physical properties of microgels are complex featuring
characteristics that are common for colloids, surfactants and macromolecules.'#16. 22,
72,185 Depending on the polymer composition, microgels can react to different external
stimuli like temperature, pH or ionic strength.23 83,186 The most prominent example of
temperature responsive microgels is based on poly-N-isopropylacrylamide (PNIPAM).
PNIPAM microgels undergo a pronounced volume phase transition (VPT) at a
transition temperature of 32 °C or higher depending on the crosslinker density.123. 124,
87 This behavior is related to the lower critical solution temperature (LCST) of PNIPAM
in water.'8. 189 The precipitation of PNIPAM at temperatures above the LCST is also
the basis for the rather straightforward synthesis of related microgels by (seeded)
precipitation polymerization.2* 9 The resulting microgels typically possess an
inhomogeneous internal network structure resembling a gradient in crosslinking and
consequently a polymer density that is decreasing in the outer periphery of the
microgels. This gradient is the result of the faster consumption of the crosslinker
during the precipitation polymerization and leads to a higher crosslinked core and a
loose outer shell that also contains dangling chains.?5 30 7 This structure was also
found for the polymeric shell of core-shell microgels that contain rigid nanoparticle
cores such as gold3? and silica.'® In recent years the structural evolution of microgels
in dense packings, either in 2-dimensional confinement or 3-dimensional samples in
bulk dispersion, has attracted significant interest.® 121 190 Despite their softness,
microgels can (self-) assemble into highly ordered structures and, for example,
crystalline phases similar to hard spheres were observed.4”: 66,68, 72,82,90,123,124, 191 |n
contrast to rigid colloids, responsive microgels allow for external control of the
microgel volume fraction due to their VPT behavior, ie. for a given number
concentration, N, for example temperature can be used to alter the volume fraction
and thereby induce phase transitions.36 82 This behavior renders microgels particularly
interesting for fundamental studies on crystallization, crystal melting and jamming.
Surprisingly, little is known about the minimal temperature change needed to induce
the fluid/solid and solid/fluid transitions.47. 82, 192
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A challenge related to structural investigations at high volume fractions is the
deswelling and faceting that alters the form factor of the microgels in dependence of
their concentration.”6 78 125, 127, 129, 193-195 Thjg bpehavior in combination with the
inhomogeneous internal network structure and the high solvent contents hamper the
determination of the volume fraction. The easier accessible quantity is the generalized
volume fraction that considers the microgel volume in the dilute, non-interacting
state.36 1% |n-situ studies on phase transitions consequently require knowledge of the
form as well as structure factor in dense packings that typically requires deuteration

strategies and complex contrast variation using X-ray and neutron scattering.”® 79

In this work, we use silica-PNIPAM core-shell (CS) microgels to study fluid-solid
transitions in dense packings. Our aims are (i) to determine transition temperatures
where fluid-solid transitions occur, (ii) to study the structure and long-range order of
both phases and (iii) to determine the microgel size and volume fraction in the
concentration range where osmotic deswelling is expected to alter the microgel form
factor. To do so, we use a combination of absorbance spectroscopy and synchrotron
SAXS measurements for samples of various concentrations in the regime of dense
packing. Importantly, the shell-to-core size ratio of the CS microgels was chosen to
provide contrast for both, the shell and the core in SAXS investigations. This allows
for the direct determination of structure as well as form factors at high volume fractions
from single, individual scattering profiles. In the solid regime, we use Bragg peak
analysis to study the crystal structure and domain size. Therefore, this work provides
not only an ideal, new model system to tackle fundamental challenges related to
studying and understanding phase transitions but also provides a direct link between
the optical properties and the structure and long-range order of the CS microgel
assemblies. This comparison is well justified because of the rather larger probed
volumes in non-microfocus SAXS and standard optical spectroscopy giving access to

the ensemble behavior rather than only local phenomena.
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5.3 Experimental Section

Chemicals

L-arginine (PanReacAppliChem, = 99%), cyclohexane (Fisher Scientific, analytical
reagent grade), tetraethyl orthosilicate (TEOS, Sigma Aldrich, 98%), 3-
(trimethoxysilyl)propyl  methacrylate (MPS, Sigma Aldrich, 98%), N,N-
methylenebis(acrylamide) (BIS, Sigma-Aldrich, 99%), potassium persulfate (PPS,
Sigma-Aldrich, 99,0%) and heavy water (D20, Sigma Aldrich, 99.9%) were used as

received without further purification.

N-isopropylacrylamide (NIPAM, TCI, >98%) was recrystallized from cyclohexane prior
to use. Water was always used in ultra-high purity provided by a Milli-Q system (Merck

Millipore) with a resistivity of 18.2 MQ cm.
Synthesis of Silica Cores

Silicon dioxide seed particles were synthesized by an interphase-mediated
condensation reaction,'* where 82 mg (0.47 mmol) of L-arginine were dissolved in
78 mL of water in an 100 ml Erlenmeyer flask and an organic phase was added by
the addition of 4.05 mL of cyclohexane. The reaction mixture was equilibrated for 30
minutes at 60°C in an oil bath and stirred only gently in order to prevent the aqueous
and organic phase from mixing. Afterwards, 4.95 mL (22.2 mmol) of TEOS were added
to the organic phase and the reaction was allowed to proceed for 72 h. The resulting
silica particles were then surface-functionalized with MPS to increase the
hydrophobicity as needed for the later precipitation polymerization. To do so, the
aqueous phase was used without any purification and 9 mL of cyclohexane were
added to the dispersion. After equilibration for 30 minutes at 60°C, 90 uL of MPS were
added to the organic phase. After stirring for 24 h, the aqueous phase was separated
and the mass content of the dispersion was determined. The obtained MPS-

functionalized seeds were used without further purification.
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Synthesis of CS Microgels

CS microgels were synthesized by free-radical precipitation polymerization using
4000 mg (35.4 mmol) NIPAM monomer, 817 mg (5.3 mmol) of BIS as crosslinking
comonomer and 122 mg MPS-functionalized seeds dispersed in 600 mL of water. The
reaction medium was degassed with nitrogen for 45 minutes at a temperature of 70°C.
Then, 50 mg (0.19 mmol) of PPS dissolved in 1 mL of water were added in one shot
to initiate the polymerization. The reaction was conducted for 6 h. The CS microgels
were purified and concentrated by three centrifugation and redispersion (water) steps
at 10000 rcf for 3 h followed by dialysis against pure water for at least seven days with

multiple water exchanges.
Sample Preparation

CS microgel dispersions with defined mass contents used for absorbance
spectroscopy and SAXS measurements were prepared by freeze-drying the
respective amount of a stock dispersion with known mass content and redispersion of
the microgels in the respective volume of D20 or H20. CS microgel dispersions with
only low mass contents were prepared by dilution of a stock dispersion. Dense
samples at high concentrations were prepared in 0.2 mm x 4.00 mm x 10 mm
rectangular, flat-wall capillaries (VitroTubes). The respective CS microgel dispersions
were sucked into the capillaries by applying a small reduced pressure from one side
of the capillary. Afterwards, the capillaries were flame-sealed with a hydrogen torch.
After sample preparation, the samples were annealed using a temperature cycle.
First, the samples were heated from 20 °C to 50 °C with a rate of 1.5 °C/h. Then the
temperature was kept constant at 50 °C for 1 h. Finally, the samples were cooled back
to 20 °C with a rate of 1.5 °C/h. These samples were used for SAXS and temperature-
dependent absorbance spectroscopy. For SAXS measurements above 20 °C, we
prepared CS microgel dispersions in 1 mm round capillaries (WJM Glas) and sealed
with epoxy glue. The mass content of dilute CS microgel dispersions prepared for
form factor measurements was adjusted to yield a volume fraction of around 0.03, in
both swollen and collapsed state. A sample list is given in Table $5.1 in the supporting

information.
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SAXS

Synchrotron SAXS experiments were performed on the CoSAXS beamline at the
MAX IV synchrotron in Lund (Sweden). The instrument was equipped with an Eiger2
4M detector exhibiting a sensitive area of 155.1 x 162.2 mm?2 with total pixel sizes of
75 x 75 ym2. SAXS measurements were recorded with acquisition times of 10 ms.
The energy of the X-ray beam was 12.4 keV and the sample-to-detector distance was
set to 6.85 m resulting in an effective g-range from 0.015 nm' to 0.5 nm™' for the
measurements performed at 20 °C. For the experiments performed at 40 °C the
sample-to-detector distance was set to 11.04 m resulting in an effective g-range from
0.01 nm" to 0.5 nm-'. Due to limited available beamtime and limitations in precisely
controlling the sample temperature with our unusual sample geometry, experiments
could only be performed at 20 and 40 °C. Detector images were radially averaged
using a mask accounting for the inactive section of the detector boundaries and the

beamstop. The resulting SAXS profiles were background corrected for D20.

In addition, SAXS measurements on selected samples were performed on a Xeuss
2.0 (XENOCS) equipped with a Pilatus3R 300K detector exhibiting a sensitive area of
83.8 x 106.5 mm? with total pixel sizes of 172 x 172 ym?2. The sample-to-detector
distance was set to 1.2 m and the energy of the X-ray beam was 8.048 keV leading
to an effective g-range of 0.03 nm' to 2 nm'. All measurements were performed in
order to extract scattering intensities in absolute units with 1 mm glassy carbon as
reference. Here we note that only the SAXS profiles based on measurements
performed with the Xeuss 2.0 and using glassy carbon as reference exhibit absolute
units. All data from synchrotron SAXS measurements of CS microgels in dense
packings are reported in arbitrary units as the data analysis focusing on the form and
structure factor does not require absolute scaling. Scattering profiles were recorded
with acquisition times of 3600 s. The resulting SAXS profiles were corrected for the
respective solvent as background. Samples were measured in round capillaries with
a diameter of 1 mm and a wall thickness of 0.01 mm (WJM Glas). The concentration
used for the CS microgels was 10 wt%, while silica particles were investigated in dilute

state.

Radial averaged scattering profiles were analyzed with the SasView software.'®” The

2D SAXS patterns were simulated with the software Scatter by Foérster and Apostol.'""
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Absorbance Spectroscopy

UV-Vis-NIR absorbance spectroscopy was performed on a SPECORD S600
(Analytik Jena) equipped with a temperature-controlled sample changer. We want to
note that we measured the exact same samples by absorbance spectroscopy as by
synchrotron SAXS.

Angle-Dependent Reflectance Spectroscopy

Reflectance spectroscopy was performed with a home-built setup consisting of a
tungsten-lamp as light source and the Flame VIS-NIR Spectrometer (Ocean Insight)
as detector. Both, detector and the light source were equipped with visible-NIR fibers
to ensure free movement of the detector and light source in a goniometer-like fashion.
The sample holder and fiber guides were 3D printed using a Prusa MK3 FDM printer.
Measurements were performed in reflectance with the incident angle matching the

angle of detection.
Dynamic Light Scattering

Temperature-dependent dynamic light scattering (DLS) measurements were
performed with the Zetasizer Nano S (Malvern Panalytical) equipped with a laser of
633 nm wavelength and scattered light was detected in an angle of 173°.
Measurements were conducted between 17°C and 60°C with steps of 0.2 °C. Three
measurements with acquisition times of 60 s each were performed at each
temperature step. The measurements were recorded in semi-macro cuvettes
(polymethylmethacrylate, VWR) with CS microgel mass contents of 0.05 wt% in water.
The hydrodynamic radii (z-average) were determined by cumulant analysis provided

by the instrument software.

Angle-dependent DLS measurements were done on a 3D LS Spectrometer (LS
Instruments, Switzerland) operated in 2D mode (pseudo cross-correlation) equipped
with a HeNe laser (632.8 nm) as light source while the scattered light was detected
with two avalanche photodetectors. A CS microgel dispersion, filtered through a 5 ym
syringe filter (PTFE, Carl Roth) with a mass content of 0.01 wt% was prepared in a
cylindrical glass cuvette (10 x 75 mm, borosilicate, Fisher scientific). Beforehand, the
glass cuvette was treated with 2 vol% Hellmanex solution, followed by cleaning in an

acetone fountain.
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Finally, samples were placed in a temperature-controlled decalin bath (JULABO
CF31, PT100 close to sample position) and measured in angles between 30° and
140° in 5° steps with acquisition times of 60 s. The recorded data was analyzed by
the CONTIN algorithm'#® as implemented in AfterALV v.1.0e (Dullware).

Electrophoretic mobility Determination

The temperature-dependent electrophoretic mobility of the CS microgels dispersed in

water was determined using a Litesizer 500 from Anton Paar.
Transmission Electron Microscopy

Transmission electron microscopy (TEM) was performed with a JEOL JEM-2100PIlus
TEM in bright-field mode. The acceleration voltage was set to 80 kV. Aqueous CS
microgel dispersions were drop-casted on carbon-coated copper grids (200 mesh,
Electron Microscopy Science) and dried for several hours at room temperature before
investigation. TEM images were exported with the GMS 3 software from Gatan and

the particle size was determined using ImageJ."68
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5.4 Results and Discussion

5.4.1 Characterization in the Dilute Regime

We synthesized CS microgels that feature spherical silica nanoparticle cores and
crosslinked PNIPAM shells. Figure 5.1 summarizes the basic characterization in the
dilute (non-interacting) regime. A schematic illustration of the microgel structure and
the most relevant dimensions for this work are shown in Figure 5.1a. The SAXS
profile in Figure 5.1b reveals the form factors measured at 20°C and 40 °C with
contributions from the core in the high q range and contributions from the shell in the
mid to low q range. Form factor analysis on the basis of a CS model with a
homogeneous core and a shell with an exponentially decaying density profile (red
line) provided a core radius of Reore = 18 £ 2 nm and a total radius of the CS microgels
of 138 + 14 nm at 20 °C. More details on the form factor analysis including the
application of other models can be found in the Supporting Information (Table S5.3
and Figure S$5.1). Due to the thermoresponsive behavior of PNIPAM based microgels,
the CS microgels collapse above the volume phase transition temperature (VPTT).
This is also reflected by the scattering profile recorded at 40 °C, i.e. well above the
VPTT. In this state a simple CS model with homogeneous core and shell can be used
to describe experimental scattering data. The respective fit to the data yields a total
radius of 90 = 8 nm. For more details on the fitting parameters see Table $5.2 in the

Supporting Information.

Temperature-dependent DLS measurements reveal the typical VPT behavior of the
PNIPAM shell in aqueous dispersion (Figure 5.1c). In the swollen state (20 °C) the
CS microgels possess a hydrodynamic radius of Rn = 147 + 3 nm. The radius
continuously decreases with increasing temperature reaching a value of 97 £ 1 nm at
50 °C. The VPTT is approximately 35.0 °C. We want to note that we used 15 mol% of
BIS in the synthesis (nominal) which explains the slightly higher temperature of the
VPT as compared to ‘classical’ PNIPAM microgels. This is in agreement with findings
from previous studies on comparable systems.32 73 Since the precision of the
hydrodynamic dimensions in the swollen and collapsed state is of utmost importance
for the further analysis in this work, we used angle-dependent DLS in addition to the
fixed angle results. The good agreement between both sets of measurements can be

seen in Figure $5.2 in the Supporting Information.
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In addition, we recorded the temperature-dependent electrophoretic mobility of the
CS microgels under dilute conditions (Figure S5.3) revealing the expected behavior
with rather low mobilities (- 1.23 pmcm/Vs, 20 °C) in the swollen state, followed by a
decrease when the particles undergo the VPT (- 2.23 ymcm/Vs, 40 °C). Here, the
negative electrophoretic mobility is related to the initiator PPS, introducing negative
charges and a decrease in negative mobility is associated to an increase in charge

density of the microgels.

Figure 5.1d shows a representative TEM image of the CS microgels where the cores
and shells can be clearly distinguished due to their difference in contrast. The image
supports that each microgel contains a single nanoparticle core with an average
radius of Reore = 17.5 £ 1.6 nm. SAXS measurements of the bare silica cores (Figure
$5.4) are in good agreement with the results from TEM leading to an average radius
of 17.8 £ 1.8 nm. A histogram from size analysis of a large number of microgels along
with additional TEM images is provided in the Supporting Information (Figure S5.5).
We found that less than 1% of the microgels feature more than one or no core. As
expected, the microgel shells significantly shrink due to the sample preparation and
the high vacuum conditions during TEM investigation. This is illustrated by the red

circle in Figure 5.1d that highlights the swollen state dimensions determined by DLS.
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Figure 5.1. Characterization of the CS microgels in the dilute state. (a) Schematic illustration
of a single CS microgel with the most relevant radii. Reore is the radius of the core, Rsaxs the
total microgel radius from SAXS and R is the hydrodynamic radius. (b) Synchrotron SAXS
profile measured from a dilute dispersion (0.45 wt%) at 20 °C (black circles) and (1.25 wt%) at
40°C (grey dots). In case of the profile recorded at 20 °C, the solid line corresponds to a form
factor model containing a homogeneous, isotropic core and a shell with an exponentially
decaying density profile. A core-homogeneous-shell model was applied to fit the profile
recorded at 40 °C. (c¢) Hydrodynamic radius as function of temperature (black circles)
obtained from temperature-dependent DLS measurements (d) Representative TEM image.

The red circle indicates the total dimensions obtained from DLS at 20°C.
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5.4.2 Fluid-Solid Transitions in Dense Packings

Similar to hard spheres, microgels including our CS microgels are expected to
crystallize at large enough packing fractions. Due to the total size of our CS microgels
approaching visible wavelength scale, absorbance spectroscopy is a convenient tool
to monitor the phase behavior.#”- 73 Figure 5.2a shows Vis-NIR absorbance spectra of
samples with 5.4 to 10.9 wt% CS microgels obtained directly after sample preparation
(dashed lines) and after the SAXS investigation in the solid regime (solid lines) which
is addressed later in this work. Prior to the SAXS investigation of the solid regime, the
samples were annealed at 50 °C followed by slow cooling to 20 °C. More details on
the annealing procedure and the parameters that we have identified for the best
annealing conditions can be found in the Supporting Information (Figure S5.6). The
annealing process reduces the linewidths of the narrow Bragg peaks, enhances their
maximum intensity indicating a reduction in incoherent scattering. At the same time,
only small spectral shifts are observed. For the lowest concentration (5.4 wt%) a
Bragg peak is not constantly present (Figure $5.7). This can be attributed to a liquid-
crystal coexistence phase and potentially local concentration differences right after
sample preparation. During the annealing, the crystallites melt and the resulting fluid
homogenizes resulting in a fluid phase that even remains after slow cooling to room
temperature where the volume fraction is significantly increased. This behavior
indicates that the volume fraction of this particular sample in the swollen state is close
to the threshold volume fraction where crystallization occurs. In Figure $5.7 in the
Supporting Information, additional absorbance spectra recorded at different points in
time can be found while Figure S$5.8 shows results from angle-dependent reflectance
measurements. The reflectance data show the expected blue shift of the Bragg peak

for increasing angle of incidence (with respect to the normal).

What happens during the heating and cooling cycles in our annealing protocol can be
nicely followed by absorbance spectroscopy. It is notable that the sample volume
probed in Vis-NIR spectroscopy is much larger than the volumes probed by
microscopy'®2 or microfocus SAXS® and, therefore, our approach provides a more
representative ensemble picture of the phase behavior of the CS microgels. Detailed
information about the temperature cycling can be found in the Supporting Information
(Figure S5.9).
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Figure 5.2b shows as an example the spectra recorded during the heating in 0.3 °C
steps starting at 20 °C for the sample with 7.3 wt% CS microgels. During the first
approximately 10 °C of heating the Bragg peak remains nearly unchanged in position,
intensity and full width at half maximum (FWHM). When approaching a temperature
of 30 °C and higher (inset in Figure 5.2b), we can see a decrease of the Bragg peak
accompanied by a blue shift and broadening. These changes are related to a
significant shrinking of the PNIPAM shell that reduces the microgel volume fraction ¢.
This is related to the VPT of the microgels (see Figure 5.1¢). At temperatures of 31.7
°C and higher, the Bragg peak cannot be observed anymore indicating that only a fluid
phase is left. To follow this phase transition more closely, Figure 5.2c shows the
evolution of the Bragg peak absorbance with temperature for a heating (red symbols)
and cooling (blue symbols) series. The data for both, the heating and cooling cycle,
almost perfectly overlap with very little hysteresis and slightly smaller inflection points
for the cooling cycle (30.7 °C in contrast to 31.6 °C for the heating cycle). Surprisingly,
the temperature window where the solid-fluid (fluid-solid) transition occurs is very
narrow as indicated by the green vertical bar. Within approximately 2 °C the crystals
completely melt during the heating cycle and reversibly recrystallize during the cooling
cycle. In addition, a change in temperature of a few millikelvin is enough for the
dispersion of CS microgels to undergo the change from a partially crystalline (green
transition area) to a completely fluid phase. It is important to note that data shown
were not normalized or anyhow modified. We simply take in account the maximum
absorbance values at the respective position of the Bragg peak with only the
incoherent background scattering being subtracted. This background subtraction is
the reason why the plotted intensities remain nearly unchanged for temperatures
outside the green-colored area. Following only the development of the coherent signal
reveals the very sharp and reversible phase transition. The same heating/cooling
study was also performed for the samples containing 9.1 and 10.9 wt% CS microgels.
The respective data can be found in the Supporting Information (Figure $5.10 and
Table S5.4). In addition, we performed time-dependent Vis-NIR absorbance
spectroscopy in the temperature range of the phase transition between the fluid and
solid state, to verify that the samples reached equilibrium at the time of the
measurement. As presented in Figure §5.11 in the Supporting Information, the
intensity of the Bragg peak changes within the first 100 s, after reaching the target

temperature and from this point on stays constant.
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Therefore, not only the CS microgels show a fast response towards temperature, '
but also the phase behavior exhibits a rather fast response towards temperature
changes (~100 s), and the suspension quickly reaches equilibrium when temperature
steps are sufficiently small. Here, we conclude that the samples are at equilibrium

when spectra are recorded after 720 s equilibration time.

T T T T T b 2 T T T T T T T
175
a 21 I 1.75 g 15 .
5125
[0} o 1.5 ‘g 1
1.54 h Bors
2 2 1.25 < o5] 140
© @© 0.25
-g 14 | 'g 14 695 700 705 710 745 720
N ) Wavelength [nm]
<o Qo
< <
0.5 |
0 T T T T 0+ T T T [::;:‘—:’r—'ﬁ—'—v—'—
550 600 650 700 750 800 850 650 675 700 725 750 775 800 825 850

Wavelength [nm] Wavelength [nm]

(@

1.4 .
§1.2_ d 0.55 R
L N 1 0.5 ? g
© 5
O 0.8 1 b =
C 7]
§ o6 ] 2045 :
o] = I
2 T o
O 044 J 0.4+ Y 1
2 A
< 0.24 1 0.351 ;
04 J
0.3 . : . . :
7 8 9 10 1
Temperature [°C] wt%

Figure 5.2. Phase behavior of CS microgels. (a) Vis-NIR absorbance spectra of CS microgel
dispersion with mass contents of 5.4 wt% (orange), 7.3 wt% (red), 9.1 wt% (green) and 10.9
wt% (blue) after preparation (dashed lines) and after SAXS experiments (straight lines,
crystalline state). (b) Temperature-dependent Vis-NIR absorbance spectra of 7.3 wt% CS
microgel dispersion. Spectra were recorded from 20°C (violet) to 50°C (red) in 0.3 °C steps.
The inset shows the temperature-dependent evolution of the Bragg peak at temperatures
between 29.6°C and 31.4°C. (c) Temperature-dependent evolution of the intensity of the
Bragg peak for the heating (red triangles) and cooling procedure (blue triangles). The green
area indicates the temperature range where the Bragg peak disappears/reappears. (d)
Threshold value of the generalized volume fraction where the transitions between fluid and
crystalline phases occur in dependence of the mass contents of the respective samples. The
horizontal, black line indicates the average volume fraction of 0.45 needed for crystallization

and the red area is related to the respective standard deviation.
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Similar to our previous works on gold-PNIPAM CS microgels,3? 8 we can use the
SAXS scattering contribution of the nanoparticle cores (here: silica) to determine the
microgel number concentration, N. A detailed explanation for the data treatment and
calculations is given in the Supporting Information (Figures $5.12-14 and
Tables S$5.5-8). Having access to N allows us to determine the generalized volume
fraction  that is based on the hydrodynamic microgel volume in the dilute, non-
interacting regime available from our DLS data. Figure $5.15 in the Supporting
Information shows the evolution of  with temperature. We can now use the transition
temperatures determined from the spectroscopic data, listed in Table S5.4 of the
Supporting Information, to determine the values of { where the solid-fluid (fluid-solid)
transitions occur. Figure 5.2d shows the respective results for the heating and cooling
cycles as a function of mass content of the samples. The data for the three different
concentrations scatter around the average value of (tansion = 0.45 * 0.05 (black line
in Figure 5.2d) without a clear trend. The hysteresis between cooling (blue symbols)
and heating (red symbols) is the largest for the sample at a concentration of 7.3 wt%
and almost not observable for 9.1 and 10.9 wt%. Here, the 2 °C interval, where the
CS microgels undergo the phase separation corresponds to an approximate change
in ¢ of around 0.05 + 0.01. As the transition temperatures are close to the VPT, we
propose that the microgels are nearly in the collapsed state and thereby can be hardly
collapsed further. We want to note that the volume fractions are well below the random
close packing and, therefore, the generalized volume fraction can correspond to the
real packing fraction.% 125 Our mean value of 0.45 is slightly smaller than the freezing
volume fraction of hard spheres (0.494).120 We attribute this small deviation to an
electrostatic contribution due to the anionic radical initiator used in the precipitation

polymerization rendering the CS microgels charged.
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5.4.3 Structure in the Fluid Regime

We performed synchrotron SAXS measurements on the dense samples at 40 °C, i.e.
where the PNIPAM shells are collapsed. According to the analysis from absorbance
spectroscopy, all samples should be in a fluid-like state at this temperature (see
Figure S5.10 in the Supporting Information) as Bragg peaks were not observed.
Figure 5.3a shows a 2D detector image of a 9.1 wt% CS microgel dispersion recorded
at 40 °C. A distinct fluid structure factor contribution, as well as some oscillations
related to the form factor are visible in the isotropic scattering pattern. Additional
detector images recorded from samples with different mass contents are provided in
the Supporting Information (Figure $5.16). The results agree very well to the
observation from absorbance spectroscopy. The radially averaged scattering profile
is shown in Figure 5.3b (black circles). The profile shows a pronounced structure
factor contribution in the range of low g (< 0.05 nm™'). The mid to high g regime is
dominated by the form factor of the CS microgels (see also Figure 5.1b). Scattering
profiles for samples with 5.4 to 12 wt% CS microgel content are shown in
Figure S5.17 in the Supporting Information. The data reveal the expected changes in
the structure factor, i.e. a shift of the first structure factor maximum to larger g for
increasing concentration. At the same time the form factor contribution remains
unchanged. This implies that the microgel do not change due to osmotic deswelling
in the collapsed state, at least in the range of concentrations studied. Consequently,
the structure factor can be calculated directly from the scattering intensities of the
dense samples (lconc(q)) using the known form factor (S(q) = leonc(q)/P(q)). Due to a
small structure factor contribution in the experimental scattering profile of the dilute
CS microgel dispersion (1.25 wt%) recorded at 40 °C (see Figure $5.18), we did not
use the experimental data in the range of low g (< 0.025 nm-") for this calculation. In
the latter case, the theoretical form factor as shown by the fit in Figure 1b was used.
Figure 5.3b shows the resulting structure factor (green circles) for the 9.1 wt%
sample. The vertical dashed line highlights the value in g separating the range in g
where the form factor fit was used for the calculation (g < 0.025 nm-') and the range
where the experimental data (1.25 wt%) were used (g > 0.025 nm-'). More details on
this data treatment are provided in the Supporting Information (Figure $5.19). The
Percus-Yevick'® (PY) hard sphere structure factor fit describes the determined

structure factor almost perfectly.
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Figure 5.3. Synchrotron SAXS analysis
of dense CS microgel dispersions,
recorded above the VPTT at 40°C.
Samples from 5.4 to 9.1 wi% were
prepared in D20 and the 12 wt%
dispersion in H20. (a) 2D detector image
(pixels as units) with a pronounced
contribution of a liquid structure factor.
The horizontal bar in dark blue
corresponds to the inactive area
between the panels of the SAXS
detector. These areas are masked during
data reduction. (b) Structure factor
(green circles) extracted from the
scattering profile of a 9.1 wt% CS
microgel dispersion recorded at 40 °C
(black circles). The dashed red line
corresponds to form and the solid black
line to the structure factor fits (Percus-
Yevick) and red dots correspond to the
(rescaled) experimental scattering profile
of the dilute CS microgel dispersion at 40
°C. The dashed vertical line highlights
the threshold value where either the form
factor fit (g < 0.025 nm™) or the
experimental scattering signal of the
dilute CS microgel dispersion (q > 0.025
nm-') was used for the structure factor
calculation. (c) Extracted structure
factors for CS microgel dispersions from
scattering profiles recorded at 40 °C of
5.4 wt% (orange circles), 7.3 wt% (red
circles), 9.1 wt% (green circles) and 12
wt% (blue circles). The solid black lines
correspond to structure factor fits
(Percus-Yevick). The structure factor
profiles are shifted vertically for the sake

of clarity.
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Figure 5.3c compares the extracted structure factors for the samples in the range of
5.4 to 12 wt% with increasing concentration from bottom to top. All data can be nicely
fitted by the PY structure factor model. We also observe the expected shift of the first
structure factor maximum to larger g for increasing concentration. At the same time,
we observe a reduction in structure factor peak width. Results from the structure factor
analysis are summarized in Table $5.9 in the Supporting Information. The effective
hard sphere volume fraction increases from 0.32 for 5.4 wt% to 0.46 for 12 wt%. At
the same time, the effective hard sphere radius decreases from 142 to 124 nm —
values that are significantly larger than the value of the hydrodynamic radius in the
collapsed state (40 °C) as determined from DLS. The significant deviation between
Ry and the effective hard sphere radius obtained from the fit of the data with the PY
model indicates a pronounced influence of electrostatic interactions between the CS
microgels, which are not considered in the classical hard sphere model. Therefore,
the extracted values for the hard sphere volume fractions and for the effective hard
sphere radii do not reflect the real packing fraction and size of the CS microgels. For
a more realistic description a more complex model would be required, ideally together
with support from theoretical calculations or computer simulations. However, the focus
of the present work is rather on the fluid-solid transition than on the role of electrostatic
interactions. The latter will be carefully addressed in a follow-up work. Noteworthy,
when the CS microgels undergo the VPT, the effective charge density also increases,
as reflected by the electrophoretic mobility (Figure $5.3). This enhances the influence

of electrostatics in the phase behavior of the microgels.

