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Abstract

In this thesis, the structure and dynamics of highly concentrated core-shell nanogel parti-
cles composed of a silica core and a poly(N-isoproylacrylamide) (PNIPAm) shell suspended
in water are studied. The particles were synthesised with different core-to-shell size ratios
and prepared at various concentrations with volume fractions ®.¢ between approximately
0.004 and 2. X-ray photon correlation spectroscopy (XPCS) enables to follow the dynam-
ical, small-angle X-ray scattering (SAXS) the structural changes of the thermo-responsive
nanogel particles which undergo a volume phase transition at a so-called lower critical
solution temperature (LCST) of 32°C. All samples were studied in a broad temperature
range around the LCST with approximately 15°C < T < 45°C and the main focus is on
densely-packed systems.

For a system with ®.g = 0.55, the structural relaxation time 7. was found to decrease
with increasing temperature. Above the LCST, the structural relaxation time initially
continues to decrease. The effect is accompanied by a transition from stretched to com-
pressed exponential behaviour of the intensity autocorrelation functions, which could be
determined by analysing the intensity autocorrelation functions. Upon further heating a
sudden slowing down at a critical temperature T. ~ 37°C. In parallel, the ¢-dependence
of the relaxation time shows an anomalous change from 7. o ¢ 3 to 7. o ¢~'. The
results reveal a temperature-induced transition from swollen repulsive particles with poly-
mer driven dynamics at lower temperatures T" < T, towards a colloidal gel composed of
collapsed attractive particles. The transition of structure and dynamics shows a distinct
dependency on the effective particle volume fraction. Below a critical concentration no
transition upon heating was found.

The de-swelling behaviour of the PNIPam nanogel was influenced with the addition
of Trimethylamine N-oxide (TMAO) to the concentrated particle suspension. With in-
creasing TMAO concentration, a shift of the LCST towards lower temperatures and a
preferential hydrophobic state could be determined.

With all results a full phase diagram of a silica-PNIPAm core-shell system is presented
as a function of temperature and concentration. It spans from dilute suspensions to
an effective volume fraction of more than ninety percent covering two liquid phases, a

structural rearrangement phase and a colloidal gel phase.






Kurzfassung

Diese Arbeit untersucht die Struktur und Dynamik hochkonzentrierter Kern-Schale Na-
nogel-Partikel, die sich aus einem Silizumoxidkern (Silica) und einer Hiille aus Poly(N-
isoproylacrylamid) (PNIPAm) zusammensetzen und in Wasser suspendiert sind. Die Sili-
ca-PNIPAm-Partikel wurden mit verschiedenen Groflenverhéltnissen von Kern zu Schale
synthetisiert und zu effektiven Volumenbriichen ®.g zwischen 0.004 und 2 aufkonzentri-
ert. PNIPAm zeigt einen Phaseniibergang bei einer kritischen Temperatur LCST (engl.
Lower Critical Solution Temperature) von 32°C, bei der das PNIPAm Nanogel von einem
hydrophilen geschwollenen Zustand zu einem kollabierten dehydrierten Zustand iibergeht.

Mit Rontgenphotonenkorrelationsspektroskopie (XPCS) und Kleinwinkelréntgenstreu-
ung (SAXS) ist es moglich die Dynamik und Struktur eines solchen kolloidalen Systems
zu charakterisieren. Alle Proben wurden in einem breiten Temperaturbereich von zirka
15°C < T < 45°C um die LCST untersucht wobei der Fokus auf dichtgepackten Systemen
lag.

Fiir ein System mit ®o¢ = 0.55 nimmt die strukturelle Relaxationszeit 7. bei ansteigen-
der Temperatur ab. Filir Temperaturen oberhalb der LCST verringert sich die Relax-
ationszeit zunéchst weiterhin, wahrend die Intensitatsautokorrelationsfunktionen einen
Ubergang von gestreckten zu komprimierten Exponentialfunktionen zeigen. Bei weiterer
Temperaturerhohung wird eine plotzliche Verlangsamung der Partikel bei einer kritischen
Temperatur T, ~ 37°C beobachtet. Zeitgleich zeigt die g-Abhéngigkeit der Relaxation-

szeit eine anomale Anderung von 7. « ¢ ° to 7. o gL

Die Ergebnisse weisen auf
einen Ubergang von hydrophilen, repulsiven Partikeln mit polymergelenkter Dynamik bei
T < T, zu einem kolloidalen Gel aus kollabierten, attraktiven Partikeln. Dieser Ubergang
von Struktur und Dynamik ist stark konzentrationsabhéangig. Unterhalb einer kritischen
Konzentration weist das System keinen temperaturinduzierten Ubergang auf.

Der Phaseniibergang des konzentrierten Silica-PNIPAm Nanogels wurde durch Zugabe
von Trimethylamin N-oxid (TMAO) beeinflusst. Mit erhohter TMAO-Konzentration
wurde eine Verschiebung der LCST zu niedrigeren Temperaturen und ein durch TMAO
induzierter kollabierter Zustand analysiert.

Auf Basis aller Ergebnisse kann ein vollstdndiges Phasendiagramm fiir kolloidales Silica-
PNIPAm als Funktion von Temperatur und Konzentration aufgestellt werden. Es reicht
von verdiinnten Suspensionen bis zu effektiven Volumenbriichen von {iber neunzig Prozent
und umfasst zwei fliilssige Phasen, eine strukturelle Reorganisationsphase und die Phase

eines kolloidalen Gels.
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1 Introduction

Colloids, or more precisely colloidal dispersions, are two-phase systems composed of nano-
to micrometer sized insoluble particles in a homogeneous molecular phase. Such colloidal
systems are abundant and known for numerous applications. Examples are: Paints that
are composed of pigments in a solvent; black ink made from colloidal carbon; cosmetics,
such as sunscreens, contain light reflecting particles; or pharmaceuticals where colloids are
utilised for targeted drug delivery [1,2]. Scientifically, colloidal systems are powerful model
systems used for fundamental research on fluids and solids. The interparticle interactions
allow self-organisation and the system can exhibit different phases such as liquid, gel-like,
glassy, or even crystalline states. Variation of the particle number-density or tuning of the
interparticle interactions provides a wide range of systems from dilute, non-interacting
samples - where the particles undergo Brownian motion due to thermal fluctuations of
the surrounding solvent - to systems with strong interparticle correlation and confined
dynamics. With particles playing the role of atoms but being large enough for observation,
much can be learned about phase behaviour and traditional atomic materials [2,3]. For the
understanding of phase behaviour, temperature-tunable colloidal nanogels have been and
still are a crucial sample system. Those stimulus-responsive cross-linked polymer networks
find as colloidal nanogels increasing use in biomedicine and pharmaceutics [4, 5]. Special
interest has been given to core—shell structured particles with single nanoparticle cores
and a stimuli-responsive polymer shell [6-9]. The aim of such so-called smart particles
is to combine the sensitivity and response to changes of the environment in the particle
surface with interesting optical or magnetic properties of the solid core particles.

Among stimuli-responsive materials, aqueous poly(N-isoproylacrylamide) (PNIPAm)
nanogels are a prominently investigated and fascinating system with a reversible volume
phase transition at a so-called lower critical solution temperature (LCST) of 32°C. Below
this threshold temperature the nanogel particles are swollen with water due to hydrophilic
interaction whereas above the LCST the polymer network is hydrophobic. The result is
a collapse of the particle volume upon increase of the temperature [4,10-12]. With this
unique property PNIPAm nanogel particles are particularly interesting for investigation
of the phase transition and dynamics in soft colloidal systems. Numerous predominantly
light scattering studies exist on the structure and dynamics of PNIPAm hydrogels and
micro- or nanogels in dilute suspensions [13-17]. However, investigations of dynamics in
the technologically interesting dense-packed state, in which the samples are opaque are not
accessible to visible light scattering methods due to multiple scattering. The utilisation of
coherent X-rays from third generation storage ring sources enables to obtain information
from both dilute and dense-packed colloidal systems. Therein, the use of a core-shell
system, composed of a solid core, e.g. silica, and a PNIPAm shell increases the radiation

damage threshold compared to a pure PNIPAm system [18]. Since their discovery, X-
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rays were developed into a valuable tool for the investigation of condensed matter. X-ray
scattering, or diffraction, reveals insight in the molecular and atomic structure of crystals,
which has fascinated scientists throughout the first half of the 20th century and beyond.
For the first time information about the differences of materials, the size of atoms, and
the length and types of chemical bonds could be identified [19,20]. While crystalline
matter with long-range structural order has been studied extensively, in recent times the
interest in the field of soft matter increased comprising fluids, polymers, self-organised
suspensions, colloidal particles, and complex mixtures among others [21]. The compounds
of such super-molecular and colloidal arrays in soft matter systems are more complex
than crystals in terms of order and disorder but nevertheless can be dense and have strong
spatial correlations [1].

The studies in this thesis shed light on the structure and dynamics of dense-packed silica-
PNIPAm core-shell systems. The static and dynamic behaviour is accessed by dynamic
light scattering, small-angle X-ray scattering (SAXS) and X-ray photon correlation spec-
troscopy (XPCS). Intensity correlation functions from silica-PNIPAm nanogels at various
concentrations and with different PNIPAm shell thicknesses provide information about
dynamic anomalies upon heating and cooling. Paired with the latest detector generation,
time scales down to less than a millisecond can be reached which is in accordance with
the dynamics of a single particle on the length scale of about its particle size [22,23].
These results enable the determination of the full phase diagram of silica-PNIPAm parti-
cles spanning from dilute suspensions to an effective volume fraction of more than ninety
percent, and covers the full relevant temperature range around the LCST.

The outline of the thesis is as follows: A general overview of colloidal systems is given and
different forms of inter-particle interactions are discussed (> Chapter 2). Here, emphasis
has been put on colloidal PNIPAm nanogels and silica-PNIPAm core-shell systems. The
probing methods SAXS and XPCS are explained with the theoretical background relevant
for this thesis (> Chapter 3). Subsequently, the silica-PNIPAm core-shell particle synthesis
is reported and experimental details are given (I> Chapter 4). The following experimental
results (> Chapter 5) are separated in a discussion of the static (SAXS) and the dynamic
(XPCS) behaviour of the samples. A phase diagram of silica-PNIPAm as a function of
temperature and concentration is presented. Finally, the results are summarized and an

outlook is given (&> Chapter 6).



2 Colloidal Systems

Colloidal systems are in general particles evenly distributed in a dispersion medium such
as water. The colloids themselves are defined as objects with at least one dimension in
the range of 1nm to 1 um. The size is too small to be visible to the eye but at the same
time much larger than atomic dimension. Thus, the overall system is a macro liquid,
often referred to as complex liquid, consisting of particles which can have various shapes,
dispersed in a suspending molecular liquid [24]. Examples for such two-phase systems are
known from daily life: Paints and inks are small color pigments in a solvent, blood consists
of cells in water, and much more besides.

The interparticle interactions between the colloidal particles are qualitatively compara-
ble to the interaction of atoms and molecules in molecular fluids and solids [2,25]. This
property and their various forms of self-organisation make colloids scientifically highly in-
teresting model systems for the investigation of the phase behaviour in liquids and solids.

With different polarisabilities of the particle bulk material and the solvent, two colloidal
particles experience van-der-Waals attraction [24,26,27]. For homogeneous spherical parti-

cles with radius R and a center-to-center distance r this results in the interaction potential

H 2R? 2R? AR?

where H is the Hamaker constant, depending on the polarisability of the atoms [26].

With only van-der-Waals attraction, the colloidal particles would coagulate irreversibly
and precipitate in large clusters. To prevent agglomerations the particles have to be
stabilized. This can be achieved by introducing a repelling force, typically via either steric

or electrostatic stabilization.

2.1 Steric stabilization

Simplified, for steric stabilization the particles are coated with short ligands as illustrated
in Fig. 2.1. If two particles approach each other, the ligands interpenetrate or compress
before the particle surfaces can touch, which leads to entropic repulsion. In a stabilized sys-
tem the repulsive force must be larger than the van-der-Waals attraction. A typical model
system for this short-range repulsive interaction is the pairwise hard-sphere potential.
The effective pair potential Vyg(r) for two particles with radius R and a center-to-center

distance r can be written as

oo for r<2R
VHs(T) = (2.2)
0 for r>2R ,
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Figure 2.1: Illustration of a sterically stabilised hard-sphere suspension: Spherical colloids
(large circles) with polymer brushes in solvent (small circles).
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Figure 2.2: Illustration of a hard-sphere potential, a square-well potential with depth —Vj
and well width A for a sticky hard-sphere system and a potential for a charge-stabilized
system as a function of core-to-core distance. 2R represents the particle diameter.

and is shown in Fig. 2.2. In a hard-sphere system with N particles in the volume V all
structural correlations and hence the phase behaviour depend only on the volume fraction

&, with
4 N
d=_nR3—
3"V

where N/V denotes the particle number density. With increasing ® the system passes

(2.3)

through the phase diagram (Fig. 2.3) where ® can vary between 0 and the close packing
of spheres with ®4, = 0.741. For ® < 0.494 the system is liquid while it is found to be
fully crystalline for ® > 0.545 [24,28,29]. Above ® ~ 0.58 a hard sphere system can form

a glassy state.
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Figure 2.3: Phase diagram of a hard sphere system as a function of ® (replicated from [35]).