We attribute the decrease in hard sphere radius to an increasing electrostatic
screening as the microgel and consequently the counterion concentration increases.
Figure S5.20 in the Supporting Information shows only the low g region of the
structure factors and reveals the good match between PY structure factor fit and
experimental data towards g = 0 nm'. This underlines the hard sphere-like behavior
of the CS microgels in the collapsed state. In swollen state experimental structure
factors of microgels were shown to deviate from the hard sphere approximation which

was related to the soft character of the interaction potential.'®®
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5.4.4 Structure in the Solid Regime (Crystalline)

The absorbance spectra of Figure 5.2a indicate that the crystallinity is significantly
improved by the applied temperature annealing protocol. To verify this and to
determine the crystal structure, we used synchrotron SAXS. Figure 5.4a shows the
2D detector image recorded for the 9.1 wt% sample at 20 °C, as a representative
example. Pronounced and sharp Bragg peaks of at least 10 orders of diffraction are
observed. Furthermore, the six-fold symmetry of the diffraction pattern is clearly visible
indicating the alignment of hexagonal close-packed planes parallel to the capillary
wall.82 Apparently, SAXS studies on microgels and CS microgels in dense packings
are scarce and from reported 2D diffraction patterns typically only up to four orders of
diffraction are observed.8'. 82,200 Although not directly comparable due to the different
experimental smearing and detector resolution, analysis of colloidal crystals of
microgels by small-angle neutron scattering (SANS) revealed diffraction with Bragg
peaks of four diffraction orders.”® The long-range order and superior crystallinity of
our system can also be observed for the 7.3 and 10.9 wt% sample as shown in the
Supporting Information (Figure S$5.21) Here, the combination of the presented SAXS
pattern and the Vis-NIR spectra recorded from the same samples (Figure 5.2a) allow
for a direct correlation between the order of the assemblies and the obtained spectra.
Previous works on colloidal crystals in microgel suspensions made use of optical
spectroscopy to follow and/or identify crystallization but could not provide a direct link
between optical properties and crystal structure as well as degree of order. Notably,
the synchrotron SAXS (non-microfocus) and Vis-NIR spectroscopy applied here, both
illuminate a relatively large volume. Therefore, the scattering data and optical spectra
provide a representative ensemble picture of the crystalline assemblies of the CS
microgels. Figure 5.4b shows the radially averaged data (black circles) corresponding
to the detector image shown in Figure 5.4a. The structure factor with pronounced
and well distinguishable Bragg peaks is clearly visible in the mid to low g region (g <
0.15 nm™"). In addition, the form factor minima related to the core (g = 0.23 nm') and
the microgel shell (g < 0.1 nm") are clearly visible. Due to the distinct intensity minima,
we can model the form factor even in the densely packed state where analysis is
typically difficult/not possible due to changes in the microgel size and shape (osmotic
deswelling and faceting)™ 7% 12° and the superposition with the structure factor. The

red line in Figure 5.4b corresponds to our modeled form factor.
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Here, the CS structure of our microgels simplifies the modeling process, because the
core contribution is well resolved and isolated from the shell as well as structure factor
contribution. Consequently, also the particle number density, N, can be precisely
determined through the form factor contribution of the core. The contribution of the
shell can be modeled based on the distinct form factor minimum at g = 0.05 nm-'. With
the resulting form factor, P(q), in the concentrated regime, we can calculate the
structure factor by dividing the measured scattering intensity by P(q) similar as has

been presented before in the fluid regime.

The extracted structure factor is shown in Figure 5.4b (green circles). In the high q
region S(q) approaches the expected value of 1. This underlines that the modelled
form factor describes the high g region precisely. In the limit of low q, S(q) approaches

very low values close to zero. Extrapolation to g = 0 nm-' reveals a value S(0) = 0.03.
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Figure 5.4. Synchrotron SAXS analysis of crystalline sample with 9.1 wt% CS microgels. (a)
2D detector image (pixels as units) with pronounced Bragg peaks of several orders. The dark
blue bars are the boundaries of the detector panel (vertical) and the arm of the beam stop
(diagonal). (b) Corresponding radially averaged data (black circles). The red solid line
corresponds to the modelled form factor. The green circles correspond to the to the structure
factor extracted from the 2D radial average of panel (a). (c) Measured scattering data (2D) on
the left and the corresponding hcp simulation on the right. (d) Structure factor from
experiment with theoretical peak positions (vertical red lines) corresponding to a hcp crystal
structure. The x-axis is normalized to the position of the first peak of the structure factor
(g* =0.0238 nm™").
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The large number of Bragg peaks allows us to simulate theoretical scattering patterns
in direct comparison to the recorded 2D detector images. Figure 5.4c shows the good
agreement with a hcp lattice. The Bragg peaks from simulation do not only match the
experimental data in terms of peak positions and intensities but also the azimuthal
and radial peak widths match closely. Detailed information on the simulation
parameters and additional simulations performed on the 7.3 and 10.9 wt% samples
are presented in Table $5.10 and Figure $5.22 in the Supporting Information.

To further support the hcp structure, the agreement between measured peak positions
and theoretical ones for a hcp lattice is also seen in Figure 5.4d. Here, the
experimental structure factor is plotted with a normalized g axis. Normalization was
done based on the position of the first structure factor maximum, g*. The vertical, red

lines correspond to the calculated positions for a hcp lattice:

/4 2 27,822
d z(h2+hk+k?)+—l
q _ Apkl _ N3 C! (51)

qr

dio0 4

3

Here, dha refers to the lattice spacing with Miller indices h, k and /. In order to describe
the dimensions of the unit cell a refers to the lattice constant and c to the height of the
unit cell. The first Bragg peak to be expected is assigned to the d1oo lattice and for a
closed packed structure of spheres the ratio between ¢ and a is fixed to a value of
(8/3)"2. The theoretical Bragg peaks which we could not identify in our scattering
profile as well as a comparison to an fcc lattice are shown in Figure S$5.23 in the
Supporting Information. It is known that hard spheres crystallize into close-packed
hexagonal layers, e.g. fcc lattices. Because of the small free-energy difference
between fcc and hcp, random stacking is often observed, i.e. rhcp structures.’78 181,
201 For microgels a similar behavior has been reported in literature.8%71.82 These works
show the simultaneous presence of fcc and hcp structures which can be considered
as rhep structure. For hard spheres it was found that the nucleation process can
influence the proficiency of the system for crystallizing into a fcc or hcp structure.202
Therefore, we suggest the sole presence of the hcp crystal structure to be attributed
to the slow annealing procedure of our samples, which we assume is of high relevance

for the nucleation process.
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A similar analysis for samples in a range of concentrations from 5.4 to 10.9 wt% is
presented in Figure 5.5a. Here the q axis is again normalized by g*. Only in case of
the 5.4 wt% sample that revealed a mostly fluid character after long temperature
annealing, the data were normalized by the second structure factor maximum (110
plane). The first structure factor maximum located at g = 0.02 nm-' is mostly attributed
to a fluid like structure factor while the second one at g = 0.03 nm-! exhibits a small
width and more distinctive shape and therefore is considered as a Bragg peak. We
relate the Bragg peak to small residual crystallites. In Figure $5.24 we show a fit of
the fluid-like structure factor. From this, we conclude that the volume fraction of the
CS microgels in the 5.4 wt% dispersion is very close to the freezing concentration. As
Figure 5.2c indicates, only small change in temperature are required to induce the

start of the crystallization or, vice-versa, melting.

For all samples with mass contents above 5.4 wt%, we find a nearly perfect agreement
between the experimental and the theoretical positions of the Bragg peaks assigned
to the hcp crystal structure. In Figure 5.5b, we show the linear relation of the Bragg
peak position, gnk, and the d-spacing between lattice planes for hcp structures. The

slopes of the linear fits provide the respective lattice constants, a, according to:

1
_2m (4 3 2\z
Qe = Z(2(R? + hk + k?) +212) (5.2)

Table $5.11 in the Supporting Information lists the determined values of a. In addition,
the lattice constant is accessible from the simulations of the 2D detector images like
shown in Figure 5.4c as well from the positions of the Bragg peaks from absorbance

spectroscopy, Adi:

Adier [S(hZ+hk+k2)+312
NS e (5.3)

2 Nerystal

a =
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Figure 5.5. Extraction of the lattice constant a and the volume fraction ¢ of the CS microgels
in the colloidal crystals. (a) S(q) of CS microgel dispersions with mass contents of 5.4 wt%
(orange circles, g* = 0.0195 nm™"), 7.3 wt% (red circles, g* = 0.0221 nm-"), 9.1 wt% (green

circles, g* = 0.0238 nm™) and 10.9 wt% (blue circles, g* = 0.0255 nm"). The straight vertical

lines correspond to the theoretical Bragg peak positions assigned to the hcp crystal structure.
The x-axis is normalized to the position of the respective first structure factor maximum except
for the 6 wt% sample (orange circles) where the position was normalized by the position of
the second peak. The profiles are offset along the ordinate for clarity. (b) Extraction of the
lattice constant a via the linear dependence of the position of the Bragg peak on the d-
spacing. (¢) Volume fraction ¢ of the CS microgel in dependence of the mass content. The
black line corresponds to the generalized volume fraction, based on particle number
concentration and Rn of the CS microgel. The red lines indicate the standard deviation. The
blue circles and green dots are related to the volume fraction of the particles in the crystal
based on the lattice constant and Rn (blue) respectively Rnscaled. Green circles indicate the
volume fraction based on particle number concentration and Rh scaled. (d) Radial (red) and

azimuthal (blue) sizes of the coherently scattering domains.
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For the hcp crystal structure, we assign the Bragg peak from the absorbance spectra
to the 002 lattice. Figure $5.25 in the Supporting Information shows the good
agreement of the lattice constants, a, as obtained from analysis of SAXS data and
absorbance spectra. The lattice constant decreases from 322 nm (7.3 wt% sample)
to 284 nm (10.9 wt% sample). We can now calculate the volume fraction of the

crystalline samples, ¢crystal, based on the unit cell dimensions:

4
& _ B+ g m(Rp)?
crystal — -
y 3 \/§J§a3 3V2a3
2

(5.4)

Figure 5.5¢c compares the determined volume fractions based on the hydrodynamic
radius in the dilute state, i.e. the generalized volume fraction, { (blue circles and black
line) and using radii that we determined from the form factor analysis of the SAXS
data directly in the densely packed state. The latter values allow us to rescale the
hydrodynamic radius, Rn, using the obtained radii from SAXS in the dilute (Rsaxs di.)
and concentrated state (Rsaxs):

_ _Rsaxs
Rh,scaled - RsAxS dil Rh (55)

We see a good agreement between the volume fractions calculated based on Rh with
the number concentration N (black line) and the volume fraction calculated with Rn
and the unit cell dimensions (blue circles) shown in Figure 5.5¢. The red lines indicate
the standard deviation of the calculated ¢ based on the number concentration. The
values of { obtained from the unit cell dimensions lie within the respective standard
deviation. This underlines the reliability of the extraction of { via the number

concentration obtained from the scattering of the core in SAXS.

The calculated values of the effective volume fractions are presented in Figure5.5¢
as green symbols. The calculation is either based on the particle number
concentration from SAXS measurements (filled, green symbols) or based on the
lattice constants as obtained from SAXS measurements on crystalline samples (open,
green circles). The data follow the same trend with slightly smaller volume fractions
obtained from the crystal structure analysis. Again, the difference lies within the
standard deviation with exception for the 5.4 wt% sample, where the lattice constant
is related to small crystallites not representing the average bulk volume fraction of the
dispersion. When reaching the threshold of crystallization (Figure 5.2d) we observe

a significant deviation of the volume fraction from the generalized volume fraction.
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This is most pronounced for the 9.1 and 10.9 wt% samples where the volume fraction
approaches values of approximately 0.52 which is far away from the closed packed
volume fraction of 0.74 for hard spheres. This is in agreement to the values reported
by Scotti based on comprehensive analysis of microgels in dense packing using
SANS.8

In addition, we show the respective volume fractions based only on Rsaxs without any
normalization to the hydrodynamic radius Rn in the Supporting Information
(Figure S$5.26). Due to the smaller total size of the CS microgels as observed by
SAXS, the determined volume fractions are significantly smaller although still

following the trend seen in Figure 5c.

To analyze the domain sizes of the crystalline samples, we use the Williamson-Hall
analysis?® that is based on the azimuthal and radial widths of the Bragg peaks as
shown in Figure $5.27 in the Supporting Information. This analysis revealed very low
strains below 1% for our colloidal crystals and coherently scattering domain sizes
between 3 and 4 ym (Figure 5.5d). These values are in good agreement with the
slightly smaller domain sizes from analysis of the 2D detector images using Scatter.
Based on the total size of our CS microgels we estimate that these domain volumes

contain approximately 2000 microgels per single domain.
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5.4.5 Osmotic Deswelling in the Solid Regime (Crystalline)

As reported in the literature, the concentration of counterions, which determines the
osmotic stress of the suspension, grows with increasing microgel concentration for
ionic microgels'25127 and also for microgels that are often considered neutral but
typically carry some charges from the ionic initiator.194 204 As a consequence, when
the bulk modulus of the microgels is lower than the external osmotic pressure the
microgels start to deswell, even when they are not in direct contact.'? 8. 194,19 |n our
case, the CS microgels carry chargeable groups that are only attributed to the used
anionic radical initiator. The electrophoretic mobility measured at 20 °C and dilute
conditions is — 1.23 ymcm/Vs. Thus, our microgels can be considered as weakly
charged in the swollen state. Due to the unique contrast situation of our CS microgels
for SAXS, we can extract the form factor even in the regime of dense packings, i.e.
where S(q) # 1. The measured SAXS profiles (symbols) and the modeled form factors
(solid lines) are presented in Figure 5.6a. The high q region can be very reliably
described with the form factor model due to the contribution of the core. Since the
rigid cores do not change in size, shape and its size polydispersity remains constant,
the form factor contribution of the cores does not change. This is highlighted by the
vertical solid line that marks the position of the form factor minimum due to the core
contribution. In the mid and, in particular, low g region where the structure factor
contribution is strong, the fit and experimental data seem to deviate. This however is
only caused by the absence of the structure factor in the model. The first minimum of
the form factor contribution of the shell is still well-resolved and not hampered by the
structure factor. Therefore, we get very good agreement between fit and data around
the minimum (approximately 0.05 nm-'). The parameters used for the form factor
modeling are listed in Table $5.12 in the Supporting Information. As the grey arrow
indicates, the minimum associated to the microgel shell shifts towards lower g with
decreasing concentration. This means that the particle size decreases with increasing
concentration. In other words, the microgel shells shrink as the particle number
density increases.
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Figure 5.6. Osmotic deswelling of the CS microgels in dense packings. (a) Scattering profiles
from samples with mass contents of 5.4 wt% (orange circles), 7.3 wt% (red circles), 9.1 wt%
(green circles) and 10.9 wt% (blue circles) recorded at a temperature of 20 °C. The grey lines
correspond to the respective form factors and the grey arrow illustrates the shift of the form
factor minimum related to the shell, while the black, vertical line indicates the fixed position of
the form factor minimum related to the core. The profiles are offset along the ordinate for
clarity. (b) Radial density profiles of the polymer volume fraction at the respective mass
contents (similar color coding to a). The black dashed profile corresponds to the CS microgels

in the dilute state and the black dashed, vertical line highlights the hydrodynamic radius.

Figure 5.6b shows radial polymer density profiles as the result from the form factor
analysis. The respective polymer volume fractions are extracted from a radial density
profile of the scattering length density shown in Figure $5.28 in the Supporting
Information. Here we also present the constant integrals of the radial density profiles.
The rigid silica cores have a mean radius of 18 nm. Consequently, in Figure 5.6b the
polymer volume fraction is zero for r < 18 nm. Within the shell region (r > 18 nm) the
polymer volume fraction decreases from very similar values of 0.31, independently on
the mass content of the samples, to zero, following the exponential decay of the SLD
in the corresponding form factor model. With an increase in mass content, we can
detect a decrease of Rsaxs from 138 nm to 116 nm and a more pronounced decline in
the exponential decay, indicating a deswelling process. The fact that we can
accurately determine interparticle-distances, based on the lattice constant of the
crystalline structure formed by the CS microgels, reveals that deswelling occurs far

before interparticle contact.
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This again indicates the presence of a pronounced electrostatic influence on the
microgel behavior, even when the particles are in the swollen state, exhibiting rather
low electrophoretic mobilities. The influence of electrostatics on potential deswelling
of microgels (here in the dilute state) was also shown by Bergman et al. where
changes in the ionic strength of the dispersion resulted in a deswelling of charged
microgels.83 Reconsidering the phase behavior of the CS microgels at 40 °C in
addition to the deswelling, we conclude that the microgels must exhibit a pronounced
electrostatic contribution. Therefore, the deswelling of the CS microgels, most likely,
is a result of the overlapping between the individual ion-clouds exhibited by the
microgels, increasing osmotic pressure, forcing the microgels to deswell. As we could
not detect an increase in the polydispersity of the CS microgels for the deswelling
process, in combination with the electrostatic contribution and due to the dense
packing of the CS microgels inside of the colloidal crystal we conclude that the
microgels undergo an isotropic osmotic deswelling.33 80. 129 This leads to the decrease
in radius and the more pronounced decline of the polymer volume fraction as
described above. From literature it is known that the internal microgel architecture
including the nominal crosslinker content dictates whether isotropic deswelling or
faceting of the microgels is observed.'?* For microgels with high nominal crosslinker
contents (= 5 mol% BIS), like in our case, it is known that isotropic deswelling occurs
before faceting.” 8 A similar behavior was found for hollow microgels that showed
isotropic osmotic deswelling when the particle concentration in the dispersion was
increased. In this case it was attributed that deswelling is favored over faceting due to
the presence of the cavity inside the microgel which allows for rearrangement of the
polymer chains within the microgel.” '8 Ultra low crosslinked microgels, expressing
pronounced soft behavior, show faceting when they are dispersed in a crowded
environment, rather than undergoing isotropic deswelling before microgels make

contacts.?0. 80
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5.5 Conclusion

Core-shell microgels with polymeric shells that are significantly larger than the
incompressible core are ideal candidates to study fluid-solid transitions by small-angle
scattering without the need of selective deuteration and contrast variation.”8-80 \We
have shown that SAXS is particularly powerful given that the core as well as the shell
provide sufficient contrast with respect to the solvent environment. In our case this
was realized by silica-PNIPAM core-shell microgels with shell-to-core size ratios on
the order of 8 (swollen state). The form factor contribution of the silica cores in the
range of large q is well separated from the scattering of the shell and also from
structure factor contributions in dense packings. Due to the overall microgel
dimensions approaching the wavelength of visible light, crystallization of the microgels
can be easily followed optically due to the photonic properties. We used absorbance
spectroscopy as an efficient and easily available method to study solid-fluid/fluid-solid
transitions induced by heating/cooling of the samples. Analysis of the data revealed
very narrow temperature windows where the phase transitions occur with almost no
hysteresis between heating and cooling within a change in volume fraction of about
0.05. The freezing point is registered at a volume fraction of 0.45 + 0.05. The deviation
from the value of hard spheres was explained by electrostatic interactions. The
structures of the fluid and solid phases were studied by synchrotron SAXS. Structure
factors extracted in the fluid regime indicate the presence of a pronounced
electrostatic contribution in the phase behavior of the CS microgels. In addition, we
did not observe any osmotic deswelling in dense packings of collapsed microgels. In
contrast, the samples in the solid regime showed sharp Bragg peaks and many
different diffraction orders upon very slow temperature annealing of the samples.
Analysis of the scattering data revealed hcp structures and domain sizes in the
micrometer range. Due to the combination of synchrotron SAXS and optical
spectroscopy on the very same samples, both methods probing rather large sample
volumes, we were able to provide a representative correlation between the optical
properties and ensemble structure of the CS microgel assemblies. From the scattering
profiles of the crystalline samples, we could also directly determine the form factor of
the CS microgels. Data analysis revealed osmotic deswelling with an extend that

increases with increasing concentration.
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The unique combination of our silica-PNIPAM core-shell microgels and properly
chosen shell-to-core size ratio with synchrotron SAXS is ideally suited to determine
form as well as structure factors even in packings exceeding the hard sphere limit.
Due to the great resolution of SAXS and the extremely short acquisition times, in situ
studies on phase transitions over a broad range of packing densities will be possible
in future works. A comprehensive follow-up work addressing in more detail the role of
electrostatics in the phase behavior of our core-shell microgels using charged and

charge-screened conditions is currently underway.
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5.6 Supporting Information

List of Samples

Core-shell (CS) microgel dispersions were prepared with various mass contents and

filled into different capillaries depending on the type of measurements. Detailed

information about the sample composition and the used capillaries are listed in

Table S5.1. In order to maintain comparability between the samples prepared in H20

and D20 we used the same volume of solvent for dispersions made with the same

mass of CS microgels. Thus, the dispersions possess the same particle nhumber

concentration in H20 and D20. As an example, the 10.9 wt% sample prepared in D20

and the 12 wt% sample prepared in H20 have the same particle number

concentration.

Table S$5.1. List of the CS microgel dispersions prepared for the different experiments.

Mass content Dispersant Capillary Experiment
[wt%]
0.45 D20 rectangular SAXS (20 °C)
5.4 D20 rectangular SAXS (20 °C) / absorbance (various T)
7.3 D20 rectangular SAXS (20 °C) / absorbance (various T)
9.1 D20 rectangular SAXS (20 °C) / absorbance (various T)
10.9 D20 rectangular SAXS (20 °C) / absorbance (various T)
1.25 H20 round SAXS (40 °C)
5.4 D20 round SAXS (40 °C)
7.3 D20 round SAXS (40 °C)
9.1 D20 round SAXS (40 °C)
12 H20 round SAXS (40 °C)
10 H20 round SAXS (determination of N)
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Form Factor Analysis

We measured SAXS from dilute and concentrated core-shell (CS) microgel
dispersions and radially averaged the scattering data to obtain the scattering intensity

I, as function of the magnitude of the scattering vector q.

S 4w .6

gl =q = o sin > (S5.1)
The scattering angle is given by 8 and A is the wavelength of the X-rays.

In general, for the investigated g-range, the scattering intensity /(g), possessing the

unit m-' if measured in absolute units, can be described by the following equation:
I(q) = NVparticlezASLDZP(Q)S(q) + g (85.2)

With N [m3] corresponding to the particle number density, Vpartice [Mm3] the volume of
the scattering object and ASLD [m-] the difference in scattering length density (SLD)
between the scattering object and the respective solvent. P(q) is the form factor of the
scattering object, S(q) is the structure factor and /s [m''] describes additional
incoherent background contributions. For dilute dispersions, the structure factor can

be neglected as S(q) = 1.

We note that here, the contrast of the investigated samples using SAXS is defined by
the SLDs of the respective materials and the applied wavelength of the X-rays.
Despite SLD being a g-dependent physical quantity, it is a suitable and well accepted
quantity to describe contrast situations in SAXS as we already demonstrated in our

previous work8' and done so elsewhere.'38 205

The form factor modeling was performed with the SasView software.%”
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To describe the form factor of our CS microgels, we used a CS model:206

l
I(q) = [3VcoreSLDc0rek(ch0re) + 3VparticleSLDshellk(quarticle) -

Vparticle

2
3VcoreSLDshellk(chore) - 3VparticleSLDsolventk(quarticle)] + IB
(S5.3)
with

sin(qR)—qR cos(qR)

k(aR) ===

With scale as scaling factor (corresponding to the volume fraction if measured in
absolute units), V representing the volume of the respective scattering object and Rcore
and Ryparticie corresponding to the total radius of the core and the overall CS microgel.
Here, Ryartice is the sum of Rcore and the thickness of the shell Afshen. For the here
probed g-range, the contrast is related to the SLDs of the respective materials. Due
to their homogeneous and isotropic structure, the SLD of the solvent and the core is
kept constant. K(qR) refers to the form factor oscillations of a spherical scattering
object. In case of the CS microgels in their collapsed state, we used a constant SLD
for the shell. For the CS microgels in their swollen state, we used an exponential
decay in the SLD profile of the shell.

The exponentially decay ©n the scattering length density of the shell ©s described by:

SLDg,en(R) = B exp (M) +C (S5.4)

Atshen

With Afsnen being the thickness of the shell, and A being the decay constant. Band C
are defined as:

__ SLDout—SLDip
- ed-1

B (S5.5)

_ SLDjne?—SLDoyt
- ed-1

c (S5.6)

Here, SLDinand SLDout are the SLDs at Rin = Rcore and Rout = Rparﬁcle
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The scattering length of the shell derived from the exponential SLD profile is given by:

fshell = 3BV(Rshell)eAh(a0ut' .Bout) - 3BV(Rc0re)h(ainr .Bin) +
3CV(Rshe]]) sin(qRshell) —qRshell €0S(qRshell) _ 3CV(Rcore) sin(qRcore)—qRcore €0S(qRcore) (857)

(qRsher)? (qRcore)®

where

= Aﬁ (S5.8)
Qou = A (S5.9)
Bin = qRcore (S5.10)
Bout = qRshen (S5.11)
and

h(x,y) = xsin((;;):;};)f;s o (xz—yz)(s:zlis;)z—;?;y cos (¥) (S5.12)

The polydispersity of the core and the shell of our CS microgels are included using a
Gaussian distribution of the respective radii. Here, (r) is related to the average particle

radius, and opoly describes the relative size polydispersity.

_M> (S5.13)

D(R,(R), 0, =—1 _ex (
( poly) pro]yz p 20poly?

Due to the distinct difference in core and shell size, we can also fit the core contribution
only. To describe the scattering intensity of the silica cores, we applied a simple

polydisperse sphere model:

scale

i _ 2
1(q) = [3V(R)AsLD SREARARCS@RI" ) (S5.14)

Vparticle (qRr)3

The parameters used for the fits are listed in Table S$5.2.
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Table $5.2. Parameters applied to fit the scattering profiles of the dilute CS microgel
dispersions in their swollen (T = 20 °C) and collapsed state (T = 40 °C).

Parameters Core-exponential-shell Core-homogeneous-shell
(swollen state) (collapsed state)
scale 0.029 2.733
Is[a. ul] 0.2 0.003
Recore [nm] 18 18
Atshen [nm] 120 72
SLDcore [10¢ A2] 17.75 17.75
SLDshen, in [10® A2] 9.89 10.30
SLDshetl, out [10° A2] 9.43 -
SLDsolvent [10°8 A2 9.43 9.43
Ocore 0.1 0.1
Oshell 0.1 0.08
A 22 -

We began the fitting procedure using fixed values for the background (ls), Rcore, Ocore,
SLDsolvent, and SLDcore. Prior to the first fitting-steps, reasonable values for the Afshel,
SLDshen and oshell Were assumed to get a starting point for the fitting-procedure. Next,
the parameters were fitted in the following order: scale, SLDshei, Atshen, A (decay
constant), oshei. The values obtained from each fitting-step were applied for the
following step. In each step, only the respective parameter was set free to change,
while the other parameters were kept constant. As the model consists of many
parameters, setting all parameters free resulted in a fit no longer describing the data
sufficiently well when using SasView. Therefore, the procedure was repeated until the
fit described the experimental data sufficiently well.

Prior to the synchrotron SAXS experiments, Rcore and Ocore Were determined from
inhouse SAXS measurements presented in Figure S$5.13. The g-range in the
experiment was limited in the high-q regime and we were only able to fit the scattering
of the core. Due to this, the values were already known and could kept constant in the
fitting-procedure regarding the CS microgels.
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We also applied other form factor models including the core-shell microgel model that
is based on the widely accepted fuzzy-sphere model to describe the inhomogeneous
morphology of microgel shell.297. 208 Figure S$5.1 compares the results for a simple CS
model (homogeneous shell) in orange, the core-shell microgel model that is described
by a box like profile for the core and the inner homogeneous region of the microgel
shell with respective constant SLDs followed by an error function like decay similar to
the fuzzy sphere model in green2® and the previously discussed CS model with
exponentially decaying shell in red. These additional form factor fits were performed
with the SASfit software.'”°
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Figure $5.1: Comparison of different form factor models. (a) SAXS profile recorded from a

dilute CS microgel dispersion with solid lines corresponding to fits using a core-shell model

with an exponentially decay in the SLD of the shell (red, Eq. $5.3 and Eq. S5.4), the core-
shell microgel model?°® (green, dashed line) and a core-shell model with homogeneous SLD
profiles for the core and the shell (orange, dashed line). (b) Radial profiles of the difference in

SLDs, based on the shown form factor fits with the same color coding as in (a).

Figure S5.1a shows that all three applied CS models can describe the SAXS profile
of our CS microgels quite well. Deviations occur in the low and mid g-range where the
shell scattering dominates. The parameters used to fit the scattering intensities are
listed in Table S5.3. The radial density profiles extracted from the respective CS
models are shown in Figure S5.1b. All models exhibit a high ASLD value related to
the core until a radius of 18 nm. From this point on, we can see an exponential decay
for the core-exponential-shell model (red) and a constant ASLD for the core-shell
model (orange).
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The core-shell microgel model (green) exhibits the box like profile with a constant
ASLD followed by a decay ascribed to the fuzzy surface of a microgel.2%® The core-
exponential-shell and the core-shell microgel model result in similar total radii of 138
1+ 14 nm and 143 £ 27 nm, while the core-shell model yields a much smaller radius
with just 120 nm. Despite the fact that the simple CS model with homogeneous SLD
profiles for core and shell describes the experimental data very well, we do not further
consider this model because the homogeneous density profile of the shell is rather
unrealistic given the known crosslinker gradient towards the periphery of the microgel
shell.32 In order to obtain reasonable fits with the core-shell microgel model, a
polydispersity as large as 20% was imposed on the homogeneous box profile, which
is very unrealistic according to our results from dynamic light scattering, where the
polydispersity was below 10%. Therefore, despite the good description of the
experimental data with this model, we decided to not further consider this rather
complex form factor model with a large number of fits parameters. We conclude that
the core-exponential-shell model leads to more realistic results for the size,
morphology and polydispersity of the CS microgels. Furthermore, due to the lower
number of possible fit parameters, we decided to use the core-exponential-shell
model in the following of this work.

Table $5.3. Fit parameters obtained from different form factor models.

Parameters Core-exp.-shell20¢ Core-shell Core-shell
microgel?%®
Recore [nm] 18 18 18
TAtshen [nm] 120 75 102
2sigmaout [nm] - 25 -
3SLDcore [106 A2 17.75 17.75 17.75
3SLDshen [10° A2 9.89 9.89 9.83
3SLDsolvent [10°° A2] 9.43 9.43 9.43
30core 0.1 0 0
Oshell 0.1 0.2 0.15
2A 2.2 - -

" According to the SASfit manual At is given as W_shell and SLDx refers to etay being the scattering
length density of the respective material. Parameters corresponding to the core-shell microgel model
according to the SASfit manual not being listed here are set to zero.

2 parameters without any given value are not present in the respective model.

3 In SASfit polydispersity can only be applied on one parameter, therefore we choose the thickness of the
shell (Afshen) being the more relevant quantity in this case.
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Dynamic Light Scattering

In addition to the temperature dependent DLS measurements shown in Figure S$5.2a,
we performed angle-dependent DLS measurements below and above the volume
phase transition temperature (VPTT) at 20°C and 45°C, respectively. The decay
constants, I, were computed from the normalized field-time autocorrelation functions
using the CONTIN algorithm'® via the AfterALV software (v1.06d, Dullware,

Amsterdam, The Netherlands).

Plotting the values of " against g? (Figure $5.2b) we can extract the translational

diffusion coefficient, Dr, with high precision:

(S5.15)

The Stokes-Einstein equation can then be applied to determine the hydrodynamic

radius Rh:
kT
Dy = p—. (S5.16)

Here, k is the Boltzmann constant, T is the absolute temperature and n is the viscosity

of the solvent.
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Figure S5.2. (a) Hydrodynamic radius as function of temperature obtained from fixed angle
measurements in H20 (black circles, Zetasizer), D20 (green circles, Zetasizer) and
angle-dependent DLS (red circles, H20). (b) Decay constants from angle-dependent DLS as
function of g2. The blue circles correspond to the data recorded at 20 °C and the red circles

were recorded at 45 °C. The straight lines correspond to linear fits to the data.
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Translational diffusion coefficients of 1.47-10-'2 m?/s and 3.97:10'2 m?/s were
extracted from the linear fits and correspond to Rn of 146 £ 1 nm at 20°C and 99 + 1
nm at 45 °C presented as red circles in Figure $5.2a. The obtained values form
angle-dependent DLS match well to the results from the temperature dependent
measurements with a Rn of 147 + 3 nm at 20 °C and 100 £ 1 nm at 45 °C. In addition,
we extracted a VPTT of 35.1 °C for the CS microgels based on the 13t derivative of
the temperature dependent DLS data. To investigate isotope effects on the
thermoresponsive properties of the CS microgels we performed temperature
dependent DLS measurements in D20 as solvent. The Rh is shown as function of the
temperature as green circles in Figure $5.2a. A deviation from the hydrodynamic radii
recorded in H20 is only visible for temperatures above 38 °C as the particles exhibit
a Rnof 100 £ 1 nm in D20 and 103 £ 1 nm in H20 at a temperature of 40 °C. Up to
the temperature of 38 °C, the hydrodynamic radius determined in H2O describes the

size of the CS microgels sufficiently well, independent of the here used solvents.

Figure S5.3 shows the electrophoretic mobility of the CS microgels in aqueous
dispersion. At low temperatures, in the swollen state, the microgels possess rather
small, negative values of mobility, until a temperature of 35 °C. Here, the mobility
strongly decreases until reaching a constant value at about 55 °C. The decrease in
mobility is associated to the reduction in size of the CS microgel when undergoing the
VPT. Here, the surface area decreases and thus the effective charge density over the
CS microgel increases. Please note that the CS microgel is negatively charged and

an increase in charge per area is reflected by a decrease in electrophoretic mobility.
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Figure S5.3. Electrophoretic mobility of the CS microgels in dilute, aqueous dispersion as

function of temperature.
SAXS Investigation of the Silica Cores

The scattering profile of the SiO2 cores prior to the encapsulation in the PNIPAM shell
is presented in Figure §5.4 and shows multiple form factor oscillations between q =
0.15 - 1.0 nm™". We fitted the scattering data with a homogeneous sphere model (red

solid line) yielding a radius of 18 + 2 nm with a polydispersity of 10%.

005 01 02 05 1 2 5
q [nm]

Figure $5.4. Scattering profile of the SiO2 cores prior to the encapsulation in PNIPAM shells.
The solid line is related to a hard sphere form factor fit (Eq. $5.14).
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Transmission Electron Microscopy Investigation

The successful encapsulation of the silica cores and general morphology of the CS
microgels was investigated with transmission electron microscopy (TEM). We used
the images shown in Figure S5a-c to determine the encapsulation rate of the SiO2
nanoparticles (NPs), the average core size and its size distribution which is presented
in Figure $5.5d. The histogram is based on manual image analysis using the image
analysis software imageJ.?%® The size distribution can be described with a Gaussian

distribution function resulting in an average radius of 18 + 2 nm.
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Figure S5.5. Representative TEM images of the CS microgels at different magnifications
(a-c) and a histogram related to the size distribution of the SiO2 cores with a fit to the data

using a Gaussian distribution function (red line) (d).
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Sample Annealing

After sample preparation at room temperature, we performed a detailed annealing
procedure where the temperature is increased from 20 °C to 50°C with a rate of 1.5
K/h using a high precision circulating water bath. At 50 °C the temperature is kept
constant for one hour and is then again lowered to 20°C with a cooling rate of 1.5 K/h.

The time dependent evolution of the temperature is shown in Figure S5.6.

0 5 10 15 20 25 30 35 40 45
Time [h]

Figure $5.6. Temperature profile used for sample annealing.
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Vis-NIR Absorbance Spectra from Different Points in Time

v i i i i "5.4'wt%]
— 7.3 wt%

M — 9.1 wt%

—— 10.9 wt%

550 600 650 700 750 800 850
Wavelength [nm]

Figure $5.7. Vis-NIR absorbance spectra recorded at different points in time. From the
bottom to the top: Directly after sample preparation (l), after annealing (ll), half a year after

sample preparation (lll) and directly after SAXS measurements (IV).

Vis-NIR absorbance spectra were recorded at different points in time at 20°C, to verify
the stability of the colloidal crystals (CC). The spectra at the bottom of Figure S$5.7 (1)
were recorded directly after sample preparation and show Bragg peaks for all
samples. After the annealing procedure (Il) the spectra exhibit sharper Bragg peaks
for the 5.4 and 7.3 wt% samples indicating an increased crystallinity. The samples
with 9.1 and 10.9 wt% show a decrease in the intensity of the Bragg peak. We attribute
this to the absence of large crystalline domains in the monitored sample volume. We
note that the samples were measured in specific sample holders which do not allow
for any changes in the position of the capillary. Afterwards samples were directly
stored at 4°C. The next series of absorbance spectra (lll) was recorded half a year
after sample preparation and all samples excluding the 5.4 wt% exhibit distinct Bragg
peaks. We conclude that the 5.4 wt% sample does not show stable colloidal crystals
in long time equilibrium state. The improvement in the Bragg peak quality, in the
observed volume, might be attributed to a temperature change of the samples during
the transfer of the samples to a different location. Here, some rearrangements within

the sample might occur resulting in higher quality Bragg peaks in the probed volume.
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Spectra recorded after the SAXS measurements (IV) show similar appearance
compared to (lll). A distinctive change in the Bragg peak position of the CS microgel

dispersions is not detectable over the complete series of measurements.

Crystal Analysis by Vis-NIR and Angle-Dependent Specular Reflectance

Spectroscopy

We measured concentrated dispersions of CS microgels that exhibit distinct and
narrow Bragg peaks at wavelengths, Asragg, that are related to the respective diffraction
order m, the incident angle 6 and the spacing between the respective lattice planes
dhk. Theoretically, the Bragg peak position is described by a combination of Snell’'s

law and Bragg’s law:210

MmAgigs = 2 dpk [ncrystalz —sin6? (S5.16)

We used an average refractive index for the CS microgel dispersion of nerystar = 1.345

as reported in literature for a similar system.”?

Exemplary angle-dependent specular reflectance spectroscopy measurements were
conducted with the 9.1 wt% sample. In Figure $5.8 we show the relation between the
angle of the incident beam and the position of the Bragg peak. The black vertical lines
indicate the theoretically expected Bragg peak positions for a dhi = 251 nm. An
absorbance spectrum recorded in transmission geometry to represent the Bragg peak
position at an angle of 0° is shown in red. We see a distinct blue shift of the Bragg
peak with an increase in the respective angle. The experimental data and the

theoretical peak positions are in good agreement.
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Figure S5.8. Normalized angle-dependent specular reflectance measured form the 9.1 wt%
sample. The red spectrum is related to an absorbance measurement in transmission
geometry (0 °). Black vertical lines indicate the theoretical peak positions based on a hcp

lattice.

When the samples are measured in transmission geometry and 6 corresponds to the

angle between the optical normal and the incident beam 6 = 0° leading to:

/‘lBragg = 2dnp Nerystal (S5.17)

Assuming a hexagonal closed packed (hcp) crystal structure the spacing between

lattice planes, dhu is connected to the lattice parameters a and ¢ by:

dpj = e (S5.18)
Here, h, k and I correspond to the Miller indices. In case of a closed packed lattice of
isotropic spheres the ratio between ¢ and a is fixed to a value of (8/3)"2. This is due
to the geometry of the unit cell at dense packing of spheres with a volume fraction of
0.74. With the known ratio we can rewrite Equation S$5.18 to yield the lattice constant

a.

a=dhli§(h2+hk+k2)+§lz (S5.19)

148



5. Fluid-Solid Transitions in Photonic Crystals of Soft, Thermoresponsive Microgels

With the Equations $5.17 and $5.19, we can extract the lattice constant a from the

position of the Bragg peak in the Vis-NIR absorbance spectrum.

Adier [S(hZ+hk+k2)+312
=5 8 (S20)

a =

2 Nerystal

When we assign the 002 plane to the Bragg peak, we can write Equation $5.20 in

the following way:

Adite |2

a= Jae s (S5.21)
2 Ncrystal

The volume fraction ¢ of an hcp crystal with 3 + 3 spheres contributing to one unit cell

can be calculated with the lattice constant a and the radius R of the spheres.

(3+3)§nR3

=— 85.22
b=k (55.22)

Temperature Dependent Vis-NIR Absorbance Spectroscopy

We performed temperature dependent Vis-NIR spectroscopy with crystalline CS
microgel dispersions which exhibit Bragg peaks. The spectra were recorded between
20 °C and 50 °C in steps of 0.3 °C. The samples were equilibrated for twelve minutes
before each measurement. Due to the slow heating and cooling rates, we can assume
that the sample is close to equilibrium conditions during the whole procedure. This is
illustrated in Figure S$5.9a, while in Figure $5.9b a small section of the procedure is
shown to clarify the stepwise approach. We note that Figure $5.9 excludes the time
needed for the sample holder to change temperature, and the time for conducting the

measurement itself.
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Figure $5.9. Temperature profiles used for Vis-NIR absorbance measurements. (a) Time
dependent evolution of the temperature and a small section (b) showing the stepwise

increase of the temperature.

The temperature dependent Vis-NIR spectra are shown in Figure $5.10 and were
recorded between 20 °C and 50 °C in 0.3 °C steps indicated by the color transition
from dark blue (20 °C) to red (50 °C). The four rows correspond to the mass contents
of 7.3 wt% (a), 9.1 wt% (b, c) and 10.9 wt% (d) CS microgel dispersions. Noteworthy,
for 9.1 wt% an additional sample was measured to verify the reproducibility of the
measurements. For each sample, we observe a decrease in the absorbance of the
Bragg peak in a certain temperature range, which is visible in the absorbance spectra
and marked in green for the respective plots of the Bragg absorbance as function of
the temperature. In this temperature range, the sample undergoes the phase
transition from a crystalline to a disordered system. Based on the conducted
experiment, we can extract the transition temperature of the respective CS microgel
dispersion (Table S$5.4). This is done by applying linear fits on the green colored
transition section were the Absorbance of the Bragg peak decreases and the blue
colored section where the Bragg peak absorbance is 0. The intercept of both fits on
the x-axis is listed as transition temperature.
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Figure $5.10. Temperature dependent Vis-NIR absorbance spectra and the respective Bragg
peak intensity as function of the temperature from 7.3 wt% (a), 9.1 wt% (b, ¢) and
(d) 10.9 wt% CS microgel dispersion. The spectra in the left row correspond to a heating
cycle while the spectra in the middle column correspond to a cooling cycle. Spectra were
recorded from 20°C to 50°C and vice versa with 0.3°C steps indicated by the color transition

from blue to red.
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Table $5.4. Transition temperatures of the respective CS samples.

Mass content [wt%] Ttransition (heating) [°C] Ttransition (cooling) [°C]
7.3 31.6 30.7
9.1 29.8 29.9
9.1 30.2 30.3
10.9 35.7 35.5

Figure S5.11a shows the time-dependent evolution of the Bragg peak at fixed
temperatures. In Figure S5.11b, the absorbance of the Bragg peak at fixed
temperatures is plotted as function of time. It is clearly visible that the Bragg peak
decreases within the first 100 seconds and remains at a constant value for the rest of
the observed time window (a total time of 1800 s). This implies that for the performed
temperature-dependent Vis-NIR spectroscopy measurements, with equilibration time
of 720 s between each temperature step, the CS microgel dispersion has reached its
equilibrium state.
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Figure S$5.11. Time-dependent evolution of the Bragg peak at fixed temperatures recorded
from a 9.4 wt% CS microgel dispersion. (a) Time-dependent Vis-NIR absorbance spectra
recorded at fixed temperatures after a prior, fast temperature increase by 0.5 K. (b) Time-

dependent evolution of the Bragg peak absorbance.
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Density of the Silica Cores

In order to extract the number concentration from SAXS profiles the density of the
scattering objects is required. In our case, the form factor of the core is used for the
analysis and thus the density of the silica cores was determined. To do so, the
dispersion of silica cores was purified via dialysis against ultra-pure water and the
density of a series of dilute dispersions with various concentrations was measured.
From a plot of the reciprocal density of the respective dispersions against the
respective mass content, the density of the SiO2. NPs can be extracted with the

following equation:

= = % = wm+b (S5.23)

wgm+b

Here, p is the density of the dispersed particles, wr being the mass fraction and m and
b are related to the slope and the y-intercept of the linear fit as shown in Figure $5.12,
where the reciprocal density of the dispersion is plotted as function of the silica mass

fraction.
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Figure S$5.12. Reciprocal density of dilute SiO2 NP dispersions against the mass content of

the respective dispersion. The red line corresponds to the linear function used to fit the data.

The linear function describes the data very well and a slope of -0.52204 cm?/g and a
y-intercept of 1.00182 cm3/g is obtained. According to Equation $5.23 a density of
2.08 g/cm? for the SiO2 NPs can be determined.
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Extraction of Number Concentrations from SAXS

Additional SAXS measurements were performed with the intensity in absolute units
on four (I-IV) concentrated CS microgel dispersions to determine the number
concentrations based on the scattering contribution of the SiO2 cores.32 81 A total
number of four samples with the same mass content were investigated to ensure that
the performed measurements lead to representative results and to obtain a standard
deviation regarding the number concentration. The SAXS profiles of the CS microgel
dispersions (10 wt%, H20), including form factor fits (solid lines) are shown in
Figure S5.13. The applied polydisperse sphere model describes the data sufficiently
well in the respective g-range and the fit parameters are listed in Table S$5.5. We see
the first form factor minimum at approximately 0.2 nm-' and discrepancies between
the measured data and the form factor fit below g = 0.06 nm-'. The deviation is related
to scattering of the shell which is not described by the model used here. The data of
the four different CS microgel dispersions superimpose each other, as well as the form
factor fits. This is expected as all samples possess the same concentration. Even
though 10 wt% ©s a concentration high enough that strong structure factor
contributions will occur, our analysis is reasonable since we focus on the form factor
of the cores that are much smaller than the total CS microgel dimensions. In other
words, the structure factor from the lattice of CS microgels and the form factor of the
small cores appear in different regimes of q. In particular the pronounced form factor
oscillations visible in Figure $5.13 are not affected by the structure factor. Therefore,
we can use the analysis of relatively high and thus well strongly scattering samples to
deduce the number concentration of cores and consequently the CS microgels based
on the assumption that each CS microgel contains a single silica core. Consequently,
the number concentration of the cores is the same as the number concentration of the

CS microgels.
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Figure §5.13. SAXS profiles of four different samples (each 10 wt% CS microgels) and the

respective form factor fits (sphere-model, eq. S14) to the core scattering contribution (solid

lines).

Table S5.5. Fit parameters obtained from the form factor fits. The Errors of the parameters

are smaller by two orders of magnitudes compared to the obtained valuers and therefore not

listed.
| Il 1 \%
scale 0.00107 0.00108 0.00111 0.00121
Is [cm™] 0.03 0.03 0.03 0.03
SLD (SiO2) [10° A2 17.75 17.75 17.75 17.75
SLD (H20) [10° A2 9.47 9.47 9.47 9.47
R [nm] 18 18 18 18
Opoly 0.1 0.1 0.1 0.1
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In order to calculate the number concentration N, the scattering intensity at infinitely
small g, o needs to be known. Therefore, the SAXS data in absolute units are plotted
in a Guinier plot, i.e. In(/(q)) as function of g according to:

In(1(q)) = In(lp) — LR (S5.24)

3

In addition to /o, we can extract the radius of gyration Rs from a linear fit to the data.
As presented in Figure S5.14, we performed the Guinier analysis not only on the
scattering profile but also on the performed form factor fits of the core. This is due to
the form factor oscillations of the shell, which occur for g2 < 0.015 nm-2 and might
influence the results of the Guinier analysis. To prevent possible corruption of the
extracted lo due to the scattering of the shell we used the /o extracted from the Guinier
analysis of the form factor fits of the core. The results from the Guinier analysis are

presented in Table $5.6 and Table S5.7.
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Figure S$5.14. Guinier plots of the scattering data (a) and the respective form factor fits (b).

Table $5.6. Results from the linear fits applied on the Guinier plots of the SAXS data.

| Il 1 v
lo [cm] 221 +£10 23310 242 +10 2219
Re [nm] 16.4+0.3 16.5+0.3 16.1+0.3 4+03
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Table $5.7. Results from the linear fits applied on the Guinier plots of the form factor fits.

| Il ] \Y
Io [cm™] 206 + 2 215+ 2 235+2 224 +3
Re [nm] 15.8 +0.1 15.8 £ 0.1 15.8 £ 0.1 16.2+0.1

Both approaches give comparable results with a radius of gyration close to 16 nm.
The radius of gyration is expected to follow Rq = \E Rus and, therefore, to be smaller

than the radius we extracted from form factor fits. With a Ry of 16 nm we see a small
deviation of 2 nm from the expected value. This is attributed to the selected g-range
where the Guinier analysis was performed due to limitation in the experimentally
accessible lowest q. Regarding lo, we obtained slightly higher intensities from the
linear fits applied on the Guinier plot of the experimental data. This is due to the
scattering intensity in the low g-regime is not only related to the scattering of the core.
Here, the form factor oscillations of the shell are interfering with the scattering signal
of the core in the selected g-regime. Thus, the measured intensities are influenced by
the scattering of the shell and therefore lead to higher scattering intensities at

infinitesimal low gq.

Since we now know the forward scattering intensity, /o, we can combine this with the
Avogadro’s number Na, the density of the silica cores p (2.08 g/cm?), the mass of a
single scattering object, m (5.08 10-'7 g) based on the radius of the scattering object
and the density of the respective material, the molecular weight, of the scattering
object, Mw (3.06 107 g/mol) based on the mass of the scattering object, and the
difference in scattering length density between the solvent and the scattering object
ASLD to calculate the number concentration N according to Equation $5.25:

N = _loNar® (S5.25)

m My, ASLD?2

The extracted number concentrations, as well as the average number concentration

N and the respective standard deviation SD are listed in table S5.8.
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Table $5.8. Number concentrations extracted from the scattering intensity of CS microgels

dispersions (10wt%)

| [ I 1Y N SD
N (I(g)) [10™ 1/mL] 5.31 5.58 5.81 5.31 5.50 0.21
N (P(g)) [107° 1/mL] | 4.95 5.15 5.64 5.36 527 0.26

The average number concentration is 5.5 + 0.2 10'2 1/mL and is, within the
experimental errors, virtually the same as the number concentration extracted from
the form factor fits with 5.3 + 0.3 102 1/mL. We ascribe the difference between the
two values due to the contributions of the polymer shell on the P(q) and, therefore, we
will use the number concentration extracted from the form factor fits for further
calculations.