For a system of hard spheres with surface adhesion the potential consists of a hard core
combined with a deep and narrow rectangular attractive surface potential Vgpg as shown
in Fig. 2.2 [30,31]. This system has been addressed as sticky hard-sphere model (SHSM)
and is applied to describe particle systems with very short-ranged, attractive potentials.
The potential Vgyg is related to the stickiness parameter s which is inversely proportional
to the strength of the attractive interaction and defined via the depth of the square well
—Vp and the width of the well A [31,32] via

_2R+A Vo
§= 5N OXP <— kBT> . (2.4)

This leads to the SHSM interaction potential

00 for r <2R
Veus(r) =< —Vp for 2R<r<2R+A (2.5)
0 for r>2R+A

which is illustrated in Fig. 2.2. Eq. 2.5 shows that for large stickiness parameters s the well
width goes to the limit A — 0. Consequently, —Vj vanishes and the interaction potential
becomes hard-sphere like. The phase behaviour of a sticky hard-sphere system depends

on the volume fraction and the stickiness parameter and can be found in [33, 34].

2.2 Charge stabilization

A charge- or electrostatically-stabilized system consists of particles with surface radicals
suspended in a polar solvent. Most of these ionisable surface groups detach into the solvent
where they form a cloud of counterions around the particle, resulting in a diffuse electric
double layer. Consequently, after dissociation of the charged surface groups, the particle
itself is highly charged and therefore also called a macroion. Fig. 2.4 shows an illustration
of a charge-stabilized system with macroions, counterions and solvent.

The encounter of the electric double layers of two approaching macroions leads to a re-

pulsive force, which is usually larger than the van der Waals attraction and hence stabilizes
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Figure 2.4: Illustration of an electrostatically stabilized suspension with macroions (large
circles) and counterions (mid-size circles, marked with ”@®”) in a solvent (small circles).

the colloidal system. The macroions are shielded by the counterions. This shielding can
be tuned with the addition of salt, leading to additional co-ions in the solvent. The the-
oretical description of a charge-stabilized system is more complex than for hard spheres.
A detailed expression for an effective pair potential has been given by Derjaguin, Lan-
dau, Verwey and Overbeek (DLVO-theory) and consists of an electrostatic and a van der
Waals contribution [36]. For the effective DLVO potential, the three-component system
has been reduced to a one-component system where the nature of the solvent is neglected
irrespective of the dielectric constant €. The electrostatic part can be described between
two isolated particles by the Yukawa (also screened Coulomb or screened Debye-Hiickel)
potential [24,37-39]

1Y/ 00 for r <2R
kc:sf(r) T\ @22 (exptR)\? exp(—xr) (2:6)
B R ( TR ) — for r>2R

Here, kp is the Boltzmann constant, T is the absolute temperature, eg is the elementary
charge, r is the center-to-center distance, Z.g is the effective charge of the macroion in
units of the elementary charge eg, € is the permittivity of the surrounding medium and R is
the particle radius. € is given by € = €ge, as the product of the permittivity of the vacuum
o and the permittivity of the medium e,. The parameter k! denotes the Debye-Hiickel

screening length, defined by
2 _ 4mpelgeo)’
ekgT ’

with the mean counterion number density p. and their charge geg. In the limit kR — 0 the

(2.7)

Yukawa potential increases, leading to strong repulsion. For kR — co the system becomes
hard-sphere like with increasingly screened interactions as shown in Fig. 2.2. Compared to
the hard-sphere potential the charge-stabilized interaction potential is long-ranged. The

phase behaviour of an electrostatically-stabilized system depends on the volume fraction
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Figure 2.5: Phase diagram of a charge stabilized colloidal system with variation of volume
fraction ® and salt (HCI) concentration. The system shows a liquid phase (open circles),
a bee crystal (solid squares), an fcc crystal (open triangles), a fcc4+bcece coexistence phase
(open squares) and a glass phase (solid circles) (phase diagram replicated from [40]).

and the surface charge. The long-range electrostatic interaction leads to ordering in the
system even at low ® as demonstrated exemplary in Fig. 2.5 [40]. The phase diagram is
shown for a charged-stabilized colloidal system as a function of volume fraction and salt
concentration. For a constant salt concentration the system undergoes a transition from
a liquid over a crystalline to a glassy phase with increasing ®. In contrast, for a medium
volume fraction as ® =~ 0.2 the order in the system changes from a glass to a crystal
and further to a liquid with increasing salt concentration and hence screened interactions.

Thus, for high salt concentrations the system is comparable to a hard-sphere system.

2.3 Colloidal nanogels

A colloidal nanogel is a colloidal system with nanometer-sized crosslinked polymer particles
(for micrometer-sized particles often also referred to as microgel) that reversibly respond to
external stimuli by changing their volume. The response can be connected to a variation of
temperature, pH value, electrolyte concentration, hydrostatic or external pressure [3,41].
The phase behaviour of such nanogels depends on both colloidal and material properties
and is found to be between a hard-sphere and an ultra-soft colloidal system [8,42] whereas,
depending on the conditions, they can behave like either of them. Among the stimulus-
responsive systems the temperature-sensitive systems have been of great interest in the
last decades. However, the exact interaction between nanogel particles and their phase

behaviour covering the whole temperature regime is not yet understood in detail [3, 8].
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Figure 2.6: Molecular structure of poly(N-isopropylacrylamide) (PNIPAm) with the re-
peating unit n.

2.3.1 Poly(N-isopropylacrylamide)

A prominent and frequently studied example for a thermo-responsive polymer is poly(N-
isopropylacrylamide) (PNIPAm) (Fig. 2.6). The polymer network shows a reversible vol-
ume phase transition at a lower critical solution temperature (LCST) of 32°C. The system
changes from hydrophilic, where water molecules are bound to the polymer network, to
hydrophobic where the water is expelled [3] and the polymer chains undergo a so-called
coil-to-globule transition.

Colloidal PNIPAm nanogel consists of particles composed of cross-linked PNIPAm hy-
drogel in water. For PNIPAm particles the volume phase transition leads to a change
of particle size with temperature variations £20°C around the LCST. At temperatures
below the LCST where the polymer network is hydrophilic the particles are swollen with
water. With raising temperature above the LCST the polymer becomes hydrophibic and
the volume decreases as illustrated in Fig. 2.7 due to deterioration of the solvent. Con-
sequently the particle stiffness increases significantly [4,10-12]. In a traditional colloidal
suspension it is difficult to directly control the phase behaviour by external stimuli, as
they are mostly induced by variation of the volume fraction which requires many different
samples or a complex sample environment [3,43]. For PNIPAm nanogels, the effective
volume fraction and interaction potential can be varied with temperature, whereas the
weight fraction and particle number density remains constant. With this unique property
PNIPAm enables the study of the particle size and the phase behaviour of a soft colloidal
system in situ. Particularly for studies on the phase behaviour of dense-packed jammed
systems and disordered gel-phase PNIPAm nanogels are model systems of great interest.

With a typically low surface charge resulting from the initiator molecules of the syn-
thesis, the particles interact via electrostatic interaction for interparticle distances larger
than the particle diameter 2R [3,41]. However, due to their softness, the nanogel particles
can deform, interpenetrate and for very high concentrations even be compressed which
allows effective volume fractions larger than one [44-46] and thus above the close packing
limit of hard spheres (® ~ 0.74, see Fig.2.3) [47]. For such dense- or over-packed sys-
tems at temperatures 7' < LCST the interaction potential was found to be dominated by

short-ranged, elastic repulsion [3,48]. It has been described using a Hertzian potential
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LCST
32°C

Figure 2.7: Schematic illustration of PNIPAm nanogel particles, in the swollen state for
T < LCST (left) and collapsed for 7' > LCST (right). The black lines represent the
PNIPAm network, the dashed line indicates the effective particle size.

V(I') == Hard sphere potential V(I’) == Hard sphere potential
— Hertzian potential — Hertzian
+ soft sphere potential

T<LCST
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0 0 I~
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Figure 2.8: TIllustration of a) Hertzian particle interaction potential of deformable inter-
penetrating nanogel particles in comparison with a hard-sphere potential as a function
of core-to-core distance . R; + R; represents the overlap threshold. b) Possible particle
interaction potential for colloidal PNIPAm nanogel particles. The potential consists of a
Hertzian potential for r < R; + R; and a soft repulsive potential for r > R; + R;.

which originally explains the change of elastic energy of two deformable compressed or
interpenetrating objects with instantaneous radii R; and R; and center-to-center distance
r [47,49-51] via

5/2
L—r fo <R+ R;
Vie(r) = 4 ° (RHRJ-) e J

(2.8)
0 for r> R, + R,
Here, a is the Hertz pair potential amplitude
4Yv
e 2.9
= 5n (1—v2) 7’ (29)

which depends on the elastic properties of the nanogel with the Young’s modulus Y and
the Poisson ratio v. The potential decreases as a power law with exponent 5/2 and
becomes hard-sphere like at the overlapping threshold r = R; + R; [47,51] as illustrated
in Fig. 2.8a. The phase behaviour of a Hertzian system with N particles is determined by
the particle volume fraction and a. In combination with the soft repulsion for r > R; + R;
the combined potential for swollen PNIPAm nanogels (7' < LCST) is shown in Fig. 2.8b.

The phase behaviour of such soft particles at a constant temperature 7" < LCST can be
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Figure 2.9: Phase diagram of colloidal PNIPAm suspensions of varying stiffness and
volume fraction ® obtained by oscillatory rheology (phase diagram replicated from [52]).

affected by variations in the particle synthesis regarding for instance the initial particle
stiffness. By only varying the particle stiffness and the particle concentration at a constant
temperature T' < LCST a system of colloidal PNIPAm exhibits a liquid, a crystalline, a
liquid-crystal coexistence and a glassy phase (Fig. 2.9) which are the same phases found
in hard-sphere systems at different volume fractions [52]. Here, the stiffness is indicated
by the percentage of cross-linker content (in the range 0.2-10 wt%) and the particle con-
centration is defined via the volume fraction ®. For low stiffness only a liquid phase was
observed. It is explained that those very soft particles have too many internal degrees
of freedom to form a solid phase. At low volume fractions the system also only shows a
liquid phase irrespective of the stiffness. At large ® and high stiffness the phase of the
system is a glass, whereas for medium ® and medium to high stiffness a crystalline phase
and a liquid-crystal coexistence phase were found.

For T' > LCST, the interparticle potential is found to change to an attractive interaction
between the collapsed PNIPAm particles. This can lead to aggregates without long-range
order and strongly interpenetrating particles for highly concentrated samples [8,48] due to
a combination of van der Waals interactions and hydrophobic effects [3]. Thus the increase
of temperature leads to a completely different interaction potential. Consequently, the
phase behaviour can be tuned with both the temperature and the (external) variation of
the volume fraction and different potentials have to be taken into account for a PNIPAm

phase diagram covering a broad range of volume fractions and temperatures.

2.3.2 Effects of co-solvents on PNIPAm systems

Various experimental and theoretical work has shown that the addition of co-solvents to
the solution affect the LCST of PNIPAm [53-58]. Co-solvents can be ethanol, sodium salts,
urea or trimethylamine N-oxide ((CH3)3NO, TMAO) among others. TMAO is a biological
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Figure 2.10: Molecular structure of trimethylamine N-oxide (TMAO).

Figure 2.11: Schematic illustration of silica-PNIPAm particles and their temperature-
induced change of size, i.e. the swollen state for T' < LCST (left) and the collapsed state
for T > LCST (right). The grey circles in the middle represent the silica cores and the
black lines the cross-linked PNIPAm network. The dashed line indicates the effective
particle size.

stabilizing osmolyte, known as a powerful protein protectant [59,60]. The addition of
TMAO to an aqueous PNIPAm suspension was found to stabilize the collapsed state
and shift the LCST to lower temperatures with increasing TMAO concentrations [53,55].
With three methyl groups (Fig. 2.10) and the ability to form hydrogen bonds, TMAO
molecules have a preferred interaction with water which reduces the number of hydrogen
bonds between polymer and water molecules [54,55]. The interaction between TMAO and
PNIPAm was found to be a repulsive van-der-Waal interaction [53]. Those results about
the influence of TMAO on the thermo-responsive character of PNIPAm was studied in
dilute suspensions. However, little is known about the effect of TMAO on interparticle

interaction in concentrated suspensions where inter-nanogel interactions are present.