From the number concentration and the hydrodynamic radius R of the CS microgels

we can calculate the generalized volume fraction &;
§ = NImR,(T) (S5.26)

Due to the PNIPAM shell, the hydrodynamic radius and the generalized volume

fraction of the CS microgels depend on the temperature as shown in Figure $5.15.

10 20 30 40 50 60
Temperature [°C]

Figure $5.15. Generalized volume fraction as function of the temperature on the example of

a 10 wt% CS microgels dispersion.
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The hydrodynamic radius, measured via temperature dependent DLS, directly

corresponds to the relation of the generalized volume fraction and the temperature.
Structure Factor Extraction in the Fluid Regime

Absorbance spectroscopy has revealed that all CS microgel dispersions (5.4 — 12
wt%) are not in a crystalline state at 40 °C. Thus, we assume that the sample possess
a fluid-like structure. To verify this, we conducted SAXS measurements at 40 °C. The
2D detector images of all concentrated samples are shown in Figure S5.16. All
scattering patterns exhibiting a fluid-like structure factor contribution as well as
intensity minima related to the form factor of the collapsed CS microgels. No Bragg
peaks were observed so the dispersions are in a purely unordered phase.
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Figure $5.16. 2D detector images of CS microgel dispersions with mass contents of (a)5.4,
(b) 7.3, (c) 9.1 and (d) 12 wt%.
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Radially averaged scattering profiles of the CS microgels with mass contents between
5.4 and 12 wt% recorded at 40 °C are shown in Figure $5.17. While the form factor
at mid to high g remains unchanged for increasing concentration, the first structure
factor maximum in the low q region shifts towards higher g as indicated by the grey
arrow.

0.01 0.02 005 01 02 0.5
4
q [nm™]

Figure S$5.17. Scattering profiles of samples with 5.4 wt% (orange circles), 7.3 wt% (red
circles), 9.1 wt% (green circles) and 12 wt% (blue circles, H20) recorded at 40 °C. The grey
arrow indicates the shift of the structure factor maximum towards higher q with an increase in

mass content.

We also measured a sample at a much lower concentration (1.25 wt%) at 40 °C, i.e.
at conditions where the microgel shell is collapsed. To our surprise the scattering
pattern shown in Figure $5.18 exhibits a weak structure factor maximum at g = 0.02
nm despite the low concentration. Due to this, we did not use the complete scattering
profile for the extraction of the structure factor from scattering profiles recorded of the
dense samples. The structure factor contribution can be described by the Percus-
Yevick hard sphere structure factor model resulting in a volume fraction of 0.16 and a
hard sphere radius of 176 nm.
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Figure S5.18. Scattering profile (black circles) recorded from a 1.25 wt% CS microgel
dispersion at 40°C. The solid red line corresponds to a combination of form and structure
factor fit including a core-homogeneous-shell model and the Percus-Yevick model,

respectively. The green dashed line represents a form factor fit without any structure factor.

The structure factor can be calcul’ted 'rom the scattering profiles of the concentrated
samples lconc(q) using the known form factor P(qQ)diute determined from the dilute
sample:

S(q) — Iconc(@) (8527)

scale ' P(q)dilute

Here scale is a scaling factor used to account for the number concentration, scattering
contrast as well as the volume of the scattering object (see Equation S5.2). Due to
small deviations of the form factor fit and the oscillations of the scattering profile, the
extracted structure factors show distinct deviation from unity in the mid to high range
of q. Here, the deviations are present even for g > 0.05 nm* where we expect only
low amplitudes of the oscillations related to the structure factor. In order to conduct a
more realistic structure factor extraction, we used the form factor fit for the extraction
in the low q regime (g < 0.025 nm') which is shown as green dashed line in
Figure S$5.18 and the scattering profile of the dilute CS microgel dispersion for the

mid and high g-regime (g > 0.025 nm") as indicated in Figure $5.19b.
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Figure $5.19. Extracted structure factors from a 9.1 wt% CS microgel dispersion recorded at

40 °C. (a) Extraction based on the form factor fit obtained from fitting the scattering profile of

the dilute CS microgel dispersion. (b) Extraction based on the form factor fit for q < 0.025 nm-’

and the scattering profile of the CS microgel in the dilute state for g > 0.025 nm™'. The red

lines show the structure factor fit (Percus-Yevick).

We fitted the extracted structure factors with the Percus-Yevick hard sphere model.

The resulting volume fractions and hard sphere radii are listed in Table $5.9.

Table $5.9. Parameters obtained from structure factor fits applied to the scattering profiles

recorded from CS microgel dispersions at 40°C.

5.4 wt% 7.3 wt% 9.1 wt% 12 wt%
R  [nm] 142 + 11 135+ 6 133+5 124 + 4
¢ 0.32+0.08 0.38 + 0.06 0.43 +0.05 0.46 + 0.04
S@ 0.08 0.05 0.03 0.023

Figure S$5.20 shows the extracted structure factors along with the PY structure factor
fits in the regime of low g where deviations between fit and data are expected for soft
particles. In our case, fits and data match also in the low q regime indicating that our

collapsed CS microgels effectively interact like hard spheres.
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Figure $5.20. Low q region of experimentally determined structure factors (symbols) and
Percus-Yevick fits (solid lines) from SAXS measurements of 5.4 wt% (orange dots), 7.3 wt%
(red dots), 9.1 wt% (green dots) and 12 wt% (blue dots) samples at 40 °C.

SAXS Patterns and Simulations for CS Microgels in the Solid (Crystalline) State

The recorded 2D detector images of samples with 5.4, 7.3, 9.1 and 10.9 wt%
measured at 20 °C (swollen state) are presented in Figure $5.21. For the 5.4 wt%
sample, at the first glance, we see an isotropic scattering pattern in Figure $5.21a,
indicating a fluid-like structure. At a closer look, diffraction peaks are visible close to
the beamstop, i.e. at low g. The large number of peaks and their rather random
azimuthal distribution points to a multicrystalline character of the sample. This
indicates that this sample is in the fluid-crystalline coexistence region with small,
randomly oriented crystallites. Due to the dominant presence of a fluid-like structure
factor contribution we consider the 5.4 wt% sample primarily as a fluid, which is in
agreement to our findings from absorbance spectroscopy (see main manuscript). For
the 7.3, 9.1 and 10.9 wt% samples, we see pronounced sharp Bragg peaks of multiple
diffraction orders in Figure S$5.21b-d. The hexagonal symmetry of these diffraction
patterns indicates close packed structures. The large number of diffraction orders

indicates long range order and thus large crystalline domains.
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Figure $5.21. 2D detector images of samples with 5.4 wt% (a), 7.3 wt% (b), 9.1 wt% (c) and
10.9 wt% (d) CS microgels, recorded at a temperature of 20 °C.

In order to identify the crystal structure, we simulated scattering patterns using the
software scatter.'”' We see an excellent agreement between the recorded (left half)

and the simulated pattern (right half) for an hcp structure in Figure S5.22.

The simulations were performed with the 002 plane of the hcp crystal positioned
orthogonal to the incident beam. The parameters used in simulations are listed in
Table $5.10. We took into account a small particle displacement of 5 nm within the
lattices. In Table S5.10, “max. hkl” refers to the orders of Bragg peaks attempted to
simulate and p refers to the ratio in scattering length density between the polymer
shell and the core (0= SLDshei/ SLDcore).
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For simplicity, we used a core-shell model with a homogeneous shell to describe the
form factor of the CS microgels. Differences in Rsaxs used in this simulation and Rsaxs
obtained from the form factor analysis are ascribed to the different models used to

describe the form factor of the CS microgels.
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Figure $5.22. Experimental (left half) and simulated (right half) scattering patterns of samples
with 7.3 wt% (a), 9.1 wt% (b) and 10.9 wt% (c) CS microgels. Simulations were performed

using a hcp crystal structure with the beam direction orthogonal to the 002 plane.
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Table $5.10. Parameters used to simulate the scattering pattern with a hcp crystal structure.

7.3 wt% 9.1 wt% 10.9 wt%

unit cell [nm] 322 303 284

radial domain size [nm] 2700 3000 3200

azimuthal domain size[nm] 2000 2200 2500
displacement [nm] 5 5 5
max. hkl 4 6 6
Recore [nm] 18 18 18
Ocore 0.1 0.1 0.1

Rsaxs [nm] 121 114 104

P 0.04 0.04 0.04

Comparison of Peak Positions for Close Packed Crystal Structures

We now want to compare our detected Bragg peaks with the theoretically allowed
ones including other crystal structures than hcp. For this, we use the extracted
structure factors from the 9.1 wt% sample as an example. The structure factors were
extracted by dividing the measured scattering intensity of the dense sample by the
form factor contribution of the silica cores (green circles) as well as the form factor of
the total CS microgel (blue circles). We plotted all possible peaks corresponding to a
hcp structure as vertical lines in the normalized scattering profiles in Figure $5.23a.
The profiles were normalized to the position of the first structure factor maximum. The
red lines correspond to the Bragg peaks that we could detect in our measured profiles
while the grey lines indicate the position of additional, theoretically allowed, peaks.
Here, we note that the first structure factor maximum is attributed to the 100 peak, as
in the given crystal orientation, the presence of peaks related to 002 and 101 planes
is not expected. The peak position is not influenced by the protocol used for the
extraction of the structure factor. This is clearly shown as the peak maxima of all three

datasets are located on the same positions in q.
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Since the fcc and hcp crystal structure are energetically very similar and both
structures were reported for dense phases of soft microgels, it is worth to compare
these to the measured scattering profiles. In Figure $5.23b, the redlines indicate the
theoretical position of peaks related to an hcp, the grey lines for fcc, and the green
lines for peaks shared by both crystal structures. The grey lines do not match with the
positions of the recorded Bragg peaks and even for peak positions shared between
fcc and hcp structures (green) we only see a match between experimental peaks and
theoretical positions at q/g* = 1.73 and 3. For a rhcp structure, we would expect to
detect at least some Bragg peaks solely attributed to an fcc structure. Thus, we can
exclude a fcc structure and find no indications for the presence of a rhcp structure. To
highlight this ruther we show a selected region of the profiles in the low g/g* range in
Figure S5.23c. In addition, Figure S5.23d highlights only the observed peaks with
vertical lines for the hcp structure (red) and the shared peaks between both fcc and
hcp structures (green). Here we want to note that the q/g* normalization regarding the
fcc peak positions needed to be performed on the Bragg peak related to the (220)
plane. Due to the structural similarities between the hcp and the fcc structure, the
crystal plane, referred to as 220 regarding fcc is similar to the 110 plane in hcp,
expressing a diffraction peak at the same position. Therefore, these peaks are very
convenient for a normalization of the g-range, towards comparison of fcc and hcp

peaks.
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Figure $5.23. Scattering profiles (black circles) and the extracted structure factors using the
form factor of just the core (green circles) and of the total CS microgel (blue circles). (a) The
vertical lines correspond to the theoretically allowed peak positions for an hcp crystal
structure. Red lines are related to the experimentally observed peaks while the grey lines
indicate the position of additional theoretically allowed peaks. (b) Red lines correspond to
peak positions of an hcp structure, grey lines are related to an fcc structure and the green
lines indicate peaks shared in position between both close packed structures. (¢) Same as (b)
but with a smaller g/q* range focusing on the low q region. (d) Same as (c) but with a focus
on the observed peak positions only, for hcp (red) and the shared peaks with the fcc structure
(green).
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CS Microgel Dispersion Close to the Freezing Volume Fraction

The 5.4 wt% CS microgel sample exhibits a distinct fluid-like structure factor, but also
a Bragg peak around g = 0.03 nm" indicating the coexistence with crystallites. In
addition to the modeled form factor, we applied a structure factor fit to describe the
fluid-like contribution (Percus-Yevick, Snuida(q)) .' Here, we want to note that we
applied a decoupling approximation instead of a local monodisperse approximation
regarding the calculation of the structure factor.2'" Thus, we take into account the
polydispersity of our system. The analysis yields a hard sphere radius of 158 nm and
a volume fraction ¢ of 0.44. In Figure S$5.24 we see a good agreement between the
fit (black line) and the scattering profile (orange circles). We attribute the deviation
between Rsaxs and the hard sphere radius to the fuzziness of the microgel shell and
potential electrostatic interaction between the CS microgels. The structure factor
related to the presence of small crystalline residuals (Scrstal(q)) was extracted
according to:

— (@)
Scrystal (CI) - N(ASLD)ZVPZP(q)S(q)ﬂuid (8528)

106 T

105_

'_.|104_

10"

10°

2 3 4567804 2 3 45
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Figure S5.24. Scattering profile of the 5.4 wt% CS microgel dispersion (orange circles), the
respective fit composed of the modeled form factor and the hard sphere structure factor

(black line) and the residual structure factor associated to crystalline structures.
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The extracted structure factor Scrystai(q), related to the small crystallites only exhibits
two Bragg peaks which in this case does not allow for a precise crystal structure
analysis. Based on the CS microgel dispersions possessing higher mass contents we

suppose closed packed structures like hcp or fcc.
Lattice compression

From the linear relationship between gn, the position of the Bragg peak and the d-
spacing of the crystal lattices we can extract the lattice constants a from the slope of
the linear fit. From this we can calculate the lattice constant a. The slopes and

respective lattice constants are listed in Table $5.11.

Table S5.11. Slopes and respective lattice constants extracted from linear fits of the Bragg

peak position as function of the lattice spacing.

5.4 wt% 7.3 wt% 9.1 wt% 10.9 wt%
Slope [nm™] 0.0168 0.0190 0.0205 0.0219
a [nm] 374 331 306 287

We compare the lattice obtained from 2D simulations of the SAXS patterns and the
linear relationship between the Bragg peak positions and gn in Figure S5.25. In
addition, we also added the lattice constants calculated based on the Bragg peaks
obtained from Vis-NIR absorbance spectroscopy. All extracted lattice constants are in
good agreement with each other.
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Figure $5.25. Lattice constants based on the hcp crystal structure extracted from S(q), 2D
simulation of the diffraction pattern and the Bragg peak from Vis-NIR absorbance

measurements.
Volume Fraction of CS Microgels in the Colloidal Crystals

In addition to the volume fractions calculated based on Rn as well as Rsaxs normalized
to Rh, we also calculated the volume fraction based solely on Rsaxs. Based on the
scattering intensity of the SiO2 cores we obtained the relation between particle number
density and the mass content of the CS microgels. With the radius Rsaxs, di. Of the CS
microgels we calculated the generalized volume fraction illustrated as black line in
Figure $5.26. In addition, we calculated the volume fraction ¢crysta of the CS
microgels based on the lattice constant a and Rsaxs, ¢i. To compare &generaiized and
¢arystal according to Equation S5.22. We see a good agreement between &generalized
and ¢erysta Which shows the high reliability of the SAXS measurements conducted to
extract particle number concentrations. When we include the isotropic osmotic
deswelling of the CS microgels at dense packings we see a distinct deviation between
the respective volume fractions and & generaiized for mass contents above 7.3 wt%. The
effective volume fractions of the CS microgels seems to stay constant around 0.43

where we identified the solid phases.
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Figure S5.26. Relation between volume fraction and mass content of the CS microgels. The
solid black line is related to the generalized volume fraction extracted from particle number
concentration and Rsaxs, ¢i. Obtained from the P(q) of the dilute CS microgel dispersion. The
red lines indicate the respective standard deviation. Green and blue circles are related to the
volume fraction of the CS microgels based on the unit cell dimensions. For the blue circles the
CS microgel volume is based on Rsaxs from dilute dispersion, while for the green circles
Rsaxs is obtained from the respective modeled form factor in dense packing. The green dots
indicate the volume fraction of the CS microgels based on the particle number concentration

and the radius extracted from the respective modeled form factor in dense packing.
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Williamson-Hall Analysis

We performed a Williamson-Hall analysis to extract the radial and azimuthal sizes of
the coherently scattering domains.?%® Figure $5.27 shows the square of the FWHM
of the Bragg peaks wradgrazi @s function of the position of the Bragg peak in g2. The
FWHM and peak positions, regarding the radial domain sizes were extracted by the
application of a Gaussian-fit-function on the Bragg peaks in the structure factor
profiles. While for the determination of the azimuthal domain size we performed
automated image analysis to apply gaussian fits on the azimuthal profiles of the

respective Bragg peaks. A linear fit was applied on the obtained data according to:

2

2
Wrad/aziZ(Q) = ( ) + Grad/azi qz (S5.29)

Lrad/azi

Here Lradazi is related to the size of coherently scattering domains and grad/azi is related
to strains of the crystallites. Lradiazi Can be extracted from the intercept of the linear fit
and is presented in Figure §5.27. The extraction of gradazi leads to strains below 1%
which is reflected by the small slope of the linear fits. From this we conclude that we
have domain sizes of 3 to 4 um with nearly no strains present for our colloidal crystals

based on CS microgels.
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Figure $5.27. Williamson-Hall analysis applied on the Bragg peaks to extract the size of the
coherently scattering domains of the colloidal crystals in (a) radial and (b) azimuthal sizes.
Square of the FWHM from the Bragg peaks obtained from a gaussian fit as function of g2.
Data obtained from CS microgel dispersion with mass contents of 7.3 wt% is shown in red,
green is related to 9.1 wt% and blue to 10.9 wt%. The solid lines correspond to linear fits to

the data.
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Form Factor Modeling and Radial Density Profiles of CS microgels at Dense
Packing

The distinct form factor oscillations in the scattering profiles of the CS microgel
dispersions with high mass contents from 5.4 to 10.9 wt% enabled a detailed form
factor analysis, based on the same core-exponential-shell model which was used to
fit the scattering profile of the CS microgels in the dilute state. The parameters applied
for the form factor modeling are listed in Table S$5.12.

Table S5.12. Parameters used for the form factor modeling (Eq. $5.3 and S5.4) of the CS

microgel dispersions in the concentrated regime.

Parameters 5.4 wt% 7.3 wt% 9.1 wt% 10.9 wt%
scale 0.28 0.34 0.36 0.39
IBa. u.] 0.2 0.2 0.2 0.2
Recore [nm] 18 18 18 18
Atshen [nm] 120 116 109 98
SLDcore [106 A2] 17.75 17.75 17.75 17.75
SLDshel,in [106 A 9.89 9.89 9.89 9.89
SLDshell, out [10¢ A2] 9.43 9.43 9.43 9.43
SLDsoivent [106 A2] 9.43 9.43 9.43 9.43
Ocore 0.1 0.1 0.1 0.1
Oshell 0.08 0.08 0.08 0.08
A 22 2.6 35 4.9

In addition, we were able to extract the radial density profiles of the CS microgels from
the modeled form factor shown in Figure $5.28a. The density profile exhibits high
ASLD values until reaching a radius of 18 nm, representing the SiO2 core. From this
point we see an exponential decrease in contrast ASLD which is related to the
inhomogeneous structure of the microgel shell. With an increase in concentration the
decline of the shell contrast gets more and more pronounced, also resulting in a
decrease of the thickness of the shell. We integrated the regime of the density profile
associated with the microgel shell for all profiles, presented in Figure $5.28b, in order
to ensure constant mass and the validity of the ASLD profiles.
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Here we want to note that the SLDs of SiO2 and the PNIPAM microgel shell were

obtained from the SLD calculator provided by NIST.174
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Figure $5.28. (a) Radial ASLD profiles extracted from the modeled and fitted form factors of

the CS microgels in dense packings and dilute state based on the core-shell model, exhibiting
an exponential decay in the SLD profile of the shell (Eq. $5.3). For the sake of clarity, we

added a break on the y-axis, due to the strong differences in ASLD between the core and the

shell. (b) The integrals of the microgel shell extracted from the radial ASLD profile in

dependence of the respective mass content.
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Microgels under Charged and Charge-Screened Conditions

6.1 Abstract

Thermoresponsive microgels featuring pronounced responses towards external
stimuli, while possessing a soft and deformable character exhibit a complex phase
behavior. Here we employed weakly charged microgels with small silica cores to
investigate the influence of charge screening and temperature on the phase behavior
of a poly-N-isopropylacrylamide (PNIPAM) based microgels. The presence of the
silica core allows us to access particle number concentrations and precisely
determinate the particle volume fraction. We used scattering methods featuring
different contrast situations like small-angle X-ray, neutron and light scattering
(SAXS/SANS/LS) to investigate the microgels for potential morphological changes
between the charged and charge-screened state. SAXS measurements on microgels
in dense packings performed below and above the volume phase transition
temperature (VPTT) revealed the influence of charge-screening on the crystalline and
the fluid phase of the system. Due to the photonic properties of the colloidal crystals,
the transition of the microgels between the crystalline and fluid phase could be
investigated by temperature-dependent absorbance spectroscopy. Here, the
temperature-dependent evolution of the Bragg peak, exhibited by the crystalline
microgel dispersions in optical spectroscopy, enabled us to record a full

temperature-dependent phase diagram of the core-shell microgels.
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6.2 Introduction

Microgels and nanogels are composed of a crosslinked polymer network, which is
swollen by large amounts of solvent.” 8 " Due to their total dimensions and soft,
polymeric nature, with high internal solvent contents, microgels feature characteristics
attributed to colloids, macromolecules and surfactants.’® 216 Microgels are also
known for their responsiveness towards external stimuli like pH, temperature and ionic
strength, which can be introduced and influenced by the polymer composition.?: 18. 8.
87, 88, 212 Fijrst introduced by Pelton and Chibante?* microgels based on
poly-N-isopropylacrylamide (PNIPAM), are one of the most prominent examples of
such responsive systems, composed of a polymer that exhibits a lower critical solution
temperature in water around 32 °C.2% pNIPAM based microgels have a volume phase
transition (VPT), where the particles releases significant amounts of solvent above 32
°C, leading to a drastic reduction in volume, as the environment changes from good
to bad solvent conditions.®6. 213.214 |n addition, typical PNIPAM-based microgels exhibit
a gradient in crosslinking density, as the crosslinker N,N-methylenebisacrylamide
(BIS) is consumed faster during synthesis, leading to a rather undefined fuzzy-like
surface structure with dangling polymer chains. ' 30 Interestingly and despite their soft
nature, microgels in dense packings can (self-)assemble into crystalline structures,
whether in 2D at liquid interfaces or in 3D in bulk, similar to hard spheres.47: 61,64, 66,67,
72,120 A great advantage of responsive microgels is that, in contrast to hard spheres,
the volume fraction of the particles can be influenced in-situ, changing the respective
external stimulus like temperature.®2 This makes microgels an ideal model system to
investigate crystallization processes and the phase behavior of soft colloidal objects.
Therefore, the phase diagram of such systems can be expected to be complex, as
the volume fraction, as well as the particle-to-particle interaction potential become a
function of temperature and not only of particle number concentration.’?? Despite
microgels in dense packings were intensively investigated in the past, an
experimentally recorded full, temperature-dependent phase diagram as function of
the volume fraction is not published by now.””- 215 Receiving more experimental insight
into the phase behavior of soft colloidal system can also provide additional parameters
for numerical simulations in the field of microgels.2'® In order to investigate microgels
in dense packings, small-angle scattering experiments can elucidate the overall

structure of the system, provided by the structure factor (S(q)).6: 81, 199, 200

178



6. Temperature-Dependent Phase Diagrams of Weakly Charged, Thermoresponsive
Microgels under Charged and Charge-Screened Conditions

This includes information about fluid and crystalline phases such as crystal structures
or coexistence of fluid and crystalline regimes.8'- 82 The common challenge for the
investigation of microgels in dense packings is the separation between form and
structure factor, being difficult for soft colloids, as the particle shape and, therefore,
the form factor, can change depending on the packing density, respectively the volume
fraction. Indeed, microgels can undergo the processes of deswelling, faceting and
interpenetration.”4 76. 129,204 One approach to solve this issue is to make use of contrast
variation methods in SANS and measure mixtures of deuterated and hydrogenated
microgels in order to separately record the structure factor and the form factor of the
microgel at dense packing.’®-8° Recently, we have shown that microgels with very
small, inorganic cores provide an alternative approach by making use of SAXS, to
investigate microgels in dense packings, providing access to particle number
concentration and simplifying the extraction of the structure factor.8'. 82 131 We could
show that using high scattering contrast gold cores damper the form factor
oscillations, minimizing interferences between structure and form factor. With the
application of a modified core-shell microgel system possessing small silica cores and
a larger microgel shell we were able to prepare colloidal crystals exhibiting multiple
diffraction orders in SAXS. Due to the small width of the Bragg peaks, the scattering
profiles exhibit well resolved form factor oscillations providing access to information
about the particle morphology and size in dense suspensions. In general, these
suspensions can be characterized by their volume fraction ¢, which ascribes for
changes in the microgel volume due to deswelling, interpenetration or faceting. As an
alternative one can make use of the generalized volume fraction ¢ which is solely
based on the particle dimensions in the very dilute regime and particle number

concentration.

In addition to their thermoresponsive properties, microgels can also exhibit a decent
polyelectrolyte character as potential charges can be introduced into the polymer
network. Microgels are usually considered weakly charged when charges are only
introduced by the initiator,2'” like potassium or ammonium persulfate (PPS/APS)
providing negative charges or for example 2,2'-Azobis(2-methylpropionamidine)
dihydrochloride (V50) which introduces positive charges in the microgel.8® If functional
groups, exhibiting charges like carboxylic acids are introduced during the synthesis,
by addition of comonomers, these microgels are often considered as ionic

microgels.87
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Bergman et al. investigated the influence of charges on the morphology of
PNIPAM-co-acrylic acid based microgels by varying the number of charges, making
use of the pH-dependent protonation degree of the carboxylic acid functionalities and
the variation of ionic strength of the dispersion.8 Here, distinct changes in the internal
morphology of the microgels were found, accompanied by a reduction in size as
response towards an increase in the ionic strength of the dispersion. The ionic
strength was altered by the simple addition of a defined amount of potassium chloride
(KCI). A recent study from Petrunin et. al on microgels in dense packings showed that
charges can have a significant influence on the microgels response towards crowded
environments.2' Weakly charged microgels undergo slight deswelling followed by
faceting and deformation while ionic microgels show deswelling before interparticle
contact. Zhou et al. studied the size of the counterion cloud attached to weakly
charged microgels by SANS and found similar dimensions for the counterion cloud
and the total size of the microgel.?'” Therefore, it was concluded that the counterion
cloud is mostly located in the outer periphery of the microgel and is a potential
contributor to the microgels phase behavior. Electrostatic interactions between
particles play an important role in the stabilization of microgel dispersions. At lower
temperatures, in the swollen state, microgels are stabilized by a stearic contribution
related to the fuzzy outer part of the polymer network and an electrostatic contribution
associated to the presence of charges in the microgel. When the microgels undergo
the VPT and polymer-polymer interaction become favored, only the electrostatic
contribution ensures the stability of the system. However, when charges are screened
due to the presence of ions, colloidal stability can be lost above the VPT. Therefore,
conducting a temperature-dependent experiment with screened charges of the
microgels, especially at dense packings, needs for a careful adjustment of the ionic
strength in order to maintain colloidal stability over a broad range of temperatures and

volume fractions.
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In this work, we investigate the influence of charge-screening on the phase behavior
of microgels in dense packings. We prepared aqueous dispersions of weakly,
negatively charged microgels and increased the ionic strength of the system, by the
addition of KCI. Based on our previous work, we make use of core-shell (CS)
microgels possessing a silica-core and a thermoresponsive PNIPAM-shell.'3" This
microgel system, being optimized for SAXS, provides a sufficient separation of the
form factor oscillations related to the core and the shell. It also exhibits a generally
beneficial contrast situation, as well as access to particle number concentration. 32 81
The CS microgels were investigated for morphological changes, as a result of
screened charges via SAXS, SANS and light scattering methods below and above
the VPT, probing the majority of potential contrast situations. The influence of the
charge-screening was also investigated by temperature-dependent measurements of
the electrophoretic mobility. In addition, the phase behavior of CS microgels in dense
packings below and above the VPTT was investigated by synchrotron SAXS,
revealing crystalline phases with multiple diffraction orders of Bragg peaks and a full
transition into the fluid phase above the VPTT. The influence of charge-screening on
the temperature-dependent phase behavior of the CS microgels was investigated by
temperature-dependent Vis-NIR spectroscopy. Here, the dispersions of CS microgels
exhibit Bragg peaks in the absorbance spectra which are related to the presence of
crystalline structures. Based on these measurements, we were able to record a full,
temperature-dependent phase diagram of the CS microgels as function of the
generalized volume fraction {. The charge-screening has a drastic influence on the

phase behavior and results in a shift of the phase boundaries.
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6.3 Materials and Methods

Chemicals

L-arginine (PanReacAppliChem, = 99%), cyclohexane (Fisher Scientific, analytical
reagent grade), tetraethyl orthosilicate (TEOS, Sigma Aldrich, 98%), 3-
(trimethoxysilyl)propyl  methacrylate  (MPS, Sigma Aldrich, 98%), N-
isopropylacrylamide (NIPAM, TCI, >98%) N,N-methylenebis(acrylamide) (BIS,
Sigma-Aldrich, 99%), potassium persulfate (PPS, Sigma-Aldrich, 99,0%), potassium
chloride (KCI, VWR chemicals, Reag. Ph. Eur.) and heavy water (D20, Sigma Aldrich,

99.9%) were used as received without further purification.

Water was always used in ultra-high purity provided by a Milli-Q system (Merck

Millipore) with a resistivity of 18.2 MQ cm.
Synthesis and Sample Preparation of Core-Shell Microgels

For details on the synthesis of CS microgels and the sample preparation, we refer to
a previous work of our group.'! Synchrotron SAXS experiments were performed with
CS microgels dispersed in D20, excluding the samples with volume fractions of 0.84,
recorded at 40 °C, which were dispersed in H20. No significant impact of the solvent
on the swelling behavior of the CS microgels could be detected.'®* CS microgel
samples investigated by Vis-NIR absorbance spectroscopy were all dispersed in H20.
Dispersions of CS microgels with screened charges were prepared with aqueous
solutions of the monovalent and inert salt potassium chloride (KCI), exhibiting a
concentration of 0.5 mM (Debye length: Ao = 13.7 nm). Please note that the ionic
strength of the final dispersion is expected to be higher than 0.5 mM, as the CS
microgels possess charges, accompanied by counterions, introducing additional ions

into the dispersion.

A second batch of CS microgels (CS2) was synthesized to record temperature
dependent phase diagrams. Details on the microgel preparation, particle
characterization (Figure $6.5, Tables $6.10 and S6.11) and extraction of the particle
number concentration (Figure $6.6 and Tables $6.6 to S6.9) are given in the

Supporting Information.
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SANS

SANS experiments were performed on the D11 instrument at the Institut Laue-
Langevin in France (Grenoble). The instrument was equipped with a 3He gas detector
(CERCA) with a sensitive area of 96 x 96 cm? and a total pixel size of 3.75 x 3.75
mm?2. The neutron wavelength was set to 0.6 nm and sample-to-detector distances of
1.7, 10.5 and 38.0 m were used to cover an effective g-range of 0.02 nm-' to 5 nm-".
Here, the instrumental resolution regarding q is based on the neutron beam width, the
pixel size and the wavelength spread (AA/A = 9% (FWHM)). Acquisition times were
120 s, 300 s and 900 s, respectively. Aqueous dispersions of CS microgel (0.45 wt%
in D20) were measured in cylindrical quartz glass cuvettes (Hellma, Germany, d = 1
mm). The recorded scattering profiles were background corrected for D-O and

merged with respect to the profile recorded at the largest sample-to-detector distance.
SAXS

Synchrotron SAXS experiments were conducted on the CoSAXS beamline at the
MAX IV synchrotron in Sweden (Lund). An Eiger2 4M detector with a sensitive area
of 155.1 x 162.2 mm? and total pixel sizes of 75 x 75 ym? was used to record the
scattering patterns. The energy of the X-ray beam was 12.4 keV for all performed
experiments. The sample-to-detector distance was set to 6.85 m for measurements
performed at a temperature of 20 °C and to 11.04 m for the measurements conducted
at 40 °C. This yields effective g-ranges of 0.015 nm' to 0.5 nm-* and 0.01 nm-' to 0.5
nm-', respectively. CS microgel dispersions investigated at 20 °C were measured in
0.2 mm x 4.00 mm x 10 mm rectangular, flat-wall capillaries (VitroTubes), while the
dispersions measured at 40 °C were prepared in 1 mm round capillaries (WJM Glas).
The recorded detector images were radially averaged and background corrected for
D20.

Additional SAXS measurements were performed on a Xeuss 2.0 (XENOCS). The
instrument was equipped with a Pilatus3R 300K detector possessing a sensitive area
of 83.8 x 106.5 mm? with total pixel sizes of 172 x 172 ym2. Here, the energy of the
X-ray beam was 8.048 keV and the sample-to-detector distance was set to 1.2 m,
resulting in an effective g-range of 0.03 nm' to 2 nm-'. The acquisition time was set
to 3600 s and glassy carbon (1 mm) was used as reference to yield scattering
intensities in absolute units.
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CS microgel dispersions with mass contents of 10 wt% were measured in 1 mm round
capillaries (WJM Glas). The resulting SAXS profiles were background corrected for

the respective solvent.

The radially averaged scattering profiles were analyzed with the SasView software'9”
and the structure factors were fitted with SASFit (v0.94.12).218

Light Scattering

Temperature-dependent DLS was performed with a Zetasizer Nano S from Malvern
Panalytical, equipped with a laser of 633 nm wavelength. The scattered light was
detected at an angle of 173°. Dilute dispersions (0.05 to 0.01 wt%) of CS microgels,
filtered through a 5 ym syringe filter (PTFE, Carl Roth) were measured in semi-macro
cuvettes (polymethylmethacrylate, VWR) at temperatures between 17 °C and 60 °C
in 0.2 °C steps with equilibration times of 60 s after each step. Intensity-time
autocorrelation functions were recorded in triplicate with acquisition times of 60 s.
Hydrodynamic radii (Z-average) were determined by cumulant analysis provided by

the instrument software.

Static light scattering was measured on an angle-dependent 3D LS spectrometer
(LS Instruments, Switzerland) equipped with a HeNe laser (632.8 nm). Measurements
were performed in cylindrical glass cuvettes (10 x 75 mm, borosilicate, Fisher
scientific), treated with 2% Hellmanex solution, followed by cleaning in an acetone
fountain prior to use. CS microgel dispersions with mass contents of 0.01 wt% were
filtered through a 5 pym syringe filter (PTFE, Carl Roth) and filled in glass cuvettes.
The samples were placed in a temperature-controlled decalin bath (JULABO CF31,
PT100 close to sample position). Measurements were performed in angles between

20° and 140° in 2° steps with acquisition times of 10 s.
Electrophoretic Mobility

Temperature-dependent electrophoretic mobilities and respective zeta potentials of
the CS microgels were determined with a Litesizer 500 (Anton Paar). CS microgel
dispersions with mass contents of 0.05 wt% were filtered through a 5 ym syringe filter
(PTFE, Carl Roth) and degassed in an ultrasonic bath for 600 s. The dispersions were
filed into omega-cuvettes (Anton Paar) for zeta-potential measurements. The
electrophoretic mobility was recorded at a voltage of 100 V and temperatures between
20 to 60 °C in 2 °C steps with equilibration times of 300 s.
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Transmission Electron Microscopy

Transmission electron microscopy (TEM) was conducted with a JEM-2100Plus
(JEOL) operating in bright-filed mode with an acceleration voltage of 80 kV. Dilute,
aqueous dispersions of CS microgels were drop-casted on a carbon-coated copper
grid (200 mesh, Electron Microscopy Science) and dried for several hours at ambient

conditions.
Absorbance Spectroscopy

Vis-NIR spectroscopy was performed on a SPECORD S600 (Analytik Jena GmbH).
Temperature-dependent measurements were conducted in a temperature-controlled
sample changer at temperatures from 20 to 50 °C, in steps of 0.3 °C, with equilibration

times of 720 s.
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6.4 Results and Discussion

6.4.1 Characterization of the Core-Shell Microgels in the Dilute Regime

CS microgels, possessing spherical silica nanoparticles as cores and crosslinked
PNIPAM as hydrogel shells, were investigated in a low ionic strength environment
(water 18.2 MQcm) and in an aqueous dispersion containing KCI (0.5 mM). KCI, being
an inert and monovalent salt, possessing no pronounced chaotropic properties
according to the Hofmeister series, is an ideal choice in order to screen charges
exhibited by the CS microgels. The concentration of KCl was set to 0.5 mM as at this
concentration the CS microgels still maintained colloidal stability above the VPTT.
Figure 6.1 shows different scattering methods applied to study the size and
morphology of the CS microgels in the dilute regime, where no inter-particle
interactions are expected. TEM images confirming the CS morphology are presented
in Figure S6.1 in the supporting information. Analysis of different TEM images yielded
a core radius of Rrem = 18 £ 2 nm. The thermoresponsive behavior of the CS microgels
was investigated via temperature-dependent DLS measurements. The hydrodynamic
radii (Rn) of the CS microgels with unscreened charges (cke = 0 mM, blue) and
screened charges (ckc = 0.5 mM, green) were plotted as function of temperature in
Figure 6.1a. Here, the R» followed the expected sigmoidal trend, as the size of the
microgels is reduced when temperature increases. Until a temperature of 40 °C, the
evolution of Ry is very similar for the unscreened and charge-screened state with the
CS microgels exhibit hydrodynamic radii of R, o mm = 147 £ 1 nm and
Rhosmm=145+1 nm, respectively. For higher temperatures, CS microgels
dispersed in KClI solution exhibit a slightly lower R, compared to the sample dispersed
in absence of salt. We attribute this to a screening of the negative charges,
incorporated into the polymer network during synthesis by the PPS initiator, slightly
increasing the deswelling capacity of the microgel. The volume phase transition
temperature (VPTT) is unaffected by the charge screening and remains at a
temperature of 35 °C. Figure 6.1a shows the temperature-dependent evolution of the
hydrodynamic radius (Rn) and the electrophoretic mobility in the presence and
absence of salt. When the CS microgels reduce their surface area, while they undergo
the VPT, the number of charges per area is increased which results in a higher

electrophoretic mobility at elevated temperatures.
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Adding KCI to the CS microgel dispersion results in a decrease of the electrophoretic
mobility over to whole range of investigated temperatures. It is also clearly shown that
in the presence of 0.5 mM KCI, the electrophoretic mobility is close to zero until
approaching the VPT. Therefore we conclude that the electrostatic interactions
between the CS microgels are drastically decreased when charges are screened.2'®
The respective zeta-potentials are shown in Figure $6.2 in the supporting information.
In comparison to the VPTT, the temperature where the electrophoretic mobility
undergoes significant changes is shifted towards higher temperatures, which for

PNIPAM based microgels, is in accordance with literature.86. 87,89

From the Rh determined by temperature dependent DLS we can calculate the
normalized, generalized volume fraction {generaiizea Shown in Figure 6.1b.8% {generalized
is calculated based on the Rn of the CS microgels and their particle number
concentration N (5.27-10'2 wt% 'mL"") extracted from the scattering intensity of the
SiO2 cores in SAXS. Details on the extraction of N and the calculation of { are given
in the Supporting Information of our previous work on the same CS microgels.' It is
shown that the volume fraction of the CS microgels is reduced around 70 % during
the temperature induced collapse of the particles. Here, { was normalized to its value
at a temperature of 20 °C. In addition, the temperature dependent evolution of { was

found to be similar for CS microgels in presence or absence of salt.
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Figure 6.1. Characterization of CS microgels in the dilute state without charge-screening
(blue) and in the presence of KCI (green). (a) Temperature-dependent evolution of Rh
(empty symbols) and electrophoretic mobility (filled symbols) of CS microgels in aqueous
dispersion. (b) Normalized, temperature-dependent generalized volume fraction { of the CS
microgels. The data was normalized to { at 20 °C. (c) Scattering profiles of CS microgels from
SAXS and SANS recorded at 20 °C (full symbols) and 45 °C (empty symbols). Additional data
points obtained from SLS were merged to the SANS profiles and are shown in the respective
lighter color. The red lines indicate the respective form factor fits. Temperature-dependent

DLS and SAXS data at ckci = 0 mM, were adapted from our previous work.'3!

We performed small-angle X-ray and neutron scattering (SAXS/SANS) on CS
microgel dispersions with mass contents of 0.45 w%, as well as static light scattering
(SLS) measurements on 0.01 wt% CS microgel dispersions in presence and absence
of salt. Therefore, we were able to cover a broad g-range and make use of different
contrast situations, together with DLS providing a detailed, scattering methods based,
analysis of the CS microgels presented here. The SAXS profiles, shown in
Figure 6.1c, were recorded at a temperature of 20 °C. Form factor (P(q)) minima
related to the microgel shell are located close to g of 0.05 nm-*, while the form factor

minima related to the SiO2 cores are present at g = 0.25 nm'.
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The solid red lines correspond to the form factor fits with a CS model with an
exponential decay in the scattering length density (SLD) of the shell. This model was
chosen to account for the gradient in the crosslinker distribution within the polymer
network. The form factor fits are in very good agreement with the experimentally
recorded data. Here, the form factor fits, yield Rcore = 18 £ 2 nm and a total radius of
138 + 14 nm for the CS microgels, independent of the presence or absence of salt.
We applied the same form factor model on the scattering profiles, resulting from the
merged SLS (lighter colors) and SANS (darker colors) data in Figure 6.1c, recorded
at 20 °C. In order to describe the internal fluctuations of the polymer network, we also
added a Lorentzian function (Ornstein-Zernike contribution) to the model. Here the
first form factor minimum associated to the shell is located at g = 0.04 nm!, followed
by additional form factor oscillations. Despite the lower resolution as compared to the
SAXS data, the SANS profiles still reveal the presence of the cores by a small
increase in scattering intensity between g = 0.1 and 0.2 nm'. The deviation in the
position of the first form factor minimum, related to the shell, between SANS and
SAXS is attributed to the inhomogeneity of the polymer network and the differences
in the respective contrast situation. Regarding the merged scattering profiles from
SANS and SLS, both profiles fit very well with each other and extend the accessible
g-range of our SANS data towards lower q further reaching the Guinier plateau. The
form factor fits (red solid lines) sufficiently describe the scattering profiles of the CS
microgels and at a temperature of 20 °C, no influence of the applied concentration of
KCI can be found. A total radius of 138 + 11 nm is found, being in perfect agreement
to the results from SAXS. This is also reflected by the fitting parameters obtained
during form factor analysis, listed in the Tables $6.1 and $6.2 given in the supporting
information. The SANS and SLS profiles are mostly related to scattering of the
microgel shell. Despite the higher contrast of the SiO2 core in SAXS, the PNIPAM
shell features a distinct contribution to the SAXS profile. This is related to the size-
ratio between core and shell in combination with the contrast situation of the
respective scattering objects contributing to the total scattering intensity. More details
are given in Table S6.3. Merged SANS and SLS profiles recorded at a temperature
of 45 °C are also shown in Figure 6.1c. The symbols in green are associated to the
samples containing salt (ckci = 0.5 mM). At 45 °C, the CS microgels are in their

collapsed state, possessing a more homogeneous network structure.
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Under these conditions the internal water content and consequently the size is
drastically decreased.32 The scattering profiles are well described by a simple CS form
factor model with homogeneous radial SLD profiles for core and shell (solid red lines).
The form factor fit provides a total radius of 88 + 7 nm for the collapsed CS microgels,
which is in good agreement with Rsaxs(40 °C) = 90 £ 7 nm (Figure S$6.3). In addition,
we found no differences in terms of the CS microgels size or morphology in the
collapsed state, regarding absence or presence of salt based on the recorded

scattering data.

Furthermore, the scattering data at low g allow for a Guinier-analysis (Figure S6.4).
Radii of gyration (Rg) between 95 and 100 nm were found in the swollen state and
radii of 70 to 75 nm in the collapsed state. Due to the gradient in the cross-linking
density, for microgels in their swollen state, it is common to compare the
Ry/Rn ratio?”- 31, which is approximately at 0.67 for the here presented system. This is
in good agreement with literature for comparable microgel systems.” In conclusion,
we obtain similar results from form factor analysis performed on SAXS and SANS
profiles, recorded from dilute CS microgel dispersions in presence and absence of
salt. The total radii are about 138 nm in the swollen and 88 to 90 nm in the collapsed
state. Via DLS we could clearly prove colloidal stability of the dispersion in presence
of salt in the collapsed and swollen state. Here, the screening of charges results in a
small decrease of Rh in the collapsed state. In contrast, the presence of salt has a
pronounced influence on the electrophoretic mobility of the CS microgel, decreasing
to nearly 0 pymem/Vs in the swollen state (20 °C) and therefore reducing potential for
electrostatic interactions.

6.4.2 Swollen Core-Shell Microgels in Dense Packings

Having shown that the presence of small amounts of additional charges, introduced
by the addition of salt, have little to no effect on the CS microgel size and form factor
in the dilute state, we now want to address the behavior in dense packings. Figure 6.2
shows 2D detector images as recorded by synchrotron-SAXS of samples with
increasing volume fraction under charged and charge-screened conditions. Scattering
pattern recorded in the absence of salt were adapted from our previous work.'3' The
respective generalized volume fraction ({) of the CS microgels at a temperature of
20 °C are indicated in between the scattering patterns recorded in the absence of salt

(top) and in the charge-screened state (bottom). Here, the generalized volume fraction
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is calculated based on the particle number concentration N, extracted from the
scattering intensity related to the cores in SAXS and Rh at 20 °C (0 mM KCI).

As the particle number concentration of the CS microgels was already determined in
a previous work of our group, the detailed explanation is given in the respective
supporting Information.'3' A compassion between ¢ for ckci = 0 mM and ckci = 0.5 mM
at temperatures of 20 °C and 40 °C is given in Table S$6.10 in the Supporting
Information. At { = 0.42, both scattering patterns are dominated by a fluid-like structure
factor (S(q)). When (is increased to 0.56, the sample in the unscreened state already
exhibits multiple diffraction orders of Bragg peaks, related to the presence of colloidal
crystals of CS microgels. In contrast, the scattering pattern of the sample with
screened charges exhibits a pronounced fluid structure factor, as well as some low
intensity Bragg peaks. We conclude that the CS microgels are in a fluid/crystalline
coexistence regime for the probed Z. Itis clearly shown that the screening of charges,
exhibited by the CS microgels, has a distinct influence on the phase behavior of the
microgels. The screening results in an increase of the volume fraction, needed for the
system to self-assemble into a crystalline structure. This is a clear indicator for a
reduction of the effective interaction radius of the CS microgels, which is attributed to
electrostatic interactions with surprisingly long range. The presence of a distinct
electrostatic contribution to the self-assembly process of the CS microgels, especially
at low volume fractions, was also indicated in our previous work.8'- 13 When Cis further
increased, the scattering patterns are very similar, exhibiting multiple orders of Bragg
peaks and no influence of charges can be detected. Here, the six-fold symmetry of
the Bragg peaks indicates the alignment of hexagonal closed packed planes of CS

microgels, forming colloidal crystals, parallel to the wall of the capillary.8!. 82,200
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Figure 6.2. SAXS pattern of CS microgels in the unscreened (top) and charge-screened state
(bottom) in dense packing with increasing generalized volume fraction {(20°C). The volume
fraction is calculated based on number concentration N and R at 20°C in the unscreened

state. SAXS patterns (top) were adapted from our previous work.'3!

In addition to the scattering patterns recorded at 20 °C, Figure S6.7 in the supporting
information shows scattering patterns of CS microgel dispersions with the same
particle number concentration (N) recorded at 40 °C, i.e., in the collapsed state of the
microgels. It is clearly shown that all samples in the probed range of volume fractions

are in the fluid state at the respective temperature.

Radial averaged scattering profiles extracted from the SAXS patterns in Figure 6.2
are shown in Figure 6.3a. In addition to the Bragg peaks, the scattering profiles exhibit
pronounced form factor oscillations which allow for form factor analysis. The form
factor minima at g = 0.25 nm' and 0.05 nm-'are related to the SiO core and the shell,
respectively. When ( is increased, the form factor minimum related to the shell is
shifting towards higher g, indicating a decrease in size of the microgel, which we
attribute to osmotic deswelling.'®* As expected for a non-deformable object, the

position of the form factor minima, in g, related to the core stays constant.
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According to our previous study, we ascribe the osmotic deswelling of the CS
microgels, to the osmotic stress of the microgel dispersion, scaling with volume
fraction. Due to the sharp Bragg peaks, the form factor oscillations in the presented
SAXS profiles are very pronounced, enabling us to perform form factors analysis of
the CS microgels in dense packings, where S(q) # 1. Form factors were described
with the same CS model with an exponentially decaying scattering contrast of the
shell that was used to fit the scattering data in the dilute regime. The modeled form
factors are indicated as solid black lines in Figure 6.3a and describe the form factor
oscillations very well for the high and mid g-range (q = 0.04 nm-'). The respective fit
parameters are listed in Table $6.12 and $6.13. Deviations between fits and
experimental data at low g (g <0.04 nm) are attributed to the structure factor
contribution to scattering profiles. As the form factor minima related to the scattering
contribution of the PNIPAM shells shift towards higher g for an increase in ¢, a
decrease in the total radius of the CS microgels from 138 to 116 nm can be found.
This is accompanied by a more pronounced decline in the exponential decay of the
shell’3" and reflects a conservation of the polymer volume fraction of the microgel.
The lighter colors in Figure 6.3 are associated to CS microgel dispersions with
screened charges and the form factor oscillation are similar to oscillations exhibited
by the CS microgels measured in absence of salt. This is proven by form factor
analysis, where we cannot find differences within particle size or morphology
depending on the KCI concentration. This indicates that the increase in ionic strength
does not influence the osmotic deswelling of the CS microgels for the investigated

conditions as already reported in the literature for purely pNIPAM microgels.194. 204, 217
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Figure 6.3. Results from synchrotron-SAXS measurements of CS microgels in dense
packings at 20°C. (a) SAXS profiles for samples with { (20 °C) of 0.42 (orange), 0.56 (red),
0.70 (green) and 0.84 (blue). {is calculated based on Rh in the unscreened state. The
respective dark colors correspond to samples of CS microgels measured in absence of salt
while the lighter colors correspond to the microgels with screened charges. Solid black lines
are form factor fits. Dashed lines correspond to a PY structure factor fit. (b) Normalized
crystalline structure factors extracted from the SAXS profiles measured at 20 °C. Same color
code as for the SAXS profiles. The straight vertical lines indicate the theoretical positions of
the Bragg peaks for an hcp crystal structure. Normalization was performed on the position of
the first structure factor maximum related to the hcp crystal structure (¢ (20 °C), g*
charged/charged-screened: 0.42, 0.0195/0.0195; 0.56, 0.0221/0.0221; 0.70, 0.0238/0.0241;
0.84, 0.0255/0.0254).

The scattering profiles for ¢ = 0.42 in Figure 6.3a exhibit a fluid structure factor
contribution in addition to a weak Bragg peak for the dispersion with CS microgels in
the unscreened state (orange). In order to account for the fluid structure factor
contribution we combine the Percus-Yevick (PY) structure factor with the form factor
fit, which is shown as dashed black line."® For unscreened CS microgels, the
structure factor contribution yields a volume fraction ¢(PY) of 0.44 and a hard sphere
radius Rus = 158 nm, while in the charge-screened state the values of ¢(PY) = 0.42
and Rus = 152 nm are slightly smaller. These differences point to a significant
screening of charges and thus reduction in the range of inter-microgel interactions in
the case of added salt. Here, the primary aim of applying the PY model on the
scattering data was the extraction of the crystalline structure factors. As the PY model
is not capable of describing the influence of electrostatics on the phase behavior, the

obtained results can only be interpreted in a qualitative manner and not quantitatively.
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Nevertheless, the decrease in the effective interaction radius can be attributed to the
screening of charges and a reduction of electrostatic interaction between the CS

microgels.

With the modeled form factors and the application of the PY-fits on the low ¢ data
(orange) in Figure 6.3a we are able to extract the crystalline structure factor
(S(q)erystar)- This was done by dividing the scattering profiles by the modeled form
factors. The extracted structure factors are shown in Figure 6.3b, where the g-axis
was normalized to the position of the first structure factor maximum q* related to a
Bragg peak. Scattering profiles which do not possess a distinct Bragg peak related to
the 100 crystal plane, were normalized on the 110 peak with respect to the ratio
between 100 and 110 being 1.73.13" The sample with { = 0.42 in the charge-screened
state (light orange), exhibits no Bragg peaks and the normalization was conducted
similarly to the sample with the same . The normalization enables a direct
comparison of the structure factors independent of ¢ and the resulting changes in
interparticle distance. Due to this we can indicate the theoretical positions of the Bragg
peaks as vertical black lines and relate the Bragg peaks to the respective Miller indices

hkl, for a hexagonally closed packed (hcp) crystal system.

For details on the S(q) extraction, the normalization procedure and the determination

of the crystal structure we refer to our previous work.'3

The sample with ¢ = 0.42 under charge-screened conditions (light orange) does not
exhibit any crystalline contributions. For { = 0.42 with unscreened charges, the
extracted crystalline structure factor exhibits two Bragg peaks of weak intensity,
indicating the presence of a crystalline phase in coexistence with the fluid phase. All
extracted structure factors for { = 0.56 possess distinct and sharp Bragg peaks, which
match well to the theoretical peak positions. This indicates the presence of an hcp
crystal structure for our samples, independent of { and charge-screening. For = 0.70
(green and blue symbols) the scattering profiles and extracted structure factors are
very similar and do not show a pronounced influence of the charge-state. Here, all

extracted structure factors exhibit multiple orders of sharp and distinct Bragg peaks.
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The CS microgels with ¢ = 0.56 show less orders of Bragg peak under
charge-screened conditions, compared to dispersion prepared in absence of salt. In
addition, the Bragg peak intensity is lower which might indicate that the generalized
volume fraction ¢ of the dispersion is close to the phase boundary between fluid and
crystalline state. This is also reflected by the respective SAXS pattern in Figure 6.2.
Based on the scattering profiles and patterns we conclude that the CS microgel
dispersions with ¢ = 0.42 in the unscreened state and ¢ = 0.56 under
charged-screened conditions are close to the phase boundary between fluid and

crystalline state.