2.3.3 Core-Shell structured PNIPAm nanogels

Thermoresponsive core-shell particles are systems of increasing interest. They can be
divided into particles with either a polymerized nanogel shell on a solid core or core and
shell composed of different hydrogels [7]. In the framework of this thesis, only the case of
a solid core with a thermoresponsive shell is discussed. Such systems are used to precisely
control the interparticle spacings in situ with temperature which is a key goal in colloidal
science. The encapsulation of a core in the nanogel particle provides many mechanical
advantages without influencing the thermal response of the nanogel [61,62].

Thus, with a temperature increase above the LCST the shell of the particle collapses and
the volume of the particle changes analogously to the pure nanogel particle (Fig. 2.11). A
convenient core material is silica, since the synthesis is well-known and the particles need

no stabilizing agents to prevent aggregation [63].
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For a comprehensive understanding of the phase behaviour of a colloidal nanogel, com-
plementary 3D information about both structure and dynamics up to large concentra-
tions is essential with covering of the entire interesting temperature range around the
LCST. Novel X-ray scattering methods allow studying structure and dynamics simulta-
neously from dilute to concentrated systems. Here, the encapsulation of a solid core in
the nanogel particle provides a scattering object since for X-rays the scattering contrast

between polymer and water is low.



3 Scattering Methods

X-rays have been established as a valuable tool to probe the structure of matter. In the first
half of the 20th century, X-ray crystallography fascinated scientists by revealing insight
about the atomic structure of crystals and hence the structural differences of materials, the
size of atoms and the length and types of chemical bonds [19,20]. While crystalline matter
with long-range structural order has been studied extensively, in recent times the interest
in the field of soft matter increased, where the compounds are more complex regarding
order and disorder. With high-brilliance third-generation synchrotron light sources and the
development of high frame-rate detectors, X-ray scattering has developed from a static to
a dynamic technique [64]. The access to coherent X-rays enables the study of dynamics of
a disordered system on shorter time- and length-scales than accessible with other methods
[65]. The main sources for this chapter are Basic X-ray Scattering for Soft Matter by
Wim de Jeu [19] and Elements of Modern X-ray Physics by Jens Als-Nielsen and Des
McMorrow [20].

3.1 The interaction of X-rays with matter

X-rays are electromagnetic radiation whose energy is given by E = hc/\, where h is
Planck’s constant, c is the speed of light and A the wavelength. The wavelengths of X-
rays are in the region of 0.1 A < X < 100 A which covers the length scale of inter-atomic
distances (1 A =10"10 m). The penetration of matter by X-ray photons can, depending
on the energy, lead to interaction with the atom via absorption or scattering.

In the scattering process, the incoming X-ray wave interacts with electrons of the atoms
in the sample material and is scattered. The oscillating electromagnetic field of the in-
coming wave stimulates oscillatory motion of the electron around its origin in the plane
of the incoming field. Within this process, the accelerated charge functions as an X-ray
source emitting a wave with the same wavelength as the incoming wave. With no energy

transfer and hence no change of wavelength during the scattering process the scattering is

a b
kout kout
> Ki, 20
T

kin K -

> q /// -kOUt

,/
Figure 3.1: a) Schematic representation of an elastic scattering event (|kin| = |kout| =

k =2n/)). b) Wave vector diagram.
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Figure 3.2: X-ray attenuation length 1/u for water and PNIPAm plotted for photon
energies between 5 and 15keV.

elastic. In the following only elastic scattering is considered. Inelastic scattering involving
a change of energy is not discussed in the framework of this thesis.
The electromagnetic wave E(r,t) propagates in a direction, which is defined by the wave
vector k:
E(r,t) = Epexp ik -r —wt)] . (3.1)

Here Ej is the amplitude of the electric field and w the frequency of the incoming wave. For
reasons of simplicity the magnetic field is not included here. Fig. 3.1a shows a schematic
representation of a typical elastic scattering event where the incoming wave is defined
by k;n, and the outgoing wave by kqy. The angle 20 is the scattering angle between ki,
and koyt. The vector diagram for an elastic scattering event through the angle 20 defines
q = kin — kout (Fig. 3.1b). With |kin| = |kout| = & = 27/ this leads to

4
q=|q| =2ksinf = %sin@ . (3.2)

Here, q is called wavevector transfer or scattering vector.

In an absorption process, the excess energy of the incoming photon is transferred to
an electron of the atom which can be expelled and lead to ionization of the atom. The
incoming intensity of an X-ray beam passing through sample material decreases exponen-
tially with the penetration depth z. Defining [ as the initial intensity I(z = 0) = Iy the

attenuated intensity becomes
I(z) = Ipexp(—pz) . (3.3)

Here, p is the linear absorption coefficient whereas 1/ is the attenuation length. At this
penetration depth, the initial intensity Iy drops by the factor of 1/e. The absorption co-
efficient and therewith the attenuation length are material specific parameters and vary
for different photon energies (see Fig. 3.2). For a small-angle X-ray scattering experiment
in transmission geometry therefore an optimum sample thickness dqp¢ is required compro-

mising between a large sample volume for high scattering and a thin sample to minimize
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the absorption. This optimum is typically reached with a sample thickness equal to the
absorption length [19,20]

1
dopt = — . 3.4
opt 1 ( )

3.2 Small-angle X-ray scattering

For an assembly of electrons as in an atom, molecule or particle, the scattered field is a
superposition of the secondary waves originating from all NV implicated scattering centres.
The resulting instantaneous scattered field can be seen as a plane wave front in the far

field with the scattering amplitude

N
E(a,t) = Bo > Fala)exp (ia -1, — iwt) (3.5)
n=1

where F),(q) is the scattering amplitude of the n-th scatterer at position r,(¢). The term
exp (iq - ry(t)) denotes a phase factor related to the arrangement of the scatterers at time

t. The scattered intensity I(q,t) in the far-field can be written as
I(a,t) = [E(a, )" . (3.6)

The scattering from an atom is described by the atomic form factor
frem@ = [ pwerir (37)
atom

where p(r) is the electron density of the atom. The contribution of a volume element dr at
position r with electron density p(r) to the scattered field is proportional to p(r)dr with
a phase factor exp(iq-r). Eq. 3.7 reveals the atomic form factor as the Fourier transform
of the electron charge density.

For an accumulation of atoms as in a molecule or particle Eq. 3.7 can be extended to

the scattering amplitude

Fol(q) = Z f]atom(q)eiqu . (3.8)

J
3.2.1 Static scattering of single particles

To obtain the scattered intensity the amplitude F(q) has to be multiplied by its complex
conjugate F*(q). The scattered intensity 1(q) is given by

I(q) = |F(q)f’ = F(@)F(q)* . (3.9)

For an assembly of N equal atoms or molecules, the scattered intensity may be expressed

with F'(q) as the atomic or molecular form factor as

I(q) = ) Fuo(q)e ™ Y F(qle @™ = P(q)? Y Y efan=rm) (310
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Figure 3.3: Schematic setup of a SAXS experiment in transmission geometry. A monochro-
matic X-ray beam is scattered by the sample in a capillary. The scattered intensity is
detected by a 2D detector in the far-field with a sample-detector distance D.

Analogue to k, q is connected to a length scale d in the system via ¢ = 27/d which
relates short distances as atomic distances to large q and vice versa. In a typical SAXS
experiment particles in solution are quantified on the length scale around the particle size.
To reveal information on this large length scale compared to the wavelength, access to
small q is required. This is implemented by a large sample-detector distance D of usually
several meters. Fig. 3.3 shows the schematic layout of a SAXS experiment in transmission
geometry.

Assuming a homogeneous spherical particle with radius R and a constant electron den-
sity contrast Ap (Ap = ps — po, with the electron densities pg of the particle and py of

the surrounding medium), the electron density is given by

Ap, r|<R
p(r) = (3.11)
0, r| >R

as a function of r. With a spherical symmetric particle the electron density p(r) depends
only on r = |r|. Consequently F(q) becomes direction independent and depends only on

|d| = g. The particle scattering factor becomes a symmetric Fourier transform with

F(q) = /Ooo 4rr?p(r)(exp(iq - r))dr. (3.12)

Here (-) denotes the spherical average over all orientations which allows the position vector
r to be randomly orientated with regard to q as the case for many systems with spherical

symmetry. The evaluation of the average of the phase factor is

iq-r\ __ Sin(qr)
(e >——qr : (3.13)
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which leads to

F(q) = /000 412 p(r) Sinq(fr)dr , (3.14)

and consequently

sin(qr) — qr cos(qr)
P13

F(q) =3ApVp [ ] = ApVp¥(qr) . (3.15)

Here Vp is the particle volume and the substitution W(z) = 3sinz—z-cosz

introduces ¥(qr)
as the form factor of a sphere. With Eq. 3.15, the scattered intensity of a dilute system

consisting of N homogeneous spherical particles with radius R can be written as

(3.16)

1 2
I(g) = NAGVEIF(q)> = ON APV <Sm<qR> chos<qR>) |

(gR)?

with the single particle form factor P(q) = |F(q)|?* from Eq. 3.15.

The Equations 3.14-3.15 point out sinusoidal intensity oscillations with increasing ¢ where
the slope of the intensity with the here shown spherical form factor follows a ¢~* depen-
dence. Fig. 3.4a shows the calculated form factor for single spheres with R = 50 nm and
R = 150nm. The position of the minima and maxima are related to the size of the par-
ticles. For the larger sphere the oscillations become narrower with a smaller Aq between
two minima and the position of the first minimum shifts to a smaller q.

For a system of spherical core-shell particles the particle form factor consists of different
contributions. The particle is composed of a spherical core with radius Ry and electron
density contrast Apcore, and a shell with electron density contrast Apghen leading to the
total radius R;. The core-shell form factor is composed as pictured in Fig. 3.5 and thus

the intensity is calculated as
Icore—shell(q) = Apgore [Vl Apshell\lj(q-Rl) - (Apshell - Apcore)VQ\I}(qR2)]2 s (317)

with W(gR;2) as the spherical form factor relating to the total size of the particle and
only the core, respectively (see Eq. 3.15). Fig. 3.4b shows the calculated form factor for
a spherical core-shell system with R; = 150nm and Ro = 50nm and a lower electron
density contrast of the shell compared to the core (Apcore > Apghen). The first minimum
is found at the same q as for the sphere with R = 150 nm. However, other than the form
factors of the simple spheres, the minima show different distances Aq with increasing q.
The envelope of P(q) still decays with a ¢~* dependence but shows higher oscillations

itself, relating to interferences of the intensity scattered by core and shell.

3.2.2 Scattering of disperse systems

In reality the size of the particles in a colloidal systems is distributed around an average
value R with a size distribution D(R), where [ D(R)dR = 1. This property is called
dispersity. The size dispersity p of a colloidal system is typically described by the Schulz-



18 3 Scattering Methods

—R;=150 nm, R,=50 nm

1072
=
a
10-4 J
; \n
10'6 * * :
0 0.05 0.1 0.15 0.2

q (nm)

Figure 3.4: Calculated form factor P(q) as a function of ¢ for a) a sphere with R = 150 nm
und R = 50nm (Eq. 3.15) and b) a spherical core-shell system with R; = 150 nm and

Ry = 50nm (Eq. 3.17) .
-@ o0

Figure 3.5: Schematic composition of the spherical core-shell form factor.

Zimm distribution [66-68]:

_ 1 241\ z+1
D = = ~ —— . 1
(R,R,2) CT) ( 7 ) R? exp ( 7 R) (3.18)

The parameter z is a measure of the spread in particle sizes and connected to the dispersity

p via
AR 1
P="R ~Vz+1 (3.19)

In the presence of dispersity, the particle form factor and hence the intensity defined in
Eq. 3.16 has to be extended to

I(g) = Ap? /O " D(R, R, 2)Ve(R)2P(q, R)IR . (3.20)
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Figure 3.6: Calculated form factor for spherical particles with R = 150 nm with different
dispersities, following the Schulz-Zimm size distribution.