With the known relation between the Bragg peaks and the respective Miller indices,
we can extract the lattice constants of the colloidal crystals in dependence of { and
the screening state. The dependence of the Bragg peak position and the Miller indices
is shown in Figure S6.8 in the Supporting Information. Lattice constants decreasing
from 374 to 287 nm were obtained for increasing volume fractions. The addition of
salt did not influence the lattice spacing (Table $6.14). We also performed Williamson
Hall analysis on the scattering data in order to extract the size of the coherently
scattering domains of the colloidal crystals (Figure $6.9).2%3 Here, domains sizes in a

range between 2 to 4 uym were found (Figure S6.10).
6.4.3 Collapsed Core-Shell Microgels in Dense Packings

In addition to the scattering profiles recorded at 20 °C, where most of the investigated
CS microgel samples were crystalline, we performed SAXS measurements at 40 °C,
i.e., where the microgel shells are in the collapsed state. Importantly, the same
samples as for measurements at 20 °C were used in these experiments. Thus, for
each sample the number concentration N is fixed while the volume fraction changes
in dependence of the swelling state of the microgel shells. The respective SAXS
profiles are shown in Figure 6.4a. For ¢ > 0.05 nm', the scattering profile is
dominated by the form factor oscillations related to the collapsed shell and the
contribution of the core. The form factor contributions to the scattering profiles are
very similar, independent of { or changes in charge-screening. In the low g-regime,
the scattering profiles exhibit a pronounced structure factor contribution. The first form
factor minimum related to the shell is located at g = 0.056 nm-'. This is found for all
investigated samples and related to the reduced water content of the CS microgels in

the collapsed state.
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Due to this, the CS microgels are less affected by osmotic deswelling and the position
of the first form factor minimum stays constant. In contrast to the form factor
contribution to the scattering profile, the screening of charges strongly influences the
respective structure factor contribution to the scattering data. Samples in absence of
salt (darker colors) exhibit a pronounced structure factor, shifting towards higher g
when (is increased. When the samples are investigated in the charge-screened state,
the structure factor oscillations become less pronounced. For a detailed analysis, we
extracted the structure factors, following the procedure recently reported by us.'3' The
extracted structure factors are shown in Figure 6.4b and exhibit a shift of the maxima
towards higher q with increasing {. In addition, when comparing structure factors with
similar ¢ under charged and charge-screened conditions it is noticeable that the
maxima for the screened state are shifted towards higher g and the structure factor
oscillations are less pronounced. The extracted structure factors were fitted (grey solid
lines) with a hard-core one-Yukawa potential rescaled mean spherical approximation
model (1Y-RMSA)'5t. 152, 218 \which describes a fluid of hard spheres where the
electrostatic repulsion is ascribed by a single repulsive potential. The fits are in good
agreement with the data and the respective fit parameters are listed in Tables $6.20
and S$6.21 in the Supporting Information. The structure factor analysis reveals a
hard-core radius of about 110 nm for the CS microgels which is slightly larger than the
respective Rn of 103 nm. Based on a recent work from Zhou et al. we assume that
this increase might be related to ion cloud of the CS microgels.?'” The extracted
potentials reveal a pronounced influence of the charge-screening and are shown in
Figure S6.11 in the Supporting Information. In absence of salt, the potentials express
a rather long range, and the potential strength is decreased to the factor of 1/e at
15.5+ 2.7 nm beyond the hard-core radius. For the charge-screened state the
strength of the potential is drastically decreased, as well as the range which reaches
1/e of the initial strength at 8.1 £ 0.5 nm. This reflects a drastic decrease in the
effective interaction radius of the CS microgels due to charge screening. In addition,
a comparison of the 1Y-RMSA model with the PY-'8 and the Hayter-Penfold rescaled
mean spherical approximation model?2° is provided in Figure $6.11 in the Supporting
Information.
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One can assume that the influence of the salt screening might be more pronounced
for the microgels in their swollen state as the effective charge in the outer periphery
of the microgel and, therefore, the electrophoretic mobility is lower (Figure 6.1a). In
conclusion, the results from SAXS measurements reveal that the ionic strength of the
dispersion drastically influences the effective interaction radius of the CS microgels in
their collapsed state. We attribute this to a screening of the charges in the outer
periphery of the CS microgels in presence of KCI that reduces the electrostatic

interaction.
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Figure 6.4. Results from synchrotron-SAXS measurements of CS microgels in dense
packings at 40°C with (20 °C) of 0.42 (orange), 0.56 (red), 0.70 (green) and 0.84 (blue).
was calculated based on R in the unscreened state. The respective dark colors correspond

to aqueous dispersion in absence of salt while the lighter colors are related to dispersion with
screened charges. (a) SAXS profiles of CS microgels. (b) Structure factors extracted from the
SAXS profiles. The solid black lines correspond to structure factor fits based on the PY model.

Data of the CS microgels in the unscreened state were adapted from our previous work. "
6.4.4 Following Phase transitions by Optical Spectroscopy

A time and cost-efficient approach to investigate the phase behavior of the CS
microgels in dense packings is temperature dependent optical spectroscopy. As the
colloidal crystals possess lattice constants slightly below the wavelength of visible
light, they exhibit Bragg peaks in the Vis-NIR region.*47:72.73.81 V/is-NIR spectra of the
investigated samples are shown in Figure 6.5a. For ckci = 0 mM all samples exhibit
distinct and sharp Bragg peaks. In the presence of salt (ckci = 0.5 mM) Bragg peaks

are observed for all samples except for { = 0.49.
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This is in good agreement with our findings from SAXS at 20 °C, where we found
Bragg peaks for all samples in the unscreened state and a fluid phase for the
charge-screened dispersion with { = 0.42. Independent of ckci, the Bragg peaks shift
towards lower wavelength as { is increased and there is not a clear dependence on
the presence or absence of salt. This is in agreement with our findings from SAXS.
The shift of the Bragg peaks with concentration is related to the decrease of the lattice
constant a. Additional spectra from all samples used for SAXS experiments at 20 °C
and tables listing Bragg peak positions and lattice constants a, can be found in the
Supporting Information, Figure $6.12 and Table S6.22 and $6.23.

Vis-NIR spectra recorded from a dispersion of CS microgels with { = 0.70 in absence
of salt at various temperatures are shown in Figure 6.5b. The increase in temperature
from 20 to 50 °C is represented by the coloration of the spectra from blue to red. At
low temperatures, the Bragg peak at 687 nm remains nearly unaffected until 31.1 °C,
where the peak begins to shift towards lower wavelength and decreases in intensity.
The peak disappears completely at 32.6 °C and higher (see also inset in Figure 6.5b).
Thus, the phase transition from crystalline (Bragg peak) to fluid (no Bragg peak)
occurs in a temperature window as small as 2 °C. Detailed information about the
procedure of these measurements including temperature steps and equilibration
times are given in the Supporting Information of our previous work.'3! Here, we also
presented time-dependent measurements in the range of the transition temperature
to verify that the samples are in equilibrium at the time of the measurement. When
temperature is increased, the CS microgels decrease in size due to the
thermoresponsive behavior of the PNIPMA shell and consequently the volume fraction
decreases for a given number concentration of CS microgels (Figure 6.1b). This can
lead to complete melting of the crystalline samples given that the threshold volume
fraction for crystallization is passed. After the disappearance of the Bragg peak, the
absorbance increases slightly until the temperature reaches 50 °C. This is due to a

change in the scattering intensity of the CS microgels during shell collapse.32 221

We now aim to monitor the phase transitions (solid-fluid and fluid-solid) by using
background corrected absorbances as function of temperature. The background
correction was used to consider only the coherent contribution to the absorbance at
the Bragg peak position. In this way, the incoherent scattering background related to

the light scattering of the CS microgels could be subtracted.
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Figure 6.5¢c shows the evolution of the absorbance for the samples with { = 0.70
without (top) and with charge-screening (bottom). The red triangles correspond to the
heating cycle, while blue triangles refer to the cooling cycle. The green colored areas
indicate the regions of the phase transition where the absorbance drops/rises
significantly for the heating/cooling cycle. In the absence of salt, the nearly constant
absorbances outside the phase transition region from the heating and cooling cycle
overlap nicely. Small differences can only be observed in the phase transition region
with a small hysteresis where recrystallization in the cooling cycle occurs a slightly
lower temperatures then the melting during the heating cycle. Interestingly, in the
charge-screened state the transition region appears at lower temperatures,
approximately 5 °C shifted compared to the salt-free case. As both samples possess
the same particle number concentrations N and generalized volume fraction ¢, a
decrease in the transition temperature is associated to a change in effective

interaction radius of the CS microgels.
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Figure 6.5. Results from temperature-dependent Vis-NIR absorbance spectroscopy.

(a) Absorbance spectra of CS microgels with { of 0.49 (grey), 0.56 (red), 0.63 (orange), 0.70
(green) and 0.84 (blue) in absence of salt (top) and under charge-screened conditions
(bottom) recorded at 20 °C. { was calculated based on the Rx in the charge-screened state.
(b) Temperature-dependent Vis-NIR absorbance spectra of a CS microgel dispersion
(¢ =0.70) in absence of salt. Here the colors correspond to an increase in temperature from
blue to red. The inset shows a selected temperature range of the spectra with focus on the
spectral region of the Bragg peak. (c¢) Background corrected absorbance of the Bragg peak
as a function of temperature for the samples with = 0.70 CS microgel dispersion in the
charged- (top) and charge-screened state (bottom). Red triangles correspond to the heating-
and blue triangles to a cooling cycle. The green area indicates the transition region between
31 and 33 °C or 27.5 and 29 °C depending on the absence or presence of salt. (d) Transition
temperatures for crystal melting (red) and recrystallization (blue) in dependence of { for the
respective CS microgel dispersions. Filled circles correspond to the unscreened and empty

circles correspond to the charge-screened state.
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In Figure 6.5d we compare the transition temperatures obtained from heating/cooling
cycles in the absence/presence of salt. For details on the determination of the
transition temperatures we refer to our previous work.'3! The respective temperature
dependent spectra and plots of the Bragg peak absorbance as function of temperature
are given in the supporting information, Figure S6.13 and S6.14. The transition
temperatures are plotted as a function of the generalized volume fraction of the
samples at 20°C ({(20 °C)). For an increase in ¢, the transition temperatures increase
as well. This is expected as the transition volume fraction of a higher concentrated
sample is reached at higher temperatures due to the increased number of CS
microgels. The Transition temperatures for samples in the unscreened state
(filled symbols) are generally higher compared to the charge-screened state
(empty symbols). Generalized volume fractions and the respective Rn's at 20 and
40 °C are listed in Table $6.10 in the Supporting Information. Since we know the
respective CS microgel size (Rn, see Figure 6.1a) at the respective transition
temperature we can use the particle number concentration N to calculate the critical

volume fraction for the phase transition, (i ansition:

4
Ctransition = NgnRh(Ttransition)3 (6.1)

Figure S6.16 shows C(ansition as function of the generalized volume fraction at 20 °C
(¢(20 °C)) resulting in an average (ransiton Of 0.43 + 0.03 in absence of salt and
0.54 + 0.02 under charge-screened conditions. The addition of salt that is expected to
screen charges in the outer periphery of the CS microgels obviously leads to a
reduction of the effective interaction radius of the microgels. This consequently shifts
the critical volume fraction of the phase transition to higher values. In comparison to
the transition volume fraction of hard spheres (¢ = 0.49), the CS microgels crystallize
at lower volume fractions in the absence of salt. With screened charges, this volume
fraction is drastically increased and above the value for hard spheres. This is again
attributed to the reduction of the effective interaction radius of the microgels.
Interestingly, melting and freezing volume fraction of pNIPAM based microgels in
literature are reported to be about 0.56 to 0.61.36. 222 This is close to the transition
volume fraction we found for the CS microgels in the charge-screened state. The
microgels investigated in these studies possess a comparably low crosslinker content

and the softness of the particles might influence the phase behavior.1?#
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In addition, the volume fractions were determined by viscometry, where we rely on
number concentration. Therefore, phase borders might slightly shift. The differences
between the reported melting and freezing volume fraction and the transition volume
fraction found for the CS microgels in the unscreened state may be also related to a
more complex ion cloud. A zeta potential of -25 mV was determined for the pure silica
core, indicating a pronounced presence of charges. With the recent findings about the
size of the ion cloud of microgels from Zhou et al.2"7, we cannot exclude an influence
of the charges attached to the core on the ion cloud of the microgel shell. Therefore,
the difference between the reported freezing volume fractions and the transition
volume fraction of the CS microgels in the unscreened state might be related to the
dimensions of the ion cloud of the CS microgels. In order to investigate the influence
of the core on the ion cloud additional complex experiments utilizing SANS are

needed.
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6.4.5 Temperature-Dependent Phase Diagram in Dependence of

Charge-Screening

Figure 6.6 shows the temperature-dependent phase diagrams in absence (a) and
presence of salt (b). These diagrams were constructed from screening CS microgels
over a broad range of concentrations in small steps by using temperature-dependent
absorbance spectroscopy. Note that a second batch of CS microgels had to be used
for this study. More information can be found in the Experimental Section and the
Supporting Information. Absorbance spectra of the respective CS2 microgel
dispersions at a temperature of 20 °C are shown in Figure $6.17. For temperature
ranges where Bragg peaks were detected a crystalline (solid) state was assigned.
This phase is colored in light brown in Figure 6.6. In contrast a fluid-like phase was
assigned when Bragg peaks were missing (light blue areas). The transition region is
colored in green and was determined from the respective temperature onsets of
melting/recrystallization from respective heating/cooling cycles. This procedure is in
agreement with our recently published work.'3' More information can also be found in
the Supporting Information. Generally, the phase diagrams reflect the swelling curves
of the CS microgels (see Figure 6.1a). The crystalline regime is small at low values
of { and extends over increasing temperature ranges with increasing {. The crystalline
regime is shifted to higher values of { when salt (0.5 mM KCI) is added as already
discussed in the context of Figure 6.5d. In presence of salt, we also find an
overcrowded or jammed phase'?® at very high  extending to temperatures reaching
the VPTT of the microgels. The solid black lines correspond to the average volume
fractions of 0.39 £ 0.07 at cket = 0 mM and 0.52 + 0.03 at cke = 0.5 mM where the
phase transitions were observed (see Figure S6.18 in the Supporting Information).
Although the two batches of CS microgels used in this work have slightly different core
and shell dimensions, we want to highlight, that the average values for (iransition are
nearly the same for the two batches. This highlights the reproducibility of the synthesis
and also the reliability of the analysis by temperature-dependent absorbance
spectroscopy. Slight variations between the phase behavior of the two batches when
comparing individual samples are most likely attributed to variations in sample
preparation rather than differences between the microgels. In Figure 6.6a
(absence of salt) the transition region (green) fluctuates significantly between

samples of different concentrations and sometimes extends over a few °C.
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In contrast, in Figure 6.6b (presence of salt), the transition region shows a smooth
evolution with increasing ¢ with much smaller temperature ranges. Importantly, in
presence of salt the phase boundary between fluid and solid state and the calculated

transition temperatures based on the average (ransition (black line) overlap nicely.
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Figure 6.6. Temperature-dependent phase diagrams of CS2 microgels in the
charge-unscreened (a) and screened state (b). The abscissa corresponds to the generalized
volume fraction ¢ of the investigated samples at 20 °C. The blue area corresponds to the fluid

regime and the crystalline regime is indicated in light brown. Between both regimes we find
the transition area marked in green. For the area colored in light red in (b) no Bragg peaks
could be found and we attribute this to an overcrowded (jammed) state. The solid black line

indicates the expected transition temperature based on the respective average (iransition.

The presented phase diagrams set the ground for more detailed studies on phase
transitions in dense packings of soft and deformable microgels with temperature-
dependent small-angle scattering. It is also shown that electrostatic interactions can

have a pronounced influence on the phase behavior of even weakly charged colloidal
systems.
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6.5 Conclusion

We used slightly charged core-shell microgels to study the phase behavior of soft
colloids in the charged and charge-screened state. The addition of 0.5 mM KCI to
dispersions of the microgels resulted in a significant reduction of the electrophoretic
mobility along with very minor changes in the hydrodynamic dimensions. Importantly,
the colloidal stability was maintained even at temperatures well above the VPTT. This
allowed for a direct comparison of the phase behavior in presence/absence of salt
over a broad range of concentrations and temperatures. Complementary small-angle
neutron and X-ray scattering data were used to study the form factor of the microgels
in the dilute state. Dense samples were studied by synchrotron-small-angle X-ray
scattering revealing crystalline samples with extraordinary long-range order at 20 °C
for sufficiently high packing fractions. Here, the addition of salt induced a shift in the
phase boundary between the fluid and crystalline phases towards higher volume
fractions. In agreement with recent literature the osmotic deswelling of the microgels
was not affected by the presence of salt.’9* 204 217 Samples with the exact same
particle number concentrations were investigated in the collapsed state, above the
volume phase transition temperature and exhibit pronounced fluid structure factors.
The screening of charges in the outer-periphery of the microgels was found to have a
direct impact on the structure factors. Here, structure factor analysis with a model
utilizing a Yukawa potential indicates a decrease in the effective interaction radius of
the core-shell microgels. Similar trends with respect to charge-screening were found
in temperature-dependent absorbance spectroscopy, where the
transition-temperature for the melting and recrystallization processes decreased in

the presence of salt.

We present for the first-time temperature-dependent phase diagrams directly
comparing the charged and charge-screened conditions. When 0.5 mM KCI is
present, the crystalline phase is shifted to higher volume fractions while the
temperature ranges of the phase transition region become much smaller as in the
salt-free case. Furthermore, the phase boundary between fluid and solid phase
overlaps much better with the transition curve corresponding to the calculated
transition temperatures based on average critical volume fractions of the phase

transitions when salt is present.
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To the best of our knowledge temperature-dependent phase diagrams of slightly
charged microgels under charged and charge-screened conditions have not yet been
presented in literature. Our work sets the ground for future studies on phase
transitions in dense systems of soft colloids, for example using temperature-
dependent synchrotron-SAXS. Precise knowledge of the transition regions is of
utmost importance for designing future temperature-dependent experiments.
Furthermore, our results suggest that studies on the phase behavior of slightly
charged microgels are ideally performed under charge-screened conditions, i.e., in
presence of low concentrations of salt that do not hamper the colloidal stability above
the VPTT. In this case, we believe it will be of particular interest to study samples at
high concentrations where we propose the jammed state. Quenching of samples with
temperature jumps of different magnitudes might allow phase transitions from fluid to

jammed or even from crystalline to jammed states and vice versa.
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6.6 Supporting Information

Transmission Electron Microscopy (TEM)

In order to verify the core-shell (CS) nature of our microgels we performed TEM. As
seen in Figure S6.1a-b, the microgels possess single cores encapsulated into a
rather homogeneous polymer shell, possessing a weaker contrast compared to the
core. The fraction of core-less microgels is below 1% and therefore negligible. From
these and additional TEM images we determined average core radii of 18 £ 2 nm. The

size distribution of the SiO2 cores is illustrated in Figure S6.1c.
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Figure S6.1. Brightfield TEM images of CS1 (a, b) at different magnifications. (¢) Shows the
respective size distribution of the SiO2 cores. TEM images and the respective size distribution

are adapted from our previous work. 3"
Zeta Potential

Temperature-dependent zeta potential of the CS microgels is shown in Figure S6.2.
The zeta potential was calculated based on the Smoluchowski approximation. As
expected, the temperature dependent evolution of the zeta potential is the same as
for the electrophoretic mobility. A negative zeta-potential corresponds to a negative
charge while the respective value corresponds to the magnitude of the charges. At
low temperatures, the unscreened CS microgels exhibit a zeta potential of -17 mV
which decreases after passing a temperature of 35 °C, resulting in a final potential of
-28 mV at 50 °C. Due to the negative charge of the initiator, we exhibit a decrease of
the negative zeta potential which represents an increase in charge of the microgel.
The increase in charge density on the particle is attributed to the thermoresponsive
properties of the microgel. Here, an increase in temperature results in a deswelling of
the microgel which is accompanied by a reduction of its surface area and therefore

an increase in charge density.
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When the CS microgels are dispersed in 0.5 mM KCI-solution the magnitude of the
zeta potential is decreased to -3 mV at a temperature of 20 °C. This indicates that the
ions effectively screen the charges of the microgel at low temperature. For an increase
in temperature, we can see the same trend compared to the microgels in in the

unscreened state, resulting in a zeta potential of -18 mV at 50 °C.
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Figure $6.2. Temperature dependent zeta potential of CS microgels in absence (blue) and

presence of KCI (green).
Form Factor Modeling and Fitting

We performed small-angle X-ray scattering SAXS and small-angle neutron scattering
SANS on dilute and concentrated CS microgel in aqueous dispersion. The scattering
data was radially averaged to extract the scattering intensity /, as function of the

scattering vector q.
S _4m . 6
gl =q = S sin s (S6.1)

Here, the wavelength of the respective X-ray or neutron beam is given by A and the

scattering angle is given by 6.
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The scattering intensity for the respective g-range can be described by the following

equation:
I(q) = NVparticleZASLDZP(q)S(q) + IB (862)

Here, N is the particle number density, Vparticie is the volume of the scattering object
and ASLD is the difference in scattering length density (SLD) between the scattering
object and the solvent. With the form factor P(q) of the scattering object and the
structure factor S(q). In order to describe additional background contributions /g is
added.

For dilute dispersions, the structure factor contributions become neglectable as
S(q) = 1.

In order to describe the scattering intensity /(q) of the CS microgels we made use of
core-shell model:

l
1(61) = S [3VcoreSLDcorek(chore) + 3VparticleSLDshellk(quarticle) -

Vparticle

2
3VcoreSLDshellk(chore) - 3VparticleSLDsolventk(quarticle)] + IB (863)
with

sin(qR)—qR cos(qR)

k(aR) = ==

Here, scale corresponds to a scaling factor (representing the volume fraction if
measured in absolute units), V is the volume of the respective scattering object and
Reore and Rparticie are attributed to the total radii of the core and the particle. Here,
Rparticie is the defined by the sum of thickness of the shell Atshel and Rcore. As the core
and the solvent possess a homogeneous structure, we kept the SLD constant for both
materials. k(qR) corresponds to the form factor oscillations of a spherical scattering

object.

In the swollen state (20 °C), the SLD of the microgel shell is described with an
exponential decay in the SLD profile of the shell to ascribe for the gradient in

crosslinker density (core-exponential-shell model).206
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For the CS microgels in their collapsed state (45 °C) the shell is described with a
homogeneous shell and therefore, the SLD of the shell is kept constant

(core-homogeneous-shell model).

More details to the fitting procedure and the applied core-shell models are given in

the Supporting Information of our previous work on the same CS microgels. '3

In order to fit the high g (g > 0.3 nm-') SANS data, recorded from CS microgels in their
swollen state (20 °C), a Lorentzian function (Ornstein-Zernike contribution) was added

to describe internal fluctuations of the polymer network.

1(q) = —= (S6.4)

1+q2807°
Here, I is the forward scattering and oz corresponds to the correlation length.
The scattering intensity of the silica cores without polymer shell is described with a
simple polydisperse sphere model.

: _ 2
I(q) — scale [3V(R)ASLD sin(qR) chos(qR)] +1B (865)

Vparticle (qRr)3

In order to take the polydispersity of the particles into account, we applied a gaussian
distribution on the radius and therefore the volume of the scattering object in the form
factor model used to fit the scattering profiles. Here, (R) is the average particle radius

and opoly corresponds to the relative size polydispersity.

D(R.(R), dpary) = exp (- £212) (36.6)

2
\/Znapolyz 20poly

The form factor fitting was performed with the SasView'®” software and the respective
parameters are listed in Tables $6.1 and S6.2. For details about the fitting procedure
of the SAXS data we refer to our previous work.'3!" The fitting process of the

SANS/SLS data is explained in the respective section of the SI.
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Table $6.1. Parameters applied to fit the SAXS and merged SANS/SLS profiles of the dilute

CS microgels in aqueous dispersion in absence of salt. Parameters for SAXS are adapted

from our previous work."3!

Parameters TSAXS (20°C) 2SANS/SLS (20°C) | 3SANS/SLS (45°C)
scale 0.029 0.03 0.006
IBla. ul] 0.2 0.057 0.061
lo[a. u.] - 0.12 -
éoz [nm] - 3.2 -
Reore [nm] 18 18 18
Atshel [nm] 120 120 70
SLDcore [106 A2] 17.75 3.3 3.3
SLDsnel, in [106 A2 9.89 5.0 3.4
SLDshel, out [10°¢ A?] 9.43 6.4 34
SLDsoivent [10° A2 9.43 6.4 6.4
Ocore 0.1 0.1 0.1
Oshell 0.1 0.09 0.08
A 2.2 2.4 -

Core-exponential-shell model

2Core-exponential-shell model + Ornstein-Zernike contribution

3Core-homogeneous-shell model
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Table $6.2. Parameters applied to fit the SAXS and merged SANS/SLS profiles of the dilute

CS microgels in aqueous dispersion and screened charges.

Parameters 1SAXS (20°C) 2SANS/SLS (20°C) | 3SANS/SLS (45°C)
scale 0.029 0.027 0.005
IB[a. u.l] 0.2 0.057 0.061
lo[a. ul] - 0.13 -
oz [nm] - 3.2 -
Reore [nm] 18 18 18
Atsnen [nm] 120 118 71
SLDcore [106 A2 17.75 3.3 3.3
SLDspel, in [10° A2 9.89 5.0 3.3
SLDspell, out [106 A2] 9.43 6.4 3.3
SLDsovent [10 A2 9.43 6.4 6.4
Ocore 0.1 0.1 0.1
Oshell 0.1 0.08 0.08
A 2.2 2.3 -

Core-exponential-shell model

2Core-exponential-shell model + Ornstein-Zernike contribution

3Core-homogeneous-shell model

The volumes of the core and shell in combination with the respective contrast

situations in SANS and SAXS based on the difference in SLDs are, are listed in

Table S6.3. In addition, the interplay between contrast and volume of the scattering

of core and shell, based on Equation S6.2, is listed in the following table. This reveals

a dominating contribution of the shell (PNIPAM) to the scattering profile in both

contrast situations. The difference is significant in SAXS and SANS but much more

expressed for SANS, where the contribution of the core can be nearly neglected. For

SAXS the core contribution is still pronounced and visible in the respective SAXS

profiles.
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Table $6.3. Influence of the respective SAS contrast Situation and CS microgel dimensions

on the scattering properties.