Fig. 3.6 shows the influence of dispersity on the form factor of a sphere. For increasing
dispersity, the oscillations blur with regard to their amplitude, which is more pronounced

at large q. Following Eq. 3.17 the intensity of a disperse core-shell system is given by

Icore—shell(q) :Apgore [Apshell / D(R1, Ry, 21)Vi(R1)¥(qR1)dRy
0

00 2
_(Apshell - A;Ocore) / D(RQ, R27 ZZ)Vv2(R2)\IJ(qR2)dR2 . (321)
0

3.2.3 Scattering from systems with interparticle interactions

In a concentrated particle system where spatial interparticle correlations have to be taken
into account the intensity is not sufficiently described by |F(q)|?>. Therefore, the static
structure factor S(q) is introduced which depends on the interaction potential in the
system. The structure factor is connected to the radial distribution function g(r) which
describes the density variation in a system as a function of distance r from a chosen
reference particle. It is defined by g(r) = p(r)/ps where p, is the average areal number
density.

For a concentrated system of volume V with N monodisperse particles the structure

factor can be written as

sin gr
qr

S(q) =1+ 477% /000 2 [g(r) — 1] dr. (3.22)

The scattering intensity in Eq. 3.16 is complemented by S(q) to
I(q) = NAp*VEP(9)S(q) (3.23)

Considering the limiting values, Eq. 3.22 shows that for the limit ¢ — oo follows S(q) — 1.

For ¢ — 0 follows % — 1 and consequently the right hand side of Eq. 3.22 becomes

proportional to g(r) — 1. Thus, S(¢q) depends on density fluctuations in the system and
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Figure 3.7: Evolution of the static structure factors for a) a hard sphere system with
increasing volume fraction and b) a spherical core-shell system with sticky hard sphere
potential at & = 0.2 and decreasing stickiness parameter s.

approaches unity towards large ¢q. Unlike crystals, the disordered particles in a colloidal
system have no long-range order, so the intensity oscillations related to S(gq) are not sharp
and decrease with increasing q.

The interaction potential and thus the structure factor vary for different colloidal sys-
tems. For a system of steric repulsive hard spheres with radius R, the particles are
described by a model of impenetrable spheres whose minimal distance equals the center-
to-center-distance d = 2R. For adhesive colloidal particles interacting via short-ranged
attractive forces the sticky hard sphere model (SHSM) has become a common approach.
The SHSM is a prominent model found for colloidal gels or glasses [30,31,69].

Fig. 3.7a shows the calculated structure factors of a hard sphere system with R = 145 nm
at different volume fractions ®. For a very dilute suspension when ® — 0, the structure
factor equals unity (S(¢) = 1). For higher concentrations, S(gq) shows oscillations with
a pronounced first maximum at gmax, related to the mean interparticle distance. With
increasing volume fraction, the peak height increases and shifts to larger guax, suggesting
decreased interparticle distances.

In Fig. 3.7b the S(q) of a spherical sticky hard sphere core-shell system is shown for
decreasing stickiness parameter s (Eq. 2.4). The variation of the stickiness parameter s,

which characterizes the adhesive strength, affects the height and position of S(gmax) as
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well as the width. Smaller s means stronger attraction (see Eq. 2.4). Thus, with a large
stickiness parameter of 99, S(q) resembles the structure factor of a hard sphere system
(see Fig. 3.7a). With stronger attraction gmax shifts to larger q. For s < 0.5 the width of
the structure factor peak decreases while the height increases. The interparticle attraction
further affects the S(q) at ¢ — 0, where S(q) increases for ¢ — 0, whereas it monotonously
decreases for a repulsive hard-sphere system. The increase at ¢ — 0 is more pronounced
for lower s and thus directly related to the stickiness in the system which can favour the

formation of agglomerations.

3.3 X-ray photon correlation spectroscopy

If coherent light is scattered by a disordered system the result is a random interference
pattern in the far-field, called ”speckle” pattern. This diffraction pattern contains exact
information about the configuration of the scatterers, e.g. the colloidal sample system.
In an experiment with incoherent light this information would not be accessible because
the diffraction pattern contains only information on the average spatial correlations in the
sample. If the particles underlie a certain dynamics and thus the spatial arrangement of
the scatterers changes with time, the speckle pattern changes as well. At a given point on
the detector this can be observed as intensity fluctuations, directly related to the dynamics
in the sample. This technique is called X-ray photon correlation spectroscopy (XPCS) and
provides information about the sample dynamics by analysis of the temporal intensity cor-
relations [65]. An XPCS experiment on colloidal systems is typically performed in SAXS
geometry as illustrated in Fig. 3.8. The coherent X-ray beam is scattered in transmission
through the sample. The scattered intensity is detected by a 2D detector in snapshots

with a fixed time interval 7.

The electric field amplitude of a scattered coherent beam of electromagnetic radiation is

Detector

coherent X-ray
beam

Figure 3.8: Schematic setup of an XPCS experiment. A coherent X-ray beam is scattered
by the colloidal sample. The scattered intensity results in a speckle pattern in the far-field
which is detected by a 2D detector with fixed time intervals 7.
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given by

EOZF q) exp (iq-ra(t)) . (3.24)

Thus, the intensity in the far-field can be written as

I(q,t) = |E(q EOZF q) exp (iq - o (1)) (3.25)

with the scattering amplitude F,,(q) of the n-th scatterer at position ry(t).

To measure intensity correlations of the speckle patterns over time, the single speckles
must be distinguished by the detector. Thus, the speckle size s should match or be larger
than the pixel size of the detector dpix < 5. The speckle size is given by

AD
§~ — 3.26
ix 22 (3.26)
with the wavelength A, the sample-detector distance D and L the lateral extension of the
beam profile.
The fluctuating intensity is recorded by the detector in the far-field. It contains the
information of dynamics of the colloidal system and can be quantified with the normalised

second order intensity autocorrelation function gs(q, 7):

~ ({{(g, ) (g, t + 7))
g?(‘]a 7_) - (I(q, t)>2 ’

(3.27)

where (-) denotes the temporal average over all times t. I(q,t) represents the intensity at
a certain wave vector transfer ¢ and time t. I(q,t + 7) is the intensity at the same ¢ in
average with a time delay 7.
For short times 7 — 0, the intensity is correlated with I(q,t) at time t. (I(q,t)I(q,t+7))
becomes
lim (I(q,t)I(q,t + 7)) = (I*) . (3.28)

7—0
For large delay times 7, the correlation between I(q,t) and I(q,t+ 7) is zero. In this case
(I(q,t)I(q,t+ 7)) yields

lim ((q,)I(q.t + 7)) = (I(q.)){I(g,t + 7)) = (I*) . (3.29)

T—00

The intensity hence drops from (I?) at t = 0 to (I)? for large times. The second order
correlation function g2(g,7) can be expressed via the normalised intermediate scattering

function f(q, 7):

(I, )I*(g,t + 7))°

I
(I(q)?

92(¢,7) = 1+ B(q) =1+8(q) - f(@. 7)) (3.30)

where ((q) is the speckle contrast depending on the coherence of the source [70] and

the brackets (-) denote an ensemble average. The second part of Eq. 3.30 is known as
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Siegert-relation [70] which relates the go function to the normalized intermediate scattering
function f(q, 7).

The normalized intermediate scattering function is defined by

(3.31)

where F(q,7) is the intermediate scattering function, defined for N particles by

1 N N
&7 Z > (expliglen(t) = rn(t+ 7)) (3.32)

n:lm 1

and F'(g,0) can be associated with the static structure factor S(q).

3.3.1 Dynamics of colloidal suspensions

For many soft matter systems f(q, 7) can be expressed with the Kohlrausch-Williams-Watts
(KWW) function [71] as

f(g,7) = exp (= (L'(q)7)") (3.33)

which leads to
92(q,7) =1+ B -exp[-2(T(q) - 7)"] . (3.34)

The KWW function (Eq. 3.33) contains information about the dynamics of the system [72]
with the Kohlrausch exponent v and the relaxation rate I'(q). The relaxation rate is

1 The characteristic

directly related to the characteristic relaxation time 7. via I' = 7.
relaxation time 7. is specified as the time where the go function has decayed to the value
1/e? which relates to the time where a spherical particle has roughly moved by the distance
of its own size. For diffusive systems the decay of intermediate scattering function is

exponential with v = 1 and the relaxation rate is given by
I'(q) = Do - ¢* (3.35)

with the (Stokes-Einstein) diffusion constant Dy [73]

kgT
6mnR

0= (3.36)
with 7 as viscosity of the solvent and the hydrodynamic radius Ry of the diffusive particles.
Ry can be determined from the intensity autocorrelation function via the Stokes-Einstein

relation

kT

_ 2.
i =aq 6mnl’

(3.37)

For non-diffusive dynamical processes this ¢ dependence differs from the quadratic form
and the decay of f(g, 7) is typically non-exponential. Hence, 7. as a function of ¢ contains
information about the respective underlying dynamics in the system which can be typically

described by a power law 7. o< ¢P. Simple Brownian particle motion where 7. = 1/Dg?
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Figure 3.9: Calculated intensity autocorrelation function go — 1 for different KWW expo-
nents v =1, v = 2 and v = 0.5 all with the same characteristic relaxation time 7. = 0.1s.

(Eq. 3.35) is connected to a linearly increasing mean-squared displacement (Ar?(t)) o ¢
with ¢ = 1. A ¢ dependency of 7. with p > 2 leads to a mean-squared displacement
with @ < 1 which can be associated with sub-diffusive particle motion [74,75]. Scalings of

3 and even 7. o ¢~* have been observed for colloids in a polymer matrix [74, 76]

Te X g
where the dynamics of the colloid is linked to the motion of the surrounding polymer
chains. Polymer dynamics with ¢~3 dependence of 7, have been interpreted as charac-
teristics of membrane-like polymers following the Zimm model [77-80]. Additionally, the
characteristic dynamics influence the slope of g2(q, 7), quantified by the KWW exponent
v (see Fig.3.9). Sub-diffusive dynamics usually show a stretched and thus slower than
exponential decay of the correlation function with a KWW exponent v < 1 [74,75,81].
It further may indicate the presence of dynamical heterogeneities with the presence of
multiple structural relaxation processes in the system [82].

On the contrary, a ¢ dependency of 7. with p < 2 together with a compressed exponential
slope indicated by the KWW exponent v > 1 is typically attributed to ballistic, hyper-
diffusive motion [83,84]. Dynamics of this type are often reported for jammed non-diffusive
soft materials such as colloidal gels, concentrated emulsions and glasses [83-91]. Transi-
tions between different types of slopes indicates, e.g., the occurrence of heterogeneities

and correlated motion as often seen in glass formers [92,93].



4 Experimental Details

All sample systems studied in this thesis have been synthesised and characterised in-
house. X-ray experiments have been performed at different coherence beamlines of third-

generation storage ring sources.

4.1 Particle synthesis

To prepare colloidal silica-PNIPAm core-shell particles, silica (SiO2) nanoparticles have
been synthesized following the well-known Stober synthesis [94]. The Stober process is
a sol-gel approach to obtain spherical monodisperse silica particles of a controllable size
via hydrolysis of the precursor tetraethyl orthosilicate (Si(OEt)s, TEOS) in ethanol with
ammonia functioning as catalyst. For particles with radii in the range of 50 —60 nm 450 ml
of non-denatured ethanol (95%, Sigma-Aldrich, Germany) are mixed with 20 ml ammonia
solution (25%, Sigma-Aldrich, Germany) in a cone flask, equipped with a magnetic stirbar.
Then 7.5 ml TEOS (Sigma-Aldrich, Germany) are added and stirred at room temperature
for about 24h. After expiration of this time the reaction has come to completion and
the silica particles have grown to their final size. In the following step, with the aim
of grafting the silica particles, the particle surface gets functionalized. Therefore, 2ml
3-(Trimethoxysilyl)propyl methacrylate (TPM) is added together with 15ml ammonia
solution and the suspension has to be stirred for another 24 h. After the functionalization
process the particle suspension is purified by evaporation of the ammonia using a rotary
evaporator and subsequent dialysis against pure ethanol for approximately one week.