Method Material | Veoresshen [m%] | ASLD [10%A?] | VZASLD? [102 m?]
SAXS SiO2 2.44E-20 8.32 0.041
PNIPAM 1.10E-17 0.46 25.530
SANS SiO2 2.44E-20 3.1 0.006
PNIPAM 1.10E-17 16 308.860

Figure S6.3 shows the SAXS profile of a dilute dispersion of CS microgels in their
collapsed state, recorded at a temperature of 40 °C. We applied a
core-homogenous-shell model on the scattering profile in order to fit the from factor of
the CS microgel. The fit is presented as solid red line and is in good agreement with
the recorded data. In Table $6.4 we show the respective parameters of the fit which
are comparable with our results from SANS. For more details we refer to our previous

work. 131

001 002 005 01 02

g [nm]

Figure S6.3. SAXS profile of CS microgels with generalized volume fraction ¢ (20 °C) = 0.09
recorded at 40 °C. The solid red line indicates the form factor fit based on a

core-homogeneous-shell model. Adapted from our previous work. 3"
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Table $6.4. Parameters of the core-homogeneous-shell model applied to fit the form factor in

the SAXS profile of the dilute CS microgels in aqueous dispersion. Adapted from our previous

work. 131
Parameters SAXS (40°C)
scale 2.733
IBla. ul] 0.003
Reore [nm] 18
Afsheil [nm] 72
SLDcore [10¢ A7) 17.75
SLDshen, in [10® A2] 10.3
SLDsheil, out [106 A2 10.3
SLDsolvent [108 A2] 9.43
Ocore 0.1
Oshell 0.08

Small-Angle Neutron and Static Light Scattering

The recorded SANS profiles were merged with the respective SLS profiles and are
shown in Figure S6.4a. Blue symbols correspond to CS-microgel dispersions
recorded in absence of salt while the green ones were recorded in the
charge-screened state. Scattering profiles were recorded at temperatures of 20 °C
and 45 °C and the dotted, vertical line indicates the boundary between the merged
SLS and SANS section of the scattering profile. The form factor fit which is shown by
the solid red line is obtained from form factor analysis of the total scattering profile,
including the SLS section. In order to take into account the smearing in SANS, the
error in g was included in the fitting procedure. Due to the very low error in g of the
merged SLS data, a very small error of 104 nm-' was assigned to the respective data
points to enable from factor analysis in SasView. A core-exponential-shell model and
a core-homogeneous-shell model were used to describe the scattering properties of
the CS microgels in the swollen (20 °C) and the collapsed (45 °C) state. In the fitting
process known parameters like the SLDs of the solvent, core and the radius of the
core were set to a fixed value and kept constant. The other parameters were
approximated, within physically reasonable values to describe the respective
scattering profile. Then all non-fixed parameters of the core-shell model were fitted

simultaneously.
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For the data recorded at 20 °C, the SLD of the shell needed to be limited to a value
of 5:10¢ A2, because otherwise the fit did not sufficiently describe the low g-range of
the scattering profile. In case of the scattering profiles recorded at 45 °C, the
procedure was comparable, but scale was fixed at a value calculated based on the
value of scale at 20 °C and the radii of the CS microgels at 20 °C and 45 °C. Here,
the SLD of the shell was not limited to any borders.

For the screened and unscreened state, the form factor analysis yielded similar results
at both temperatures, as presented in Table $6.1 and S$6.2. For all profiles we find
distinct form factor oscillations which are well described by the respective fits and are
primarily related to the PNIPAM shell of the CS microgel. For both temperatures we

barley detect form factor oscillations correspond to the SiO:2 core.
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Figure S6.4. Scattering profiles referring to CS microgels measured in the absence of salt
(blue) and the presence of 0.5 mM KCI (green) (a) Full g-range SANS scattering profiles at
20°C (full symbols) and 45°C (open symbols) with merged scattering profiles from SLS. The
solid red lines correspond to the respective form factor fits (core-exponential-shell model for
the profiles recorded at 20 °C and core-homogeneous-shell model at 45 °C). (b) Guinier plots
in the g-range related to the scattering of the shell for SLS, SANS and SAXS. Plots are shifted

on the y-axis for the sake of clarity.

In addition to the form factor analysis, we performed Guinier-analysis on the plateau
like section of the scattering profiles related to the scattering of the CS microgels shell.
The Guinier plots are shown in Figure S6.4b including the linear fits applied on the
data points. We find a sufficient agreement between the fits and the respective data

points and the results from the Guinier-analysis are presented in Table S$6.5.
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The linearized Guinier equation is shown below:

In(1(q)) = In(lp) — L2 (S6.7)

3

With q, the scattering vector, lo being the scattering intensity at infinity small g and the
radius of gyration Ry. We extracted radii of gyration between 95 and 102 nm from the
scattering profiles recorded at 20°C and radii of gyration between 70 and 75 nm at
45°C. In general, Rq extracted from samples in presence of KCl is slightly smaller than
without the addition of salt. The radii of gyration obtained from different scattering
techniques are in good agreement with each other and proof the reliability of the

results over a broad range of contrast situations.

Table $6.5. Results from Guinier-analysis.

Method Ckci [mM] Temperature [°C] Slope [nm?] Rg [nm]
SAXS 0 20 -3272+6 99.1+0.2
SAXS 0.5 20 -2969 + 15 94.4+0.5
SANS 0 20 -3483 + 61 102.2+1.8
SANS 0.5 20 -3405+78 101.1+£2.3
SANS 0 45 -1869 + 34 749+14
SANS 0.5 45 -1863 + 29 748+1.2

SLS 0 20 -3148 + 23 97.2+0.7
SLS 0.5 20 -3008 + 16 95.0+0.5
SLS 0 45 -1680 £ 7 71.0+0.3
SLS 0.5 45 -1610 £ 8 69.5+0.3
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Characterization of Core-Shell Microgel 2 (CS2)

In terms of recording a temperature dependent phase diagram of the CS microgels in
dense packing a second batch of CS microgels (CS2) was synthesized. The synthesis
was performed similar to the one of the CS microgels used in this and our previous
work'®!, but upscaled to vyield a higher mass of particles. 7500 mg
N-isopropylacrylamide (NIPAM, TClI, >98%) and 1535 mg
N,N’-methylenebis(acrylamide) (BIS, Sigma-Aldrich, 99%) were dissolved in 1500 mL
of ultra pure water (18.2 MQcm). 300 mg of 3-(trimethoxysilyl)propyl methacrylate
(MPS, Sigma Aldrich, 98%) functionalized SiO2 particles* were added to the
solution, which was flushed with argon for 2 h at a temperature of 70 °C. The reaction
was initiated with 75 mg potassium persulfate (PPS, Sigma-Aldrich, 99,0%) dissolved
in 2 ml water and stopped after 4 h. All chemicals were used as received without

further purification.

The core-shell nature of the microgels is shown in the TEM images of CS2 in
Figure S6.5a and b. Only a minor fraction of particles below 1% does not possess a
SiO2 core. One example is indicated by a red circle in Figure S6.5b. The size
distribution of the cores, based on TEM image analysis, is shown in Figure $6.5¢
resulting in an average Rtem = 20 + 1 nm. Figure S$6.5d shows the Rn of CS2 as
function of temperature in absence (red) and presence of salt (orange). Hydrodynamic
radii of CS1 and CS2 at 20 °C and 40 °C are given in Tables $6.10 and S6.11.
Compared to CS1 in terms of Rn (147 nm and 149 nm at 20 °C), core size (18 nm and
20 nm) and the nominal crosslinker ratio (15% for both), the CS2 microgels are an
ideal system to perform additional experiments with, while maintaining a direct
comparability between the two microgel systems. Even in terms of their
electrophoretic mobility, the CS2 microgels show nearly the same mobilities in

dependence of temperature and charge screening as shown in Figure S6.5e.

219



6. Temperature-Dependent Phase Diagrams of Weakly Charged, Thermoresponsive
Microgels under Charged and Charge-Screened Conditions

4 0 y .
14 16 18 20 22 24 26
1000 nm - .
radius [nm]
0 ——
| & 05| "P0f0n, ]
._6 D[]
2 o o i
E ? DDD
o =15 pog O 1
® £ "o, ©
= O -2 o 4
[e] = o o
< o
Q =2.-25- oo = b
o
= DEI oo
8] 3 Opgo9-
L} oo
e -35 1
90 +——r—————————————
15 20 25 30 35 40 45 50 55 60 15 20 25 30 35 40 45 50 55 60
Temperature [°C] Temperature [°C]

Figure $6.5. Characterization of CS2. (a, b) TEM images at different magnifications. The red
circle indicates a single microgel without a core. (¢) Size distribution of the SiO2 cores from
TEM image analysis. (d) Rn of CS2 as function of temperature in absence of salt
(red squares) and in the charge-screened state (orange squares). (e) Electrophoretic mobility
as function of temperature. Same color coding as in (d).

Extraction of Number Concentration for CS2

We extracted the relation between particle nhumber concentration N and the mass
content of the CS microgel dispersion, based on the scattering intensity of the SiO2
cores in SAXS at infinitely small g (l), according to our previous works.8" 131 We
recorded the scattering profiles of three dispersions of CS2 microgels with mass
contents of 10 wt% and performed form factor analysis on the scattering data. Here,
we focused on the g-regime where the scattering of the core dominates the SAXS
profile and applied a simple hard sphere model fit, resulting in Rsaxs of 20 £ 2 nm. The
scattering profiles and respective form factor fits are shown in Figure S6.6a.
Parameters applied to fit the scattering profiles are listed in Table $6.6. For the
extraction of lo we performed a Guinier analysis on the plateau-like regime of the
scattering profile in the low g regime (Figure S6.6b).
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The scattering in the respective g-range already exhibits contributions of the shell and
is not solely obtained from the SiO2 core. Therefore, we also performed the Guinier-
analysis on the form factor fits (Figure $6.6c). With this approach, we verify that the
scattering of the shell does not influence our final results. Nevertheless, the data

obtained from both approaches is listed in Table $6.7 and S6.8.
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Figure S6.6. Extraction of the particle number concentration N. (a) Scattering profiles of three
10 wt% CS microgel dispersions. The solid red lines correspond to form factor fits describing
the scattering of the SiO2 core (Equation S6.5). Guinier plots of the scattering data (b) and

the respective form factor fits (¢). The solid red lines indicate the linear fits applied to the data.

Table S6.6. Fit parameters obtained from the form factor fits (polydisperse sphere model).
The Errors of the parameters are smaller by two orders of magnitudes compared to the

obtained valuers and therefore not listed.

[ Il I
scale 0.00145 0.00150 0.00149
ls [cm™] 0.03 0.03 0.03
SLD (SiO2) [106 A2 17.8 17.8 17.8
SLD (H20) [106 A2 9.5 9.5 9.5
R [nm] 20 20 20
Opoly 0.08 0.08 0.08
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Table $6.7. Results from Guinier analysis of the SAXS data.

lo [cm™]

528 + 24

546 + 26

543 + 26

R [nm]

19.5+04

19.5+04

19.5+04

Table $6.8. Results from the linear fits applied on the Guinier plots of the form factor fits.

lo [cm™]

404 +6

413+6

410+ 6

Re [nm]

17.6 +0.1

17.6 +0.1

17.6 +0.1

Similar to our previous work, we yield a lower /o from the Guinier analysis of the form
factor fits compared to the analysis performed on the scattering data. In addition, the

Rg extracted from the form factor fits is closer to the expected value for Rg according
to Rg = \E Rp() = 15.5 nm. In order to avoid the scattering of the shell, influencing the

determination of the particle number concentration N, we used the results from the

Guinier analysis of the form factor fits for further calculations.
The particle number concentration N can be calculated by the following equation:

Ig Na p?
N=—"—
m My, ASLD?2

(S6.8)

Here, Na is Avogadro’s number, p is the density of the silica cores, the mass of a
single scattering object, m, Mw being the molecular weight, of the scattering object,
and ASLD related to the difference in scattering length density between the solvent
and the scattering object. We find an average particle number concentration N of
5.21-10"2 wt% 'mL-" for the CS2 microgels (Table $6.9), this is nearly the same
relation as for CS1 (N = 5.27:10"2 wt%-'mL").131

Table $6.9. Number concentrations extracted from the scattering intensity of CS2 microgel

dispersions (10wt%).

| I T N SD
N (I(g)) [10™ 1/mL] 6.73 6.96 6.92 6.87 0.10
N (P(g)) [10™ 1/mL] 5.15 5.26 5.22 5.21 0.05
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Generalized volume fractions () in presence and absence of salt at temperatures of
20 °C and 40 °C for the CS1 and CS2 microgels are given in Tables $6.10 and S6.11.

Here, C is calculated based on particle number concentrations N and the respective

Rx.

Table S6.10. Rn and the respective { for CS microgels at 20 °C and 40 °C.

T=20°C T=20°C T=40°C T=40°C
ckc = 0 mM ckcl = 0.5 mM cke =0 mM ckcl = 0.5 mM
147 nm 145 nm 103 nm 101 nm
0.42 0.40 0.14 0.14
0.56 0.54 0.19 0.18
0.70 0.67 0.24 0.23
0.84 0.81 0.29 0.27

Table S6.11. Rn and the respective selected ¢ for CS2 microgels at 20 °C and 40 °C in

absence of salt and in the charge-screened state.

T=20°C T=20°C T=40°C T=40°C
ckcl = 0 mM ckcl = 0.5 mM ckel =0 mM ckcl = 0.5 mM
149 nm 144 nm 106 nm 102 nm
0.43 0.39 0.16 0.14
0.58 0.52 0.21 0.19
0.72 0.65 0.26 0.23
0.87 0.78 0.31 0.28
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Scattering Pattern in the Fluid Phase at 40 °C

SAXS patterns of CS microgel dispersions with generalized volume fractions (20 °C)
of 0.42, 0.56, 0.70 and 0.84 were recorded at a temperature of 40 °C. The increase
in temperature leads to a reduction in { and therefore the scattering patterns no longer
exhibit Bragg peaks but a distinct fluid structure factor. This is presented in
Figure S6.7, where all CS microgel dispersions feature an isotropic scattering pattern
over a broad range of ¢ between 0.14 and 0.29. Compared to the scattering patterns
recorded in the absence of salt (top row), the structure factors are much broader and
less intense in the charge-screened state (bottom row). This is a first indicator that the

addition of salt decreases the effective range of inter particle interactions at the probed

temperature.

K unn
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vqume fractlon Q

0.14 0.19 0.24 0.29

-250 -125 0 125 250 -250 - 0 - - 0 125 250 -250 -125

Figure S6.7. SAXS pattern of CS microgels in absence of salt (top) and in the
charge-screened state (bottom) with increasing generalized volume fraction ¢ (T =40 °C). {is
calculated based on number concentration N and the hydrodynamic radius at 40 °C

measured in the absence of KCI.
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Form Factor Modeling on CS Microgels in Dense Packings at 20 °C

Due to the presence of distinct form factor oscillations in the SAXS profiles of the CS

microgels in dense packings, we were able to model form factors describing the
scattering of the shell, even when S(q) # 1. The modeled form factors are presented
in Figure 6.3a in the main manuscript and the respective parameters are listed in

Table S6.12 and Table S$6.13. For CS microgel dispersions with similar number

concentrations, the same parameters could be applied on the scattering profiles

recorded from samples in absence and presence of salt.

Table S6.12. Parameters used for the form factor modeling (core-exponential-shell model) of

the CS microgel dispersions in the concentrated regime in absence of salt. {is calculated

based on number concentration N and the hydrodynamic radius at 20 °C in the unscreened

state. Adapted from our previous work."3!

Parameters 7(20°C)=0.42 | {(20°C)=0.56 | {(20°C)=0.70 | (20 °C) = 0.84
scale 0.28 0.34 0.36 0.39
IBla. u.] 0.2 0.2 0.2 0.2
Reore [nm] 18 18 18 18
Alshen [nm] 120 116 109 98
SLDcore [10°6 A2 17.75 17.75 17.75 17.75
SLDster, in [10° A2] 9.89 9.89 9.89 9.89
SLDshel, out [10® A2] 9.43 9.43 9.43 9.43
SLDsoivent [10° A2 9.43 9.43 9.43 9.43
Ocore 0.1 0.1 0.1 0.1
Oshell 0.08 0.08 0.08 0.08
A 2.2 2.6 35 4.9
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Table $6.13. Parameters used for the form factor modeling (core-exponential-shell model) of

the CS microgel dispersions in the concentrated regime in presence of salt. {is calculated

based on number concentration N and the hydrodynamic radius at 20 °C in the unscreened

state.
Parameters 7(20°C)=0.42 | (20°C)=0.56 | {(20°C)=0.70 | {(20°C)=0.84
scale 0.28 0.34 0.36 0.39
IB[a. u.] 0.2 0.2 0.2 0.2
Reore [nm] 18 18 18 18
Afshen [nm] 120 116 109 98
SLDcore [10°6 A2 17.75 17.75 17.75 17.75
SLDspel, in [10° A2 9.89 9.89 9.89 9.89
SLDshel, out [10® A2] 9.43 9.43 9.43 9.43
SLDsotvent [10° A2] 9.43 9.43 9.43 9.43
Ocore 0.1 0.1 0.1 0.1
Oshell 0.08 0.08 0.08 0.08
A 2.2 2.6 3.5 4.9

Lattice Constant Extraction

Since the crystal structure of the colloidal crystals was determined to be a hexagonally

closed packed (hcp) structure, we are able to relate the Bragg peaks to the respective

miller indices.'3! This enables us to extract the lattice constant a, based on the linear

dependency between the Bragg peak position gna and the lattice spacing, as shown

in Figure $6.8. The linear dependency is also shown in Equation S6.9 and enables

us to extract the lattice constant.

1
_2m (4 2 2y 4 372)\2
Guia = = (3 (R + hic + k2) +212)
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Figure S6.8. Extraction of the lattice constant a in absence (a) and presence of KCI (b).

1
Position of the Bragg peak gk as function of (% (h% + hk + k?) +§l2)2. Selected Bragg peaks

recorded from CS microgel dispersions with { = 0.42 (orange circles), 0.56 (red circles), 0.7
(green circles) and 0.84 (blue circles). The straight, solid lines indicate the linear fits applied to
the data. {'is calculated based on number concentration N and the hydrodynamic radius at

20 °C in the unscreened state. Figure S6a is adapted from our previous work. 3"

Over a broad range of ¢, independent on the concentration of KCIl we see a perfect
linear relationship between the position of the Bragg peaks and the respective lattice
spacings. For the CS microgel dispersion with { =0.42 in the unscreened and = 0.56
in the charge-screened state only a reduced number of Bragg peaks was used for the
extraction of the lattice constant. This is due to weak intensity or interference of the
Bragg peak with a structure factor maximum related a fluid-like contribution to the
scattering profile. The extracted lattice constants and respective slopes of the fits are
presented in Table $6.14. Here the addition of KCI to the CS microgel dispersion has
no noticeable influence on the lattice constants of the colloidal crystals. It rather
increases the volume fraction at which the system is able to form stable colloidal
crystals.
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Table $6.14. Slopes and respective lattice constants a extracted from linear fits. {is
calculated based on number concentration N and the hydrodynamic radius at 20 °C in the
unscreened state. Data recorded from samples in absence of salt is adapted from our

previous work. 3!

{ (20 °C) / ckci [mM] Slope [nm] a[nm]
0.42/0 mM 0.0168 374
0.42/0.5mM - -
0.56 /0 mM 0.0190 331
0.56 /0.5 mM 0.0192 327
0.70/0 mM 0.0205 306
0.70/0.5mM 0.0206 305
0.84 /0 mM 0.0219 287
0.84/0.5mM 0.0219 287

Williamson-Hall Analysis

In order to extract the size of the coherently scattering domains of the prepared
colloidal crystals, we performed Williamson-Hall analysis on the diffraction pattern.
Here, we determined the width of the Bragg peaks in radial and azimuthal orientation
as function of the scattering vector g as presented in Figure $6.9. From the slope of
the linear fit applied on the data we could extract the strain of colloidal crystals gradiazi
and the size of the coherently scattering domains Lradazi based on the respective
intercept.

2
Wrad/aziz(q) = ( ) + Gradjazi q2 (S6.10)

Lrad/azi
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Figure $6.9. Williamson-Hall analysis. The square of the FWHM of the Bragg peaks in radial
and azimuthal orientation as function of g2. Data obtained from ¢ = 0.56 CS microgel
dispersions is shown in red, green corresponds to 0.70 and blue to 0.84 respectively

unscreened (a, b) and charge-screened state (¢, d). The straight lines represent the linear fits

applied to the data. is calculated based on number concentration N and the hydrodynamic
radius at 20 °C in the unscreened state. Data from samples in the unscreened state is

adapted from our previous work. 3!

The small slopes extracted from the Williamson-Hall analysis indicate only weak
strains in our colloidal crystals and the intercepts used to calculate the size of the

coherently scattering domains are listed in Table S6.10 and Table S6.11.
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Table $6.15. Parameters from linear Fits in Williamson-Hall analysis for CS microgels in

absence of salt. Adapted our previous work. '3

Intercept (rad.) Intercept (azi.)
{ (20 °C) Slope (rad.) slope (azi.)
[nm?] [nm?]
0.56 2.5E-6 3.3E-4 3.8E-6 2.0E-3
0.70 2.7E-6 2.9E-4 2.2E-6 2.7E-3
0.84 3.2E-6 6.9E-4 3.9E-6 3.4E-3

Table $6.16. Parameters from linear Fits in Williamson-Hall analysis for CS microgels in the
charge-screened state. {is calculated based on number concentration N and the

hydrodynamic radius at 20 °C in the unscreened state.

Intercept (rad.) Intercept (azi.)
{ (20 °C) Slope (rad.) slope (azi.)
[nm-2] [nm-2]
0.56 5.5E-6 2.3E-4 - -
0.70 3.0E-6 5.5E-4 1.5E-6 7.2E-3
0.84 2.5E-6 3.2E-4 9.2E-7 3.2E-4

Figure S6.10 shows the radial and azimuthal coherently scattering domain sizes in
dependence of ¢ and charge screening extracted from the Williamson-Hall analysis.
We found domain sizes between 2 and 4 um. Azimuthal domain sizes in presence of
salt possess large error bares in combination with exceptional large domain sizes,
which indicates that the Williamson-Hall analysis might be not applicable on the

respective scattering patterns.
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Figure $6.10. Radial and azimuthal coherently scattering domain sizes. Data from samples in

the unscreened state is adapted from our previous work."3!
CS Microgels in the Fluid Phase at 40 °C

SAXS profiles recorded from CS microgel dispersions at temperatures of 40 °C exhibit
distinct structure factors in the probed range of volume fractions. At the given
temperature, the CS microgels are in their collapsed state and the effective charge
density is increased (Figure 6.1a). Figure S6.11a, ¢ and e show the recorded
structure factors fitted with the PY-model'® (a), the Hayter-Penfold rescaled mean
spherical approximation model (HP-RMSA)?2° (¢) and a hard-core one-Yukawa
potential rescaled mean spherical approximation model (1Y-RMSA)51. 152,218 (@)_All
applied models can describe the data sufficiently well. For the PY-fits
(Figure S6.11b, Table S6.17) an increase in { results in an expected increase of the
volume fraction (PY/circles) but also in a decrease of the hard sphere radius
(Rus/squares). This trend can be found independent on the presence of salt. On the
example of the samples at {(20 °C) = 0.70, the results of the structure factor analysis
can be compared quantitatively. In the unscreened state (blue symbols) a volume
fraction (PY) of 0.43 and Rus of 133 nm are found, changing to a volume fraction (PY)
of 0.28 and Rus = 116 nm when salt is added to the dispersion (green symbols). These
differences can be found for all probed samples and indicate that the increase of the
dispersions ionic strength might decrease the effective interaction radius of the CS

microgels.
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As the PY-model does not ascribe for the influence of electrostatic repulsion, the
extracted effective radii and volume fraction do not correspond to exact physical
quantities. Therefore, we applied two additional models to fit the structure factors
which ascribe for electrostatic interactions. The HP-RMSA model accounts for the
ionic strength of the dispersion and yields an effective number of charges.
Figure S6.11d shows the number of effective charges (Zer) in absence of salt (blue)
and under charge-screened conditions (green) and the respective fit parameters are
listed in Tables S6.18 and $6.19. The number of charges and effective radii are similar
for both states and the decrease in the amplitude of the structure factor for samples
with similar (20 °C) can solely described by the increase in ionic strength due to the
addition of salt. Here, we want to note that it is known from literature that the HP-RMSA
model can overestimate the number of effective charges and the extracted Zes of
around 400 might be higher than the real Zes.1%?
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Figure $6.11. Structure factors from CS microgel dispersions at a temperature of 40 °C with
{ (20 °C) of 0.42 (orange), 0.56 (red), 0.70 (green) and 0.84 (blue). The darker color
corresponds to the CS microgels in absence of salt and the lighter color corresponds to the
CS microgels in the charge-screened state. Applied structure factor models are the
PY-model'® (a), the Hayter-Penfold rescaled mean spherical approximation (HP-RMSA)
model??° (b) and a hard-core one-Yukawa potential rescaled mean spherical approximation
model (1Y-RMSA) (c).'%". 152,218 The effective hard sphere radius (Rhs, squares) and the
volume fraction (¢, circles) extracted from the PY-model structure factor fits (b). The effective
number of charges (Zer) based on the HP-RMSA fits (d). Blue symbols in b and d correspond
to the CS microgels in absence of salt and green symbols to the charge-screened state. (f)
The one-Yukawa potentials corresponding to the respective structure factor fits. Dashed lines
correspond to the samples in absence of salt while the solid lines correspond to the CS
microgels in the charge-screened state. The color scheme is the same as for the structure

factors.
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Figure S6.11f shows the repulsive Yukawa potentials extracted from the hard-core
1Y-RMSA model structure factor fits as function of the center-to-center distance (dc-)
subtracted by the hard-core radius (Ruc). The respective parameters are listed in
Tables S$6.20 and S$6.21. The one-Yukawa potential is a simplification of the
two-Yukawa potential (Eq. $6.11),'' where the potential strength K of the second
term (K2) is made infinitely small and the inverse attraction or repulsion range (A) of
both terms is kept the same. As we only focus on the repulsive contribution to the
potential, we will describe A as inverse repulsive range. With Ruc corresponding to the
effective hard-core radius of the particles in this model and dcc being the center-to-
center distance. The potential solely ascribes for a repulsive interaction. Here, the size
of Ruc is about 110 nm and therefore slightly larger than the hydrodynamic radius of
the CS microgels (Rn (40 °C) = 103 nm). We suppose that this difference is attributed
to the dimensions of the ion cloud of the CS microgels.

Ve _ if de_e < 2Ryc
kT

exp(—42(d._. — 2Ry())
dC—C

exp(—11(d._c — 2Ry())

= —2RycK1
HC d._.

+ 2Ry K2

if dc—c > 2RHC
(S6.11)

The extracted potentials from the CS microgels in absence of salt (dashed lines) are
very pronounced and express a certain long-range repulsion. The potentials increase
at lower dcc - Ryc and tend towards infinity when dcc - Ruc approaches zero. For the
CS microgels with ¢ (20 °C) = 0.84 (blue) the potential is slightly decreased. We
attribute this to the increase in the number of counterions in the dispersion due to the
high concentration of microgels and the successive increase in charge screening. The
extracted potentials for the microgels in the charge-screened state are shown as solid
lines and exhibit a weaker repulsion at short distances of around 10 nm. All potentials
express a very similar progression which is nearly independent of the CS microgel
concentration. The influence of charge screening is clearly shown by the respective
potentials as the potential strength is significantly higher in the unscreened state. This
is also reflected by the K7 values extracted from the structure factor analysis with the
1Y-RMSA model.
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Nevertheless, the performed fits also indicate that the range of repulsion for the CS

microgels is increased by 6.5 £ 0.5 nm when charges are screened. This is quite

counterintuitive as the range of repulsion was expected to decrease when charges

are screened. Due to the potential strength being significantly decreased in the charge

screened state, the influence of the repulsion range on the potentials is found to be

rather small. Nevertheless, the influence of charge screening is still described by the

potentials yielded from the 1Y-RMSA structure factor fits with a significant reduction

of the interaction potential when charges are screened.