In the next step, following [62], the surface of the functionalized silica particles is grafted
with PNIPAm. Firstly, the silica dispersion is filled in a round-bottom flask equipped
with a magnetic stirrer whereas the flask is in an oil bath with adjustable temperature.
Under stirring, about 0.38 g sodium dodecyl sulfate (CH3(CHz)11S04Na, SDS) and 0.42 ¢
sodium sulfite (NaySO3) are added followed by 1500 ml of ultrapure water. To remove the
oxygen, the dispersion is stirred for one hour at 60°C under a nitrogen stream. Afterwards,
still under nitrogen, grains of ammonium iron(II) sulfate ((NH4)2Fe(SO4)2) are added as
catalyst together with 0.4 g potassium peroxo persulfate (K9S20g) as oxidizing agent to
enable the subsequent polymerization process at 60°C by forming a redox couple. In the
next step, 5g N-Isopropylacrylamide (NIPAm) and 0.22¢g N,N’-Methylenebisacrylamide
(MBAm) as the cross-linker have to be solved in 40 ml of ethanol. This monomer solution
is slowly added in drops to the silica dispersion and stirred over night at 60°C. After
expiration of this time, the reaction is completed and the suspension is filtered and dialysed
for one week against ultrapure water to remove the SDS. To synthesize different shell sizes
on silica particles from the same stock dispersion, the quantities of the cross-linker MBAm

and the monomer NIPAm were varied while keeping the ratio towards each other constant.
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4.2 Sample characterization and preparation

Overall, six different samples SP-1, SP-2A, SP-2B, SP-2C, SP-3A and SP-3B with varied
core-to-shell ratio were studied in this thesis. After the synthesis, the particles were
pre-characterized with transmission electron microscopy (TEM). Fig. 4.1 shows the TEM
images for the pure silica cores of SP-2, the silica-PNIPAm particles of SP-2B and a
close-up of a single particle of SP-2B. Since for the TEM characterization the particle
suspension is in the dry state the values of particle or shell size do not provide the values

the particles have dispersed in water.

Figure 4.1: TEM images of a) uncoated silica particles of SP-2, b) silica-PNIPAm of SP-2B
and c) a single silica-PNIPAm particle of SP-2B.

To verify that the PNIPAM grafting process was successful and to obtain the hydrody-
namic radius Ry of the swollen and collapsed particles in water, all samples were charac-
terized by dynamic light scattering (DLS) for temperatures between 7" = 15°C and 45°C
(see. section 5.4.2). A dilute suspension (® < 0.004) was used for DLS. Table 4.1 shows
all samples studied in this thesis whereas the radius of the swollen particles relates to
T = 20°C and the radius of the collapsed particles to T = 40°C, respectively. Sample
SP-1 has a swollen PNIPAm shell of dsp.1 =~ 35nm on a silica core of Ry, = 50nm.
For the second silica batch with Ry, = 54nm three different layer thicknesses have been
synthesized. The shells were varied between the samples SP-2A with dgp.oa ~ 20nm,
SP-2B with dgp.og =~ 75nm and SP-2C with dgp.oc ~ 140nm in the swollen state at
20°C. Together with the radius of the core Rug, and the width of the swollen shell d with
d = Ry,,,, — Rug,, the particle ”softness” { can be calculated via £ = d/ Ry, following
Boles and Talapin [95, 96].

For the XPCS experiments the samples were concentrated. Therefore, a temperature
adjustable Multivapor (Biichi, Swizerland) has been used. For the implementation to
the experimental setup the sample solution was filled in borosilicate glass capillaries with
diameters of 0.7 — 2mm, depending on the X-ray energy of the experiment. After filling
the capillaries were vacuum-sealed by melting the top of the capillary with a flame and
finally sealing it with hot glue.

By drying a small volume (0.1 — 0.3ml) of each sample at approximately 90°C and
determining the weight difference, the weight percentage has been obtained. Together
with the sizes of the silica core and the collapsed core-shell particle from Table 4.1, and

assuming a dense pure PNIPAm shell in the hydrophobic state, the particle volume fraction
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Sample Rpg,  Rmu,,, (swollen) Ry, (collapsed)‘ 13

SP-1 50 nm 100 nm 75nm |1
SP-2A  54nm 76 nm 59 nm 0.41
SP-2B  54nm 125 nm 70 nm 1.32
SP-2C  54nm 240 nm 100 nm 3.44
SP-3A  55nm 140 nm 102 nm 1.55
SP-3B  55nm 220 nm 100 nm 3

Table 4.1: Hydrodynamic radii Ry of all samples measured by DLS. The respective
swollen radius relates to T' = 20°C, the collapsed radius to T = 40°C. £ indicates the
particle ”softness” calculated following Boles and Talapin [95,96].

®.o11 for the collapsed state can be calculated via:

Veoll

_— 4.1
Veoll + Vo0 (1)

(I)coll =
Here, Vo is the volume of the collapsed particle and V0 the water volume per particle,
obtained by

msip .
wl — msip

4.2
PH20 ( )

VHQO =

mgip is the mass of silica-PNIPAm particle, w its weight fraction and pp,0 the mass
density of the solvent, i.e. water. With this an effective volume fraction of ®.g can be

calculated for the system of swollen particles:

(I)COH : ‘/SWOH

(I)eff —
Veoll

(4.3)
Throughout the following chapters, the concentration of all samples is indicated with the
effective volume fraction ®.4 calculated with the radius of the particles obtained at room
temperature of 7' = 20°C.

Sample SP-1 has been additionally studied under the influence of Trimethylamine N-
oxide (TMAO) as co-solvent. For this purpose, a suspension with ®.g = 0.19 has been
diluted with TMAO solved in water. To keep the silica-PNIPAm concentration the same
for all TMAO dilutions, the volume of both the silica PNIPAm and the added TMAO
solution was kept constantly at 50:50 resulting in ®.g ~ 0.095. The TMAO stock solution
was prepared with 0M, 0.2M, 0.5M and 1M resulting in a concentration about 0M,
0.11 M, 0.26 M and 0.52 M in the final silica-PNIPAm suspension.

4.2.1 Experimental procedure

The concentrated samples were studied by XPCS experiments, carried out at three dif-
ferent coherence beamlines of third generation storage rings: Beamline 8-ID-I at the Ad-
vanced Photon Source (APS), Argonne National Laboratory in Chicago, USA [97, 98],
beamline ID10 at the Eurupean Synchrotron Radiation Facility (ESRF) in Grenoble [99],
France and beamline P10 at PETRA III, DESY in Hamburg [100], Germany. In each case
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the sample was studied with partially coherent X-rays in transmission SAXS or ultra-small
angle X-ray scattering (USAXS) geometry in a temperature-adjustable vacuum sample
chamber. Besides beamline-dependent parameters the experimental setup was the same
for all experiments and is sketched in Fig. 3.8 (section 3.2).

At 8-ID-I, the scattered intensity was detected with a two dimensional LAMBDA 750K
(Large Area Medipix Based Detector Array) detector [101] containing of 1536 x 512 pixels
with a pixel size of 55 x 55 um? each and a dead time free readout up to a frame rate of
2kHz. The detector was mounted with a sample-detector distance of 4.0 m. The capillaries
with the samples were placed in the SAXS sample chamber in vacuum. The temperature
of the capillaries is adjusted by a Peltier element integrated in the holder where usually
two capillaries were placed at the same time. For two experiments performed at 8-ID-I,
the beamline operated at 7.4keV and 10.9keV related to a wavelength of A = 1.7 Aand
X = 1.1A, respectively. The corresponding speckle contrasts was 0.15 at 7keV and 0.07
at 10.9keV.

At ID10, the chosen energy was 8.1keV corresponding to A = 1.53 A. The sample was
mounted in the vacuum SAXS chamber in a copper capillary holder where the temperature
was adjusted with a Peltier element. At the end of the flightpath with a distance of 5.3 m
to the sample, the detector was placed on a stage. To detect the scattered intensity, a
MAXIPIX (Multichip Area X-ray detector based on a photon-counting PIXel array) 2 x 2
array [102] was used, which achieves up to 300 Hz frame rate with 6 ps readout dead time

containing 512 x 512 pixels with size of 55 x 55 um?.

8-ID-I, APS (I) 8-ID-I, APS (II) ID10, ESRF P10, PETRA III

Photon

energy 7.4 11 8.1 8
(keV)

Detector Lambda 750K Lambda 750K  MAXIPIX 2x2 EIGER X 4M
Sample-

detector 4.0 4.0 5.3 21.2
distance (m)

Beam size 20 x 20 20 x 20 10 x 10 80 x 80
(nm®)

Flux 6-10° 610 8.7 1010 6- 1011
(photons/s)

Tmin (MS) 0.5 0.5 3.6 2
contrast [ 0.15 0.07 0.3 0.18

Table 4.2: Experimental setup parameters of experiments performed at beamlines 8-ID-I
(APS) (two separate experiments I and II), ID10 (ESRF) and P10 (PETRA III): Photon
energy, sample-detector distance, beam size, flux and contrast.

The experiments at P10 have been performed in USAXS geometry at a photon energy of
8keV, corresponding to a wavelength A = 1.55 A. As detector, a DECTRIS EIGER X 4M

detector was implemented, which consists of 2070 x 2167 pixels with a pixel size of 75 x
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75um? and allows for framing rates up to 750 Hz. P10 has two experimental hutches
located one after another, EH1 and EH2, whereas the standard sample environment of the
beamline is installed in EH2. A second sample environment is located at EH1, enabling
experiments in USAXS geometry. With the detector in EH1 and the sample in EH2 the
experiment was performed with a sample-detector distance of 21.2 m.

Table 4.2 condenses the beamline-dependent parameters of all experiments at 8-1D,
ID10 and P10. All experiments have been performed in a broad temperature range of
approximately 15 — 45°C to quantify structural and dynamic changes around the LCST.
Typically the temperature was increased stepwise starting from the lowest requested point.
The samples were equilibrated about 600s at each temperature before the respective mea-
surement was started. At each temperature series of 500 — 4000 speckle patterns with an
illumination time of 0.5 — 3 ms were taken. To improve the statistics the measurement for

each temperature has been repeated at 10 — 20 different sample spots and averaged.






5 Structural and Dynamical Properties of
Silica-PNIPAmM

The structural and dynamical properties of colloidal silica-PNIPAm suspensions have been
studied at various concentrations, particle core to shell ratios and shell sizes. With DLS the
diluted sample has been characterised to obtain the hydrodynamic radius of the core-shell
particles. SAXS and USAXS provide information about the static assembly of the colloidal
system. The dynamics of the sample are probed with XPCS, by analysing temporal
correlations in the scattered intensity [65]. To obtain a general idea about the structure and
dynamics of Silica-PNITPAm dispersions, firstly the static and dynamical results of sample
SP-2B at a concentration of ®.¢ = 0.55 are shown and discussed in detail. Subsequently,
the influence of sample concentration, PNIPAm shell size and the addition of TMAQO as

co-solvent is discussed.

5.1 Structural properties: SAXS results

The structural order of silica-PNIPAm suspensions was studied with SAXS. To obtain the
structural information from the scattered intensity, a series of coherent diffraction patterns
has been averaged. For the orientation independent I(q), the two-dimensional patterns
were averaged azimuthally.

The scattered intensity I(q) contains information about both the size and form of the
particles, described by the particle form factor P(q) as well as interparticle correlations

leading to a superstructure, described by the static structure factor S(g) (see section 3.2.3):

I(q) o< P(q) - S(q)- (5.1)

To determine the particle form factor P(q), each sample system was measured at low
concentrations with ®.g < 0.05 where interparticle interactions can be neglected. In this
case, the structure factor is S(q) = 1 which leads to I(q) = P(gq). The intensity profile
obtained with a dilute system hence can be described by a spherical core-shell model with

a Schulz-Zimm size distribution of the core radius.

5.1.1 Form factor analysis

Each sample has been measured at 25°C in a dilute suspension to obtain the particle form
factor. Due to the high electron density of silica compared to PNIPAm the scattering
signal is dominated by the core. For sample SP-2B the model gives an averaged radius
of R = Rs; = 47nm. The form factor and the fit are shown in Fig. 5.1a together with
the particle size distribution D(R). For a spherical object the hydrodynamic radius Ry
is typically larger than R obtained by the form factor fit. This can be attributed to a
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Figure 5.1: SAXS results of SP-2 and SP-1 at 20°C: (a) Intensity profile I(g) of the dilute
silica-PNIPAm sample SP-2B. The inset shows the size distribution D(R) for the core,
obtained with a Schulz-Zimm distribution. (b) I(g) of SP-1 and all SP-2 with varied shell
thickness. From top to bottom SP-2A (orange V, swollen shell size of d ~ 22nm), SP-2B
(green ¢, swollen shell size of d ~ 71 nm), SP-2C (blue (), swollen shell size of d ~ 186 nm)
and I(q) of SP-1 (purple OJ). The profiles are shifted vertically for clarity. The black lines
in (a) and (b) represent the respective fit with a spherical core-shell form factor.

thin solvent layer on the particle surface which moves with the particle. Consequently the
particle appears larger for visible light [70] (see Table 5.1). In Fig. 5.1b the I(q) of all
studied samples are compared. The upper three curves represent SP-2 with three different
shell sizes grafted on silica cores from the same batch, whereas the middle curve is the
same as in Fig. 5.1a. All three I(q) resemble each other with the form factor minimum
at gmin ~ 0.083nm~!, which clarifies that the scattering signal originates mainly from the
silica core with little influence of the PNIPAm shell. The lowest profile relates to SP-1,

with slightly smaller silica cores which is observed in a shift of the first minimum to a
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Figure 5.2: SAXS results of concentrated silica-PNIPAm, sample SP-2B at ®.g = 0.55.
I(q) is shown upon heating from 15°C (blue) to 45°C (red). The profiles have been shifted
vertically for clarity.

larger ¢ value ¢min = 0.095nm™!.

Sample Rgi (SAXS) Ry, (DLS)

SP-1 44.5 nm 50 nm
SP-2A 47 54 nm
SP-2B 47 54 nm
SP-2C 49 54 nm
SP-3A 50 55 nm
SP-3B 50 55 nm

Table 5.1: Silica radii of all samples measured by SAXS and DLS.

5.1.2 Structural properties of dense-packed silica-PNIPAm

For the densely-packed sample, interparticle correlations affect the static scattering signal
and S(q) cannot be neglected. Fig. 5.2 shows the scattering intensity of sample SP-2B
at ®og = 0.55 as a function of temperature between 15°C and 45°C. All intensity profiles
between T" = 15°C and 36°C resemble each other in the whole covered ¢ range. Upon
heating from T = 37°C to 45°C the intensity profiles start to decrease continuously in
magnitude for 0.026nm~! < ¢ < 0.055nm~' whereas the intensity increases for ¢ —
0. The change in I(q) can be attributed to the collapsing shells since the minimum
at ¢ = 0.085nm™! arising from the spherical form factor of the silica particles remains

temperature independently constant for all I(q). For T' > 37°C, the ¢ regime of the
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occurring feature relates to a scale in the range of the particle size including the shell.

This effect has been studied deeperwith sample SP-1 upon variation of concentration.
For this purpose, a sample with ®.g = 0.19 has been diluted systematically. Fig. 5.3a
shows the temperature profile of the I(q) for SP-1 at three concentrations ®egy = 0.12,
Doty = 0.15 and Pegrz = 0.19.

For all concentrations the I(q) are almost identical for 7" < 36°C. Above this thresh-
old temperature T, ~ 36°C a temperature and concentration dependency is found. For
temperatures 17" > 1. all intensity profiles show an increase at low ¢ values while a dip
in intensity appears for approximately 0.03 < ¢ < 0.06nm~! as it has been observed
previously for SP-2B in Fig. 5.2. The effect is illustrated in Fig. 5.3b where the intensity
at a selected ¢ value of ¢, = 0.042 nm~! is shown for all ®.g and T. With the profiles
calibrated to I(gp) of ey at T = 25°C the trend can be clearly identified as an effect of

concentration whereby the decrease of I(g,) becomes larger for higher concentrations.

5.1.3 Influence of the shell size on the structure formation

Additionally to the study of concentration dependence, the effective volume fraction ®og
was changed by variation of the PNIPAm layer thickness while keeping the core size
constant. The samples are classified via their softness £ following the the definition of
Boles and Talapin [95,96]. Three different shell sizes have been grafted on silica cores
from the same batch, i.e. the samples SP-2A with &4 =~ 0.41, SP-2B with & ~ 1.31
and SP-2C with &3¢ ~ 3, all calculated for the swollen particles at 20°C (see Tab. 4.1).
Thus, a wide range of @ could be covered of @ (SPap) & 0.13, Peg(SPop) &~ 0.55 and
O (SPac) ~ 0.73. Therein SP-2B has already been discussed in section 5.1.2 (Fig. 5.2).

Fig. 5.4 compares the temperature dependent intensity profile of SP-2B (Fig. 5.2) with
the profile of SP-2A and SP-2C. For all three samples the minimum related to the core
remains constant at ¢ &~ 0.08 nm~!, however, the I(g) show a clear influence of the shell in
the lower ¢ regime (¢ < 0.05nm ™). For SP-2A (Fig. 5.4 a) the signal resembles the P(q)
and the upturn of magnitude in I(q) for ¢ — 0 and high 7" as described above (Fig. 5.2)
is marginal. The direct comparison to SP-2B (Fig. 5.2 and 5.4 b) further shows as well a
generally increased intensity for SP-2B and indications of formation of a structure factor
at low T'. This can be attributed to the higher packing fraction and hence an increased
scattering signal at the length scale of the nearest neighbour distance. SP-2C shows a
second oscillation with a minimum at ¢ ~ 0.033nm™~! for the lowest temperatures. Upon
heating the amplitude of the oscillation reduces until the I(q) shows only the core related
minimum at 7" = 36°C. With further heating a similar but stronger upturn in I(q) for
q — 0 as for SP-2B starts to occur. In contrast to the samples with thinner PNIPAm
shells, the shell of SP-2C shows a clear influence on the I(q) at temperatures below the
LCST of 32°C.
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Figure 5.3: SAXS results of SP-1: (a) I(g) of Silica-PNIPAm for ®.¢ = 0.12, 0.15 and
0.19, respectively, measured between 25°C and 40°C. Intensity profiles have been shifted
vertically for clarity. (b) Intensity I(gp) at gp = 0.042nm™! as a function of temperature
for all concentrations.
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Figure 5.4: SAXS results of SP-2 under variation of the PNIPAm layer thickness:
I(q) of Silica-PNIPAm from top to bottom (a) SP-2A (®x(SP2a) ~ 0.13), (b) SP-2B
(Do (SPap) = 0.55) and (c) SP-2C (Peg(SPac) = 0.73), all measured between 15°C and
45°C. The arrow indicates the increase of temperature.
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Figure 5.5: USAXS results: Scattered intensity of SP-3 under variation of the PNITPAm
layer thickness. I(q) of Silica-PNIPAm (a) SP-3A, (b) SP-3B each for 20°C and 42°C.

5.1.4 Ultra-small-angle X-Ray scattering

In order to deepen the observation of section 5.1.3 and to access a length scale comparable
to the particle shell size and larger, a wave vector transfer ¢ ~ 0.01nm~! is required.
This requirement has been fulfilled by measuring in ultra-small-angle X-Ray scattering
(USAXS) geometry with a large sample-to-detector distance (see section 4.2.1). For this
purpose, a fresh batch of silica-PNIPAm was prepared obtaining the samples SP-3A and
SP-3B with comparable core and shell sizes as SP-2B and SP-2C. The radius of the core
is Rug, =~ 55nm, the shell of SP-3A d3a ~ 85nm and the shell of SP-3B dsg ~ 165nm.
Both samples were again studied at various temperatures below and above the LCST.

Fig. 5.5 shows the I(q) of SP-3A at ®.g = 0.38 and SP-3B at ®.4 = 1.35 both for
T = 20°C and 42°C. For SP-3B with the large shell the sample volume is over-packed.
With PNIPAm as a soft nanogel, the particles can be deformed which enables volume
fractions @ > 1 [18,44].

SP-3A (Fig. 5.5a) resembles SP-2B (Fig. 5.2) i.e. the I(q) shows an upturn for ¢ — 0
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Figure 5.6: Scattered intensity of SP-3B at ®.g = 1.35 with the calculated I(q) of a hard
sphere (HS) system (dotted line), a core-shell hard sphere system (dashed line) and a
core-shell sticky hard-sphere system (solid line).

and no indications of a structure factor in the extended ¢ regime. In contrast, SP-3B
shows pronounced oscillations in the small ¢ region for low temperatures which disappear
with the collapse of the shell, similar to SP-2C (Fig. 5.4). To find a model describing
the I(q) of SP-3B at 20°C, the scattered intensity has been calculated for different model
systems. Fig. 5.6 compares SP-3B with the I(gq) of a hard sphere (HS) system (dotted
line), a core-shell hard-sphere system (dashed line) and a core-shell sticky hard-sphere
system (solid line) (see section 3.2.3). For all three models the core size, dispersity and
repulsion radius were kept constant at R = 48nm, p = 0.15 and RR = 140nm. The
comparison of the models with the data shows that both core-shell models match the data
in the higher g region for ¢ > 0.05nm~! where the scattering signal originates mainly from
the core. For ¢ > gmax With ¢max = 0.028nm™! as the position of the structure factor
peak the core-shell sticky hard-sphere model describes the data well. However, at low ¢
none of the models matches the data well. In the low ¢ regime all models show an increase
of intensity for ¢ < ¢max Whereas the data shows a plateau in this regime. Clearly, the
hard sphere and the core-shell hard-sphere model are not well suited to explain the data
in the low ¢ regime. The core-shell sticky hard-sphere model resembles the data best on
a qualitative level, however, the discrepancy of the scattered intensity on this length scale
suggests the presence of agglomeration which are not captured in the model.

In Fig. 5.7a the scattering intensity of SP-3B at ®.g = 1.35 is shown together with the
measured particle form factor P(g), obtained from a dilute suspension. The comparison
clarifies that the peaks in the I(q) for ¢ < 0.07nm™~! are not described by the form factor.
By dividing the I(q) of the concentrated sample by the scattered intensity P(q) of the
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Figure 5.7: a) I(q) of SP-3B at ®.g = 1.35 together with the measured particle form factor
P(q) as the scattering intensity of SP-3B for a diluted suspension, both at 7' = 20°C. b)
Static structure factor S(g) obtained by division of the data sets (Eq 5.2).

dilute sample the static structure factor can be extracted via

()
aP(q)

$(q) . (5.2)
Therein a denotes a scaling factor, related to the number of scatterers in the illuminated
volume. The obtained static structure factor is shown in Fig. 5.7b. It has a pronounced
peak at gmax = 0.028 nm ™! and oscillates around unity towards larger q.

The static structure factor of SP-3B has been collected for various volume fractions and
temperatures between 20°C and 40°C (Fig. 5.8). Each S(gq) has been obtained by division
of the respective I(q) by P(q) of the same temperature.

Fig. 5.8a shows the S(g) of SP-3B for ®.¢ = 0.33, 0.50, 0.68, 0.85, 1.02 and 1.35. Two
effects can be observed from low to high packing fractions: First, the position gmax of
the first peak shifts to larger g values and second, the peak height increases matching the
models shown in section 3.2.3, Fig. 3.7a and b.

For @, = 0.33 only a weak structure factor peak is found for T > 36°C. Due to poor
statistics the data for ®.¢ = 0.33 at 37°C is not shown. The comparison of Fig. 5.8f
with Fig. 5.8¢g clearly demonstrates the structural transition between 37°C and 38°C. The
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Figure 5.8: Static structure factors S(q) of SP-3B for six volume fractions between
&z = 0.33 and 1.35 obtained at a) 20°C, b) 25°C, ¢) 30°C, d) 32°C, e) 36°C, f) 37°C, g)
38°C and h) 40°C. Due to poor statistics the data for ®g = 0.33 at 37°C is not shown.
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Figure 5.9: Temperature dependency of a) S(¢max) and b) gmax for SP-3B at 0.33 < $eg <
1.35.

S(q) at 37°C resembles the structure factors in Fig. 5.8a-e apart from the peak height
and width. At 38°C no peak at gmax is observed for ®.¢ = 0.33, 0.50 and 0.68. For
®og > 0.85 the corresponding S(gq) peak is broadened and shifted to larger g for all ®og
with Ag ~ 0.0l nm~!. Further, the S(g) shows an upturn for ¢ — 0 as seen in section 3.2.3,
Fig. 3.7c for low stickiness parameters. At 40°C none of the concentrations shows a S(q)
peak in the whole ¢ range whereas all datasets show a strong upturn towards small ¢
pointing out the formation of a sticky particle system.

The S(Gmax) and gmax, if identifiable, are shown in Fig. 5.9 for all volume fractions.
in general, the height of the peak S(gmax) decreases for higher temperatures (Fig. 5.9b)
which can be associated with a reduction of the volume fraction due to less order in the
system. In parallel, for each temperature, S(gmax) increases with higher volume fractions,
as expected. The peak positions guax show a tendency to larger ¢ indicating a decreased
interparticle distance (Fig. 5.9b) [46]. If no marker is visible, the positions are found to be
the same as for the temperature plotted on top. At each temperature, the value of ¢uax

increases with higher ®.¢ pointing out a lower interparticle distance, respectively.