Table $6.17. Parameters from the PY structure factor fits applied on the extracted structure

factors from the CS microgels in their collapsed state at 40 °C. { (20 °C) is calculated based

on number concentration N and the hydrodynamic radius at 20°C in the unscreened state.

Data from samples in the unscreened state is adapted from our previous work. 3"

¢ (20 °C)  ckei [mM] Rus [nm] Prv S(g=0)
04270 142 + 11 0.32 £ 0.08 0.08
042/05 124 £ 18 0.2120.11 0.2
0.56/0 13516 0.38 £ 0.06 0.05
0.56/05 119 + 14 0.24 £ 0.10 0.15
0.70/0 133t 5 0.43 £ 0.05 0.03
0.70/05 116 £ 10 0.28 £ 0.09 0.1
0.84/0 1244 0.46 £ 0.08 0.023
0.84/05 113+7 0.33£0.07 0.07

Table S6.18. Parameters from the HP-RMSA?22° structure factor fits applied on the extracted

structure factors from the CS microgels in their collapsed state at 40 °C in absence of salt.

The effective radius is Reff (1p) and the volume fraction in the HP-model is ¢ur. & corresponds

to the relative permittivity.

Parameters {(20°C)=0.42 | {(20°C)=0.56 | {(20°C)=0.70 | {(20°C)=0.84
Reff (Hp) [nm] 105 106 109 105
®Prp 0.14 0.19 0.24 0.3
Zeif 397 + 284 437 £ 207 394 + 152 308 + 96
TIK] 313 313 313 313
lonic strength [mM] 0.1 0.1 0.1 0.1
& 73 73 73 73
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Table S6.19. Parameters from the HP-RMSA?20 structure factor fits applied on the extracted

structure factors from the CS microgels in their collapsed state at 40 °C in the

charge-screened state. The effective radius is Reff (1) and the volume fraction in the

HP-model is ¢np. & corresponds to the relative permittivity.

{(20°C)=0.84

Parameters {(20°C)=042 | {(20°C)=0.56 | {(20°C)=0.70
Reff (Hp) [Nm] 110 107 108 106
®Prp 0.15 0.17 0.23 0.28
Zeff 419 £ 436 396 + 761 377 £ 91 329 + 68
T K] 313 313 313 313
lonic strength [mM] 0.5 0.5 0.5 0.5
& 73 73 73 73

Table S6.20. Parameters from the 1Y-RMSA'5". 218 strycture factor fits applied on the

extracted structure factors from the CS microgels in their collapsed state at 40 °C in the

unscreened state. The hard-core radius is Rxc and the volume fraction in the 1Y-model is ¢1v.

K1 and A1 corresponds to the potential strength and the inverse repulsion range.

{(20°C)=0.84

Parameters {(20°C)=042 | {(20°C)=0.56 | {(20°C)=0.70
Ruc [nm] 111 110 112 107
Py 0.14 0.19 0.24 0.29
K1 -7.8 -9.8 -10.3 -10.7
A1 [1/nm] 0.16 0.15 0.14 0.1

Table S6.21. Parameters from the 1Y-RMSA'5". 218 structure factor fits applied on the

extracted structure factors from the CS microgels in their collapsed state at 40 °C in the

charge-screened state. The hard-core radius is Ruc and the volume fraction in the 1Y-model

is ¢1v. K1 and A1 corresponds to the potential strength and the inverse repulsion range.

Parameters {(20°C)=0.42 | {(20°C)=0.56 | {(20°C)=0.70 | { (20 °C) = 0.84
Reic [nm] 110 110 110 109
Py 0.14 0.19 0.24 0.29
K1 31 28 238 24
A [1/nm] 0.08 0.08 0.07 0.06
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Absorbance Spectroscopy of CS microgels in Dense Packings

In Figure $6.12 we want to compare the Vis-NIR absorbance spectra recorded from
CS microgels in dense packing used for the SAXS experiments and for temperature
dependent absorbance spectroscopy. Nearly all spectra show narrow Bragg peaks
indicating the presence of crystalline structures. The samples at { (20 °C) = 0.42
(orange) in Figure S6.12a and { = 0.49 in the charge-screened state (grey) in
Figure S6.12b show no Bragg peaks. In general, for higher volume fractions the
Bragg peaks shift towards lower wavelength. This reflects the decrease in the lattice

constant a of the colloidal crystals presented in Table S6.22 and $6.23.
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Figure S6.12. Vis-NIR absorbance spectra of CS microgels in dense packing in absence and
presence of salt after thermal treatment. The dispersions exhibit generalized volume fractions
{ (20 °C) of 0.42 (orange), 0.49 (grey), 0.56 (red), 0.63 (dark orange), 0.70 (green) and 0.84
(blue). Spectra were recorded at a temperature of 20 °C. (a) CS microgel dispersions used for
SAXS experiments and (b) for temperature dependent absorbance spectroscopy. (20 °C) is
calculated based on number concentration N and the hydrodynamic radius at 20 °C in the
unscreened state. Data from samples prepared without the addition of salt presented in (a) is

adapted from our previous work.'3!

For all CS microgel dispersions possessing the same ¢, we find similar Bragg peak
positions. Only for the ¢ being 0.84 (Figure $6.9a) we find a larger deviation of 20 nm
between Peak positions. In terms of the lattice constant this translates to a deviation
of 3% and we ascribe this to an imperfect formation of the crystalline structures in the
respective probed volume. Bragg peak positions and the respective lattice constants
a are given in Table $6.22 (Figure S6.12a) and Table $6.23 (Figure S6.12b).
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Table $6.22. Bragg peak position and respective lattice constants for the hcp crystal structure
obtained from the absorbance spectra of the CS microgel samples used for SAXS
experiments. { (20 °C) is calculated based on number concentration N and the hydrodynamic
radius at 20 °C in the unscreened state. Data recorded in absence of salt is adapted from our

previous work.131

{ (20 °C) ckel [mM] Bragg peak [nm] Lattice constant a [nm]

0.42 0 - -

0.42 0.5 - -

0.56 0 724 329
0.56 0.5 715 325
0.70 0 676 308
0.70 0.5 671 305
0.84 0 628 286
0.84 0.5 641 292

Table S23. Bragg peak position and respective lattice constants for the hcp crystal structure
of obtained from the absorbance spectra of the CS microgel samples used for temperature
dependent absorbance spectroscopy. (20 °C) is calculated based on number concentration

N and the hydrodynamic radius at 20 °C in the unscreened state.

{ (20 °C) ckel [mM] Bragg peak [nm] Lattice constant a [nm]
0.49 0 759 346
0.49 0.5 - -
0.56 0 724 330
0.56 0.5 726 331
0.63 0 696 317
0.63 0.5 702 320
0.70 0 687 313
0.70 0.5 680 310
0.84 0 647 295
0.84 0.5 637 290
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Phase Transitions Followed by Temperature-Dependent Spectroscopy

Phase transitions between crystalline and fluid structures in CS microgels at dense
packings are followed by the temperature dependent absorbance of the Bragg peaks.
Here, we recoded Vis-NIR absorbance spectra between 20 °C and 50 °C in 0.3 °C
steps with equilibration times of 720 s. The samples were prepared in absence and
presence of KCI. For an increase in temperature, a decrease in the Bragg peak
intensity followed by a complete disappearance can be monitored for all samples. The
same trend in reverse can be found for the cooling process where the Bragg peak
reappears and increases in intensity. Here we want to note that the presence of a
Bragg peak is a clear indicator for the presence of crystalline structures in the probed
volume but does not generally exclude the co-existence of a fluid subphase.
Nevertheless, fluid subphases can be neglected for higher volume fractions as their
presence is not indicated by SAXS for { > 0.56. Figure S$6.13 and Figure S6.14 show
the temperature dependent absorbance spectra as well as the background corrected
absorbance of the Bragg peaks as function of temperature. The green area indicates
the respective temperature range, where the CS microgels undergo the transition
between the crystalline- and fluid state. In general, we can detect some minor changes
of the Bragg peak position and intensity before and after the temperature dependent
measurements. We associate this to small changes in the unit cell dimensions and

long-range order of the colloidal crystals in the probed sample volume.
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Figure S6.13. Temperature dependent Vis-NIR absorbance spectra of the CS microgel
dispersions for the heating and cooling process as well as the background corrected
absorbance of the Bragg peak as function of temperature. The color transition from blue to
red indicates the change in temperature and the red and blue triangles correspond to the
heating and cooling process. Here, the solid red and blue lines are sigmoidal fits indicating
the course of the transition of the Bragg peak absorbance. Spectra were recorded of CS
microgel dispersions with { (20 °C) of (a) 0.49, (b) 0.56, (c) 0.63, (d) 0.70 and (e) 0.84 in the

absence of salt.
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Figure $6.14. Temperature dependent Vis-NIR absorbance spectra of the CS microgel
dispersions for the heating and cooling process as well as the background corrected
absorbance of the Bragg peak as function of temperature. The color transition from blue to
red indicates the change in temperature and the red and blue triangles correspond to the
heating and cooling process. Here, the solid red and blue lines are sigmoidal fits indicating
the course of the transition of the Bragg peak absorbance. Spectra were recorded of CS
microgel dispersions with (20 °C) of (a) 0.56, (b) 0.63 (c) 0.70 and (d) 0.84 in the
charge-screened state. { (20 °C) is calculated based on number concentration N and the

hydrodynamic radius at 20°C for the unscreened state.

241



6. Temperature-Dependent Phase Diagrams of Weakly Charged, Thermoresponsive
Microgels under Charged and Charge-Screened Conditions

The general temperature dependent behavior of the CS microgel dispersions
prepared in absence and presence of salt is very similar. When reaching a specific
temperature, the Bragg peak intensity decreases until the Bragg peak disappeared.
The process is reversible when the temperature is decreased again. In comparison to
the unscreened state, dispersions in the charge-screened state exhibit a shift of the
transition temperature towards lower temperatures. The Vis-NIR absorbance spectra
in Figure $6.14d, correspond to ¢ (20 °C) = 0.84 in the charge-screened state exhibit
a strong increase in absorbance after the phase transition, indicated in red. This
behavior was not observed for any other sample, and we conclude that the presence
of KCI in combination with the volume fraction enabled aggregation of the CS
microgels above a certain temperature. The aggregation of the microgels would lead
to larger scattering objects followed by an increase in light scattering of the sample.
In absorbance spectroscopy an increase in the scattering contribution of the sample
would lead to an increase in absorbance as less light being able to pass through the
sample. This can be seen in Figure $6.15 where the absorbance at the wavelength
of 700 nm is presented as function of temperature. The absorbance increases above
a temperature of 36 °C for the heating and cooling procedure until it reaches the

instrumental limitations around a value of 3.5.
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Figure $6.15. Temperature dependent absorbance at the wavelength of 700 nm for
{ (20 °C) = 0.84 CS microgel dispersion in the charge-screened state. Red corresponds to the

heating and blue to the cooling process.
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Temperature dependent Vis-NIR spectroscopy enables the determination of the
phase transition temperature between the crystalline- and fluid state of the CS
microgel dispersions, in dependence of ¢ (20 °C). From temperature dependent DLS
we know Rh at these transition temperatures and are able to calculate the respective
volume of the CS microgels. In combination with particle number concentration N,
extracted from the scattering intensity of the SiO2 cores, we can calculate the
generalized volume fraction ((ransition) for the transition process. {iransiton in absence
(full circles) and presence (open circles) of salt as function of (20 °C) is shown in
Figure S6.16a. The heating and cooling processes are indicated by red and blue
symbols. It is clearly shown that the screening of charges increases C(iransiton from a
value of 0.43 + 0.03 (ckci = 0 mM) to 0.54 £ 0.02 (ckeci = 0.5 mM). The shift of iransition
is attributed to a reduction of the effective electrostatic interaction radius between the
CS microgels, due to screened charges in the presence of additional ions. This is in
good agreement with the results from the structure factor analysis (SAXS) of the CS
microgels in the fluid state at 40 °C. Based on the following equation, under the
assumption that the CS microgels crystallize similar to hard spheres, at a volume
fraction of 0.494'20, we were able to calculate an effective hard sphere radius of the

microgels:

1

ztransitionRh,transition
0.494

Rhard sphere = Ry,20°c (S6.12)

Rh,transition

The effective hard sphere radius is Rhard sphere @nd R, transiton COrresponds to the
hydrodynamic radius at the transition temperature. The calculated effective hard
sphere radii are shown in Figure $6.16b. Similar to (iranson We detect a distinct
influence of the charge screening, as the effective hard sphere radius deceases from
154 for the unscreened state to 143 nm in the screened state. An influence of (20 °C)
on iransition @and the effective hard sphere radius was not found. This might be attributed
to the fact, that the here performed calculations are based on Rn(T) and potential
osmotic deswelling or changes of the ionic strength of the dispersion due to an

increase in microgel concentration could not be addressed.

243



6. Temperature-Dependent Phase Diagrams of Weakly Charged, Thermoresponsive
Microgels under Charged and Charge-Screened Conditions

a 0.6 . . . ; b 165 ’ . . .
0.55- o’ 0 g 160 ° b
8 o O Y S °
c 155 i
5 0.5 i o ®
z o 21504 @ ° 1
£ 0451 J O v i i i
e ? , (] §145_-n-__ i -
& =
0.4- s o 140+ ° o = .
o
0.35 ; . ; . 135 . ; . .
0.5 0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
€ (20 °C) ¢ (20 °C)

Figure $6.16. Transition volume fraction and corresponding hard sphere mapping. Full circles
correspond to dispersions in absence of salt and empty circle correspond to samples in the
charge-screened state. The melting and recrystallization process are indicated by the red and
blue color of the symbols. (a) Generalized volume fraction {iransition Of the CS microgel
dispersions regarding the transition between fluid and crystalline regime in dependence of
(20 °C). The straight lines indicate the average (ansition, red for the absence of salt and green
for the charge-screened state. The colored area displays the respective standard deviation.
(b) Hard sphere radius of the CS microgels as function of ¢ (20 °C). Assuming that the CS
microgels would actually crystallize similar to hard spheres at a volume fraction of 0.494. The
straight lines indicate the average hard sphere radius, red for the absence of salt and green
for the charge-screened state. The colored area displays the standard deviation and the

dashed lines correspond to the respective Rn’s at 20 °C.
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Vis-NIR Absorbance Spectroscopy for the Preparation of the Phase Diagrams

Absorbance spectra of the CS2 microgel dispersions before (a) and after annealing
(b) are shown in Figure $6.17. In accordance to our previous work,'3! the annealing
procedure increased the intensity and decreased the width of the Bragg peaks. For
more details we refer to the respective Supporting Information. After the annealing
procedure, the spectra express similar trends compared to the spectra recorded from
the CS1 system (Figure 6.5a). Here, Bragg peaks were detected from samples with
{(20 °C) of 0.32 in the unscreened state. This is a much lower volume fraction than
expected, based on the results from the CS1 microgel system. When charges are
screened, a {(20 °C) of 0.51 is needed for the CS2 microgel dispersions to exhibit
Bragg peaks, which is in good agreement with the previous results for the CS1
microgels. We performed temperature dependent Vis-NIR spectroscopy on samples
in a range of ¢ from 0.32 to 1.20 for CS microgels in the absence of salt and from 0.55
to 1.06 under charge-screened conditions. Here, the 1.20 and 1.06 CS2 microgel
dispersions in the unscreened and screened state, respectively, possess the same
particle number concentration N. The reason for the difference in (20 °C) is the
slightly smaller Rn recorded under charge-screened conditions, which was used to
calculate ¢. A comparison of selected values of  and the respective Rn's at 20 and

40 °C in absence and presence of KCl is given in Table $6.11.
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Figure S6.17. Vis-NIR absorbance spectra of CS2 microgels before and after the annealing
process over a broad range of generalized volume fractions ¢, for ckci = 0 mM (top, a, b, c)

and ckel = 0.5 mM (bottom, d, e, f) recorded at a temperature of 20 °C.

Temperature dependent Vis-NIR spectroscopy was performed on samples shown in
Figure S6.17. The transition temperatures between the fluid and crystalline state were
extracted similar to the CS1 microgels (Figures S6.13 and S6.14) and are shown in
Figure $6.18a and S6.18b. As expected, the transition temperature increases for
higher ¢ and the addition of KCI to the microgel dispersion lowers the transition
temperature for the respective { compared to the CS microgels in the unscreened

state.
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Figure S6.18. Transition temperature between the fluid and crystalline state for CS2 microgel

dispersions in absence of salt (a) and in the charged-screened state (b). The temperature is

given in dependence of the generalized volume fraction ¢, extracted from temperature

dependent Vis-NIR absorbance spectra. {rransiton as function of {(20 °C) in absence of salt (c)

and in the charged-screened state (d). The sloid lines indicate the average iransition and the

colored area corresponds to the respective standard deviation. Red symbols refer to the

heating and blue symbols to the cooling process.

Based on the transition temperature, the respective Rn and particle number

concentration N, we can calculate (ransiton for the CS2 system at in absence of salt

and in the charge-screened state shown in Figure S18c and S18d. The average

Ciransition, indicated by the solid line, is 0.39 + 0.07 for the unscreened state and 0.52 +

0.03 in presence of salt. The transition volume fractions extracted from temperature

dependent Vis-NIR absorbance spectroscopy on CS2 microgel dispersions yield

nearly the same results compared to the CS1 microgel system (ckci = 0 mM: 0.43 +

0.03; ckal = 0.5 mM: 0.54 + 0.02). Comparing two very similar but different batches of

CS microgels and yielding nearly the same average C(ransiton Underlines the reliability

of the applied method.
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7. Conclusion and Perspectives

Microgels are often discussed as model system for soft colloids.8-1%. 197 This thesis
shows that this model system can be supplemented by the incorporation of a small
inorganic core into the microgel. With core dimensions less than 15 % of the total size
of the core-shell microgel, the core makes up below 1% of the volume of the particle
and therefore a contribution of the core to interparticle interactions becomes rather
neglectable for the here presented systems. Therefore, the core-shell microgels are
expected to behave like standard microgels, but express additional features. Gold and
silica were used as core materials, in combination with a thermoresponsive
poly-N-isopropylacrylamide (PNIPAM) hydrogel shell. In this thesis, the phase
behavior of these core-shell microgels was investigated with scattering techniques,
primarily small-angle X-ray scattering (SAXS). These methods provide access to
structural information as well as insights into particle sizes and morphologies. In the
analysis of scattering data, recorded from microgels in dense packings, itis a common
obstacle to separate the structure factor contributions from the scattering profile, due
to superimposition of the form and structure factor oscillations. This is further
complicated as it is known that the form factor of microgels in dense packings can
undergo alterations as a result of deswelling, deformation or interpenetration

processes, attributed to their softness.

In order to face these challenges, such core-shell microgels are promising systems,
especially for the investigation with small-angle X-ray scattering (SAXS), due to
different contrasts of the core and shell. The contribution of a small gold core featuring
a very high contrast, dominates the SAXS profile recorded from a dispersion of
core-shell microgels significantly as the form factor oscillations of the rather small
microgel shell are only weakly pronounced. This simplifies the extraction of the
structure factor, as a less pronounced form factor contribution of the polymer shell
expresses less interferences with the structure factor. Therefore, information about
interparticle distances and respective spatial correlation between the microgels
become accessible. Regarding the analysis of potential structures exhibited by the
dispersion of microgels, the main goal was the formation of crystalline structures
through spontaneous self-assembly. For this, samples of microgels in dense packings
and sufficiently large volume fractions were prepared. The resulting crystalline
structures show pronounced structure factors which makes them an adequate

challenge for a structure factor extraction.
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An additional benefit from core-shell microgels with core materials of a known density
and therefore a defined contrast, is that the ratio between particle number
concentration and mass content of the microgels becomes accessible via the
scattering intensity of the cores in SAXS. The lack of knowledge about particle number
concentration is one of the crucial obstacles in many experiments, which complicates
the comparability between theoretically and experimentally obtained insights into such
systems. Due to the thermoresponsive properties of core-shell microgels, size and
volume fraction become a function of temperature, allowing for in situ control over
these parameters during experiments. The combination of known particle number
concentration and the hydrodynamic radii, determined from temperature-dependent
dynamic light scattering, facilitate a precise mapping of the generalized volume
fraction of the core-shell microgels over a broad range of concentrations and

temperatures.

The larger shell size of the silica core-shell microgel
(Rcore = 18 nm, Rn = 147 nm (20 °C)), in comparison to the gold core-shell system
(Reore = 6.5 nm, Ry =105 nm (20 °C)), provided a more pronounced form factor
contribution of the shell to the SAXS profile. Meanwhile, the access to particle number
concentrations was maintaining due to the presence of the core. It is notable that the
form factor oscillations related to the core and shell in the SAXS profiles do not
significantly interfere due to the differences in size between core and shell. Thus, the
first form factor minima of the core and shell are separated by about one magnitude
in g. In contrast to the gold core-shell system, the microgels possessing silica cores
allow for detailed form factor analysis, including the soft polymer shell, even in dense
packings. This was enabled by the small width of the Bragg peaks recorded for
crystalline samples of the microgels. The form factor analysis revealed that the
core-shell microgels exhibit osmotic deswelling as response towards the dense
packing. The deswelling even occurred before direct interparticle contact, which has
not been reported for such systems.’* 80 Scattering patterns recorded from the
concentrated dispersions of microgels exhibited multiple diffraction orders of narrow
and distinct Bragg peaks, related to high spatial correlation in the arrangement of
microgels and domain sizes of several micrometers. This allowed for a precise
determination of the crystal structure which is hcp, by simulations of the scattering
patterns and a detailed assignment of the Bragg peaks to the corresponding miller
indices.
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The high spatial correlation and domain size of the crystalline structures was attributed
to a refined thermal annealing protocol with slow heating and cooling rates. At high
temperatures, the core-shell microgels decrease in radius and thus volume fraction
while the slow cooling rate allows the microgels to self-assemble into crystalline

structures in a very controlled manner while the particles slowly increase in size.

With lattice constants slightly below the wavelength of visible light, the crystalline
structures formed by the core-shell microgels in dense packings also exhibit photonic
properties, manifesting as single and narrow Bragg peaks in optical spectroscopy. The
detected Bragg peak can be used as tracker to follow the phase transition between
the crystalline and fluid state. Thus, the phase behavior of crystalline dispersions of
core-shell microgels was investigated by temperature-dependent absorbance
spectroscopy and allowed for a determination of the minimum volume fraction,
necessary for the microgels to self-assemble into crystalline structures. The result of
the minimal volume fraction (unscreened state) being between 0.39 and 0.45 was
lower than the known value for a system of hard spheres (0.49) and the freezing
volume fraction of common microgels (0.56-0.59).36: 222 |n addition to absorbance
spectroscopy, SAXS was conducted at elevated temperatures to prove the transition
of the former crystalline dispersions into a completely fluid phase. Here, structure
factor analysis indicated the presence of a pronounced electrostatic contribution to
the effective interaction radius of the core-shell microgels, which might also be the

reason for the formation of crystalline structures at relatively low volume fractions.

By screening the charges of the microgels through the addition of the monovalent and
inert salt potassium chloride, electrostatic contributions could be reduced, revealing a
significant influence on the phase behavior of the investigated microgels. The
morphology and size of the core-shell microgels in the dilute state was investigated
by SAXS, SANS, DLS and SLS. Here, no significant influence of the presence of salt
on the microgels could be found. In the concentrated state, the influence of charge
screening on the phase behavior of the microgels was investigated by SAXS and
temperature-dependent absorbance spectroscopy. This revealed an increase in the
volume fraction needed for the core-shell microgels to self-assemble into crystalline
structures to a value of around 0.52. Dispersions of core-shell microgels featuring
crystalline structures in presence of salt possessed similar spatial correlation and
domain sizes compared to the samples prepared in absence of salt, exhibiting multiple

diffraction orders of narrow Bragg peaks in SAXS.
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Therefore, the screening of charges did not prevent the system from successful
crystallization but increased the volume fraction needed for the self-assembly
process. This thesis also features experimentally recorded temperature-dependent
phase diagrams of core-shell microgels as function of the generalized volume fraction.
The phase diagrams are based on the temperature-dependent evolution of the Bragg
peaks in absorbance spectroscopy and show the influence of screened charges on
the phase behavior of the microgels. Here, the temperatures at which the dispersions
of densely packed core-shell microgels undergo the transition from the crystalline into
the fluid phase are significantly decreased. In addition, the increased volume fraction
needed for the crystallization of the system indicated a reduction in the effective
interaction radius of the microgels. This is further supported by the structure factor
analysis performed on SAXS profiles recorded from core-shell microgels in the fluid
state at elevated temperatures. Here, screening of charges also indicated a reduction
in the effective interaction radius. In conclusion, the impact of electrostatic interactions
on the phase behavior of weakly charged microgels, could be shown in these phase
diagrams which feature the generalized volume fraction as quantity to describe
particle concentrations. This might set the ground for potential theoretical works,

simulating soft colloids in dense packings, based on experimentally recorded data.

For future works, it would be of great interest to perform additional
temperature-dependent synchrotron SAXS experiments to investigate the phase
behavior of the core-shell microgels in more detail. Especially screening the transition
regime in small temperature steps with synchrotron SAXS would enable an even more
detailed analysis of the phase transition process. This would also provide access to
information about the particle morphology and size in the respective packing and
temperature regimes. In addition, performing quenching experiments on the microgels
in dense packings could give access to a glassy phase, which was not observed in
the presented phase diagrams. This is attributed to the annealing process, in which
microgels always pass a section in volume fraction exhibiting crystalline structures
before reaching the potential glass phase known from the hard sphere phase
diagram.'2 These phases could be accessed by rapid cooling of heated suspensions

of core-shell microgels.
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Here, the system quickly passes the phase boundary between the fluid and solid
phase (glass, crystal or jammed) as the volume fraction of the microgels increases
drastically in response to the change in temperature on a relatively short time scale.
With fast acquisition times in the range of milliseconds, synchrotron SAXS is an
excellent method to provide detailed structural information, combined with great

statistics and great time resolution.

The investigated microgels are generally considered as only weakly charged or even
as neutral microgels, as ionic functionalities are only incorporated by the radical
initiator. Despite this, the microgels still feature a pronounced electrostatic contribution
in their interactions, which influences their phase behavior. Therefore, screening
potential charges is of particular importance, even for weakly charged systems when

it comes to the investigation of soft-soft particle interactions.

Recent works on microgels show that the softness of microgels is also influencing
their assembly process.® 124 Core-shell microgels, similar to the presented systems
could be used to get further insights into this topic. A variation in the crosslinker
density, influences the softness of the microgels and SAXS could be used to study

this in dense packings.

As the core provides access to the particle number concentration, such core-shell
particles are perfectly suitable for all kinds of experiments where this quantity needs
to be known. In addition, the core can act as tracer for the microgel, not only in SAXS,
but also in electron microscopy techniques, for example in low contrast environments

when the microgels are incorporated into other structures like a macrogel matrix.

The here presented class of core-shell microgels is clearly a versatile model system
to study the behavior of soft colloids, with special advances in low contrast
environments and therefore perfectly suitable to investigate microgels in crowded

environments.
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