5.1.5 Reversibility

In order to study the reversibility of the previously described structural transition in highly
concentrated silica-PNIPAm systems, the SAXS measurements have been performed both
upon heating from 25°C to 45°C and with subsequent stepwise cooling down to 25°C.
Fig. 5.10 shows the obtained intensity profiles for SP-1 at &,z = 0.19. The change in
I(q) related to the collapsing PNIPAm shell, which appears for 36°C< T' < 45°C (see also
Fig. 5.3), disappears with decreasing temperature. In an iterative process the temperature
of sample system SP-3B has been risen and lowered multiple times between 20°C and 45°C
(Fig. 5.11). All I(q) at 20°C (blue) and at 45°C (red) resemble each other, even after many
heating and cooling iterations. The structure factor observed for T' < T¢ is fully reverted

in each cooling process.
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Figure 5.10: I(q) of SP-1 for T' = 25°C, 40°C and 45°C in a bidirectional manner. The
arrow indicates the sequence of the measurements.
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Figure 5.11: I(q) of SP-3B obtained in heating and cooling cycles, iterating between 20°C
to 45°C.
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5.2 Structural influence of TMAOQO as co-solvent

The influence of TMAO on the temperature-dependence of the structure has been studied
for sample SP-1. In Fig. 5.12a-d the I(q) of the four systems are compared for all obtained
temperatures between 20°C and 45°C. At low temperatures TMAO has no influence on
the structural properties of silica-PNIPAm, independent of the TMAQO concentration.
The direct comparison of the pure sample (Fig. 5.12a) with the 0.11 M TMAO sample
(Fig. 5.12b) shows a more distinct decay of intensity with TMAO and a shift to a lower
transition temperature T¢.

While the pure sample shows an upturn in intensity at T' = 42°C for ¢ — 0, it is observed
already at T' = 39°C for the sample with 0.11 M TMAO. For 0.26 M TMAO the change
in I(q) starts at around 7" = 36°C. On the contrary, no temperature-induced change of
intensity is determined for the sample with 0.52 M and the I(q) resembles the form factor
of the core-shell system. The higher transition temperature of the pure sample compared
to SP-1 in section 5.1.2 is interpreted as an effect of lower particle concentration.

Fig. 5.12 shows the I(q) of SP-1 at ®g = 0.095 purely in water (0 M TMAO) and with
0.11M, 0.26 M and 0.52M TMAO 20°C and 45°C. The pure aqueous sample shows the
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Figure 5.12: Temperature dependent (g) of a) SP-1 in pure water and b)-d) with addition
of a 0.11, 0.26 and 0.52M TMAO suspension. All samples are measured between 20°C
and 45°C.

previously observed change in intensity at low ¢ for 45°C compared to 20°C, pointing to
attractive forces in the system at high 7. The temperature-induced increase of intensity
for ¢ — 0 is observed for 0 M, 0.11 M and 0.26 M and it is slightly more pronounced with
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Figure 5.13: I(q) of SP-1 water (0M TMAO) and with 0.11M TMAO, 0.26 M TMAO
and 0.52M TMAO at a) 20°C and b) 45°C. The intensity profiles are shifted vertically
for clarity

the addition of TMAO. For 0.52 M TMAO the intensity profiles of 20°C and 45°C resemble

each other and show no indication of attractive forces at 45°C.

5.3 Interpretation and discussion of the structural properties

For all samples, an upturn of intensity was found upon heating for ¢ — 0. It suggests
the appearance of attractive forces in the system [103] once the shells of the particles are
fully collapsed at T' ~ 37°C (compare Ry in Fig. 5.17a). At lower temperatures where the
PNIPAm shells are swollen with water, van der Waals attraction between the particles can
be neglected since matching of the refractive indices between particles and solvent leads
to a Hamaker constant H ~ 0 (see Eq. 2.1). Soft sphere particles as PNIPAm permit to
be compressed in dense assemblies [46]. This results in a repulsive short-range interaction
potential between the swollen particles. At high temperatures the shell is collapsed and
hence the density and stiffness of the polymer shell increased. The occurring hydrophobic
interaction and stronger van der Waals forces lead to short range attraction in the colloidal
system [3,44,104]. The appearing change of I(q) for concentrated systems at ¢ — 0
and temperatures above the transition temperature T, ~ 36°C is hence associated with
agglomerations of particles, favourable due to de-swelling of the PNIPAm shells with the
ability to be deformed and/or inter-penetrated as sketched in Fig. 5.14 [44-46].

The structural transition from a repulsive to an attractive system is clarified with the
data taken in USAXS geometry, where a static structure factor S(q) could be obtained for
sample SP-3B. For all volume fractions a decrease of interparticle distance is observed upon
heating from 20°C to 37°C (Fig. 5.9). An upturn of I(q) for ¢ — 0 appears at 38°C and
even stronger at 40°C resembling the sticky hard sphere model shown in Fig. 3.7¢ [30,31].
This points to agglomerations, favoured by sticky particles with attractive interaction at
38°C and 40°C which was not observed for 37°C. The result thus confirms the transition

from repulsive to attractive interactions indicated in the previous SAXS results whereas
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LCST

Figure 5.14: Sketch of possible behaviour of silica-PNIPAm particles at high packing
fractions before and after the collapse at the LCST. a) Particles without interpenetration
b) interpenetrating particle shells and c¢) deformed and interpenetrating particle shells.
The grey circles in the middle of the particles represent the silica cores and the black lines
represent the PNIPAm network. The dashed lines indicate the effective particle form and
size.

the stickiness of the particles increases at temperatures T' > T¢.

The temperature-induced structural transition was found to be reversible. Even after
multiple iterations of heating with subsequent cooling the I(g) show full reversibility. This
points to a reversible transition from repulsive to attractive interparticle interactions.

The addition of TMAO to the silica-PNIPAm suspension, affects the critical temperature
T.. The shift of T, with increasing TMAQO concentration is in qualitative agreement
with previous observations. It is known, that the presence of TMAO in dilute aqueous
PNTPAm suspensions stabilizes the globular PNIPAm state and shifts the LCST to lower
temperatures [53, 55] which is also suggested by comparison of the data with 0 M, 0.11 M
and 0.26 M. With the strong hydrophilicity of TMAO and the preferential attraction of
TMAO to the globular PNIPAm state [53] the I(g) of 0.52M TMAO can be interpreted
as the scattering signal of temperature-independently collapsed particles, that behave like

simple spheres.
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5.4 Dynamic properties

In a dilute suspension the absence of interparticle interactions leads to diffusive particle
motion. In this case, the intensity autocorrelation function go can be obtained by DLS.
For highly concentrated suspensions, which are often optically opaque, multiple scattering
effects occur for visible light. Hence the dynamic properties of the densely-packed colloidal
systems were probed with XPCS.

The dynamical information of the colloidal system is contained in the normalized second
order intensity-autocorrelation function g which is obtained by both DLS and XPCS. For
many soft matter systems the go function can be described with the Kohlrausch-Williams-
Watts (KWW) function, given by Eq. (3.34) in section 3.3.1

92(q,7) =1+ Bexp[-2(T(q) - 7)7]

Here B(q) is the speckle contrast depending on the coherence of the source [70], 7 is the
KWW exponent and I'(¢q) the relaxation rate which relates to the characteristic relaxation

1

time 7. via I' = 77". In the following, all g» functions are fitted by a KWW function

except where otherwise specified.

5.4.1 Radiation damage

PNIPAm is a highly radiation sensitive system which requires a careful exposure of the
sample to the X-ray beam [18]. After variation of attenuators, exposure times and beam
sizes while observing the static and dynamic signal, exposure times between 0.5 ms and
3ms per speckle pattern have been selected with series of 500 — 4000 diffraction patterns
at each sample spot. Within the chosen time scale any effect resulting from beam damage
could be avoided. Fig. 5.15 shows the mean intensity (I) for 4000 patterns with 0.5 ms
exposure, i.e. a total time of 2 s obtained with sample SP-2B. Over the whole illumination
time, the mean intensity (I) remains constant, pointing towards the absence of radiation

damage which could affect the stability. The total illumination time, ¢.e. the sum of
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Figure 5.15: Stability plot of the mean intensity for 4000 diffraction patterns with an
0.5 ms illumination time per pattern, obtained for SP-2B at ®.g = 0.55.
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Figure 5.16: DLS results: a) Intensity autocorrelation functions go — 1 as a function of
temperature between T' = 17°C and 47°C, obtained by DLS at ¢ = 0.018 nm~'. The black
lines represent KWW fits to the data. b) Characteristic relaxation time 7. (blue X, left
axis) and KWW exponent v (grey o, right axis) both as a function of temperature.

exposure times per series of diffraction patterns, can be related to a dose D [105]

NE 1
D=1000— (1— ——— ) . 5.3
pM( eXD(ﬂM)) (53)

Here N is the total number of photons on the sample and E the energy per photon. p
represents the effective total density, A(cm?) the beam size area and £ (cm) the sample
thickness. The mass attenuation coefficient p depends on the sample material and the
photon energy. Here it was calculated for silica-PNIPAm using the NIST XCOM Photon
Cross Sections Database [106] to ugip = 45.67cm?/g for 7.4keV.With 4000 diffraction
patterns of 0.5 ms each, a dose of D ~ 3 x 10* Gy is reached which is below the radiation
damage threshold for such silica-PNIPAm core shell systems of Dy ~ 1 x 10° Gy [18].
For longer exposure times per single diffraction pattern D was kept constant by means of

attenuators.

5.4.2 Dynamics of non-interacting silica-PNIPAm particles

To probe the dynamics of aqueous silica-PNIPAm without interparticle interactions and to
characterize the thermo-responsive behaviour, all samples have been measured in a highly
dilute state with ®.¢ < 0.004 by DLS.

Fig. 5.16a shows the intensity autocorrelation functions for SP-2B at six temperatures
between 17°C and 47°C with their respective KWW fits (Eq. 3.34). Here the scattered
intensity has been detected at an angle of 20 = 90° leading to a wave vector transfer
of ¢ = 0.018nm~!. With increasing temperatures the go functions shift towards shorter
delay times 7 which is associated to faster structural relaxations at the corresponding
temperature. The result is typical for colloidal systems due to faster thermal motion and
lower solvent viscosity for higher temperatures. For PNIPAm the speed-up is supported

by a reduction of the particle volume with temperature. The relaxation times are shown
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Figure 5.17: Temperature-dependent hydrodynamic radius Ry of Silica-PNIPAm sample
SP-2B characterised by DLS.

in Fig. 5.16b (left axis) as a function of temperature. The temperature dependency is
fitted by a linear decrease 7. = a-T + b yielding a = —4.7-107°s/°C and b = 0.003s. The
KWW exponent is constant 7 = 1 over the whole temperature interval (Fig. 5.16b) which
is the typical value for diffusive dynamics.

From the go functions the temperature-dependent particle size and with that the de-
swelling behaviour was analysed between 15°C and 50°C. As representatively shown for
sample SP-2B in Fig. 5.17, the radius starts to decrease upon heating before it rapidly
collapses at T' = 32°C, matching the literature value of the LCST [107]. For T' > 37°C the
shell is in the collapsed state and the particle size stays constant. In this hydrophobic state
the hydrodynamic radius of the core-shell particles is about 70 nm while it is about 130 nm
for the lowest temperature where the PNIPAm shell is completely swollen. The uncoated
silica particles have as well been characterised by DLS and have a hydrodynamic radius
of around 54nm. This leads to a shell thickness of about 71 nm in the swollen state and
16 nm in the collapsed state. Passing the LCST the volume of a single SP-2B core-shell
particle is thus reduced by 84%.

5.4.3 Dynamics of concentrated suspensions

For densely-packed systems interparticle interactions cannot be neglected and hence the
particle motion differs from simple diffusion. The temperature-dependent dynamics of
silica-PNIPAm suspensions have been investigated via XPCS at various concentrations
and with varied PNIPAm core-to-shell ratios.

In Fig. 5.18 the intensity correlation functions are shown for SP-2B at ®.g = 0.55 at
all studied temperatures between 15°C and 45°C and at a selected ¢ value of 0.02nm™!
with the corresponding KWW fits (Eq. 3.34). All go functions are normalised to the
speckle contrast 5. In this experiment at 8-ID the contrast was 8 = 0.15 (see Table 4.2).

The go functions obtained at a ¢ value similar to the DLS measurement are slower than in
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Figure 5.18: Temporal evolution of the correlation functions of SP-2B at ®.¢ = 0.55 a) for
temperatures between 15°C and 36°C where the system speeds up and b) between 37°C
and 45°C where the system slows down. The increase of the temperature is indicated by
the black arrow, respectively. The g» functions were calculated at ¢ = 0.02nm ™!, the solid
lines represent the KWW functions (Eq. 3.34).

Fig. 5.16a which is an effect of particle concentration. Upon heating until 36°C (Fig. 5.18a)
the correlation functions shift towards shorter structural relaxation times. This implies
faster dynamics of the particles towards higher temperatures as observed for the dilute
case (Fig. 5.16). Interestingly for temperatures higher than 32°C also the slope changes,
indicating a transition of dynamics in the system. At 37°C the system rapidly slows down
shown by a jump of the correlation function towards larger times (Fig. 5.18b). Additionally
the go function shows two decays at 37°C, indicating a second dynamical process in the
system. For this specific temperature the KWW model had to be extended to a double

exponential:

92(q;7) = 1+ (B—a) exp[-2(T'(q) 7)"] (5.4)
+a-exp [—2(T2(q) - 7)7?].
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Figure 5.19: go functions of SP-2B for T' > 37°C (comp. Fig. 5.18b) shown with a linear
time axis.

At 38°C a further slowing down is observed in the go function, which does not decorrelate
completely within the total exposure time. The decorrelation of the gs-function sets in at
T~ 0.2s (see Fig. 5.19). Upon further heating up to 45°C the system continuously slows
down further. In the total exposure time of 2s no second relaxation process is observed
for temperatures T' > 38°C.

Fig. 5.20a shows all characteristic relaxation times obtained for SP-2B at ®.4 = 0.55
and ¢ = 0.02nm~! from the g, functions displayed in Fig. 5.18. The studied temperature
range can be divided into three regimes: In region A (blue) for T' < 32°C the relaxation
time decreases monotonously from about 1 to 0.1s. Between 32°C and 36°C, in region
B (green), 7. decreases rapidly from 0.1 to 0.01s implying a speed-up of the particles.
This temperature region B corresponds to the regime where the particles start to collapse
(compare Ry in Fig. 5.17a). For T = 37°C, which was chosen to be the border between
B and C, both 7., and 7., are plotted. Here 7., (e) relates to a slowing down of several
orders of magnitude, whereas 7., (o) shows a parallel dynamical process comparable to
the dynamics at 7' = 34°C. In region C (red) for T' > 37°C all 7, are increased by several
orders of magnitude compared to region B. In contrast to the plateau of strongly increased
relaxation times typically seen for high packing fractions [108], here a tendency towards
higher 7. is observed with increasing 7. Due to a decorrelation of the g» functions in
regime C of about 20% to 2% (see Fig. 5.19) within the total exposure time of 2s a KWW
function with 7, = 10s could be adapted. In this temperature regime C the particles in
the dilute suspension were found to be fully collapsed as shown in Fig. 5.17.

The character of the dynamics is reflected in the ¢ dependence of the go functions which
are shown in Fig. 5.21 for accessible ¢q values at T' = 25°C, 32°C, 37°C and 42°C. Dynamics
at large length scales are slower and therefore go functions of small ¢ correspond to slower
dynamics. This behaviour can be observed for all temperatures as shown representatively

in Fig. 5.21. Fig. 5.22 compares the ¢ dependency of the characteristic relaxation time
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Figure 5.20: XPCS results of SP-2B: a) Temperature dependence of the characteristic
relaxation time 7, at ¢ = 0.02nm~'. Between B and C at 37°C where the go function
shows two decays both 7., (e) and 7., (o) are shown. b) Temperature dependence of ~y
and ¢ at ¢ = 0.02nm ™! (the dashed line illustrates v = 1 and p = 2 for simple diffusion).
For T = 37°C ~; and 2 are shown while p pertains to 7., = 1/T's.
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Figure 5.21: ¢ dependent go functions of SP-2B at ®.g = 0.55 for a) T = 25°C, b)
T =32°C, ¢) T = 37°C and d) T = 42°C.

and the KWW exponent for 7' = 20°C and 42°C. Fig. 5.22a compares the development
of 7. for 20°C (blue, swollen particles) and 42°C (red, collapsed particles) as a function of
wave vector transfer ¢q. In either case 7. shows a distinct ¢ dependence. The solid lines
represent fits of a power law 7. o ¢ P to the data. For T" = 20°C a value of p ~ 3 (here
p = 2.92 £+ 0.05) was found suggesting an anomalous dynamical behaviour of the swollen
particles. Fig. 5.20b shows that 2.8 < p < 3.4 is found in the whole temperature regime
A. The corresponding KWW exponent v in temperature region A was found to be v ~ 0.5
with no distinct ¢ dependence (Fig. 5.22b).

For the collapsed particles at T' = 42°C, p ~ 1 was found (here p = 0.91 4+ 0.07),
indicating that a transition of dynamics must have occurred in the system upon heating.
For this temperature and ¢ value, the corresponding KWW exponent was found to be
~v ~ 1.8. In contrast to regime A, v shows a decay as a function of q. While the KWW
exponent is v = 1.8 at the lowest g probed here, it approaches v ~ 1.5 with increasing q.

As with the structure factor (section 5.1), this temperature-induced slow-down of dy-
namics was studied as a function of concentration. The experiment was performed with
sample SP-1 at ®.g = 0.12, 0.15 and 0.19 at beamline ID10 at ESRF. Fig. 5.23 shows
g2 functions for all three concentrations during the heating process. Primarily, for all six
temperatures, the correlation functions imply shorter structural relaxation times for lower
concentrations of the silica-PNIPAm particles in the suspension. Smaller 7. imply faster
particle dynamics due to reduced interparticle interaction for lower concentrations. With
increasing temperature from 25°C to 30°C and 32°C the go function of each concentration

shows successively faster dynamics. Above 36°C no further development towards faster
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Figure 5.22: XPCS results of SP-2B: ¢ dependence of a) 7. and b) the KWW exponent ~
for the swollen particles at 20°C (blue) and the collapsed particles at 42°C (red).

dynamics is present, however, the dynamical behaviour varies for each concentration upon
further heating. While the go functions of the system at ®qg; = 0.12 remain unaffected
and thus show no change of dynamics at T' = 36°C, 38°C and 40°C, there is a clear slowing
down present for ®.gy and Peg3. The medium concentrated solution with @9 = 0.15
shows a continuous slowing down between 36°C and 40°C whereas a second relaxation
process appears above 36°C. The KWW fit for those go functions has been extended to
a double exponential function (Eqn. 5.5). The pre-factor « is @ = 0.21 for 38°C and
a = 0.19 for 40°C. For both temperatures where two dynamical processes are found in the
go function, the faster relaxation process seems to remain constant. The slower process
does not fully decorrelate within the studied time range but it nevertheless shows a further
change while heating from 38°C to 40°C. At T = 38°C a clear decay is present whereas

for 40°C the go function does not decorrelate distinctly and hence just shows a plateau in
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Figure 5.23: Temporal evolution of the correlation functions of SP-1 according to Fig. 5.3
measured for gy = 0.12 (blue A), Pegro = 0.15 (green M) and Doz = 0.19 (yellow #) at
a) T =25°C, b) T'=30°C, c) T = 32°C, d) T = 36°C, e) T'=38°C and f) T" = 40°C.
The g5 functions were calculated at ¢ = 0.02nm ™!, the solid lines represent the calculated
fits. The temperature steps correspond to Fig. 5.3.
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Figure 5.24: XPCS results of SP-1: a) Temperature dependence of the characteristic relax-
ation time 7. at ®eg; = 0.12 (blue A), Doy = 0.15 (green M/, open symbols represent a
second dynamical process at the respective temperature) and ®eg3 = 0.19 (yellow ¢). The
inset depicts a zoom of region A whereas the solid lines are guides to the eye. b) Concen-
tration dependence of 7. of the swollen particle at 25°C (blue) and the collapsed particle
at 38°C (red). All values correspond to the go functions at ¢ = 0.02nm~! presented in
Fig. 5.23.

the covered time range.

For the highest concentration ®.g3, the go functions of 38°C and 40°C show no decor-
relation within the total exposure time. Hence, the sample resembles a static system in
the time range of 1.5s. Analogous to the structural result from the SAXS data, the de-
velopment of 7. can be classified below and above the critical temperature T, ~ 36°C:
For T, all relaxation times decrease linearly upon heating from 25°C to 32°C with larger
relaxation times the higher the respective concentration (see inset Fig. 5.23a). Hence, the
system speeds up for all concentrations upon heating from 25°C to 32°C. Therein, the
initial relaxation time is proportional to the particle concentration. Upon further heating
from 36°C to 40°C and hence for T' > T, the dynamics shows a concentration-dependent
behaviour. While 7, remains constant for ®g; (blue A), the system with ®eg3 (vellow )
does not decorrelate in the total experimental time of 1.5s for T' = 38°C and 40°C. Hence,
no relaxation time could be extracted, however, it increases several orders of magnitude
compared to T' < T¢.

Based on the previously discussed results on SP-2B a KWW function with a compressed
exponent of v = 2 has been applied for the go functions which still decorrelate about 1%
within 1.5s. In case of the sample with ®.g,, the compressed exponent relates to the slower
relaxation process. The relaxation times obtained from the modelled KWW functions are
shown Fig. 5.23a (area B) with an errorbar covering the wide range of possible values. For
the sample with ®qg9 whose go functions show two dynamical processes 7. is split up in
regime B. While 7., (green 0J) coincides with the behaviour observed for ®qg, 7, (green
H) rising analogously to the highest concentration ®.g5. A different representation of the
relation is shown in Fig. 5.24b with the relaxation time as a function of particle volume
fraction ®.g. At 25°C the particles are swollen and 7. hardly increases with concentration

whereas it shows a strong increase at 38°C where the particles are collapsed.
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5.4.4 Influence of the shell size on the dynamics

Similar to the analysis of the structural behaviour, the dynamics were studied while chang-
ing the effective volume fraction ®.¢ by variation of the PNIPAm shell sizes with a con-
stant silica core. With the relation of shell to core size, the samples are classified via
their softness ¢ following [95,96]. The here discussed samples are sample SP-2A with a
softness of &a ~ 0.41, SP-2B with &p =~ 1.31 and SP-2C with & ~ 3 calculated for
the swollen state at 20°C (see Tab. 4.1)). Fig. 5.25 shows the go functions of SP-2A with
®5(SP-2A) = 0.13, SP-2B with ®.¢(SP-2B) = 0.55 and SP-2C with ®.(SP-2C) = 0.73,
relating to the I(q) in Fig. 5.4.

The dynamics of all three samples first becomes faster with increasing temperature
between 36°C and 38°C, until it rapidly slows down with further heating. Despite the
common features the observed dynamics of each sample show different characteristics.
Sample SP-2A (Fig. 5.25a) shows the fastest dynamics of all three samples within the
total exposure time of 1s. The gy functions show a KWW exponent of v = 1 for all
temperatures T' < 39°C. The slowing down occurs for T' > 38°C and proceeds with
smaller temperature steps than observed earlier for larger shell sizes. At the same time
a second relaxation process occurs for 40°C and 42°C before it does hardly show any
time dependence at 45°C. In comparison, the correlation functions of SP-2B (Fig. 5.25b)
with the medium shell size are found at larger times and hence related to slower particle
motions than SP-2A.

Sample SP-2B has been discussed extensively in section 5.4.3. Sample SP-2C with
the largest shell size of 186 nm shows the slowest dynamics of all three SP-2 samples
(Fig. 5.25¢). As with the the other samples, the gs functions show a speed up until 36°C
followed by a rapid slow down until there is only a slight decorrelation for 40 — 45°C where
the shell is fully collapsed. In this third case the KWW exponent is found to be v = 0.5.

The direct comparison of a-c hence clarifies the influence of the PNIPAm shell thickness
on the dynamics in the system. Primarily, the particular set of g functions for each
sample was shifted to larger characteristic relaxation times with higher shell thickness.
Furthermore, towards larger shell thicknesses the slope of the correlation functions changed
from a single exponential decay with v = 1 to a stretched exponential decay with v = 0.5.
Fig. 5.26a gives a closer insight in the overall behaviour of 7. with increasing temperature
for all three shell sizes. As before, the threshold temperature T, =~ 36°C can be classified.
For T' < T¢, all three samples show a decrease of 7. and hence a speed up in the system
upon heating whereas slower dynamics are determined for larger shell sizes.

For T' > T, the samples show a shell size dependent behaviour. For SP-2A the transition
of dynamics happens between T' = 36°C and T" = 38°C where 7. starts to increase until it
raises more than four orders of magnitude at T' = 45°C. For T = 42°C 7.1 and 7y of both
relaxation processes are plotted in Fig. 5.26a.

Sample SP-2B, as discussed above, shows a further decrease of 7. by 32% at 36°C. At
37°C the system slowed down and shows two dynamic processes with with 7.; ~ 0.035s,
matching with the relaxation time found for 34°C, and 7.2 ~ 6.4 s increased by more than

two orders of magnitude. Upon heating to 45°C 7. shows a further tendency towards
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Figure 5.25: XPCS results of SP-2: Temperature dependent intensity autocorrelation func-
tions go at ¢ = 0.02nm! of SP-2 with a swollen PNIPAm shell thickness of a) 22nm at
®.5(SP-2A) = 0.13, b) 71nm at Pg(SP-2B) = 0.55 and c) 186 nm at Pg(SP-2C) = 0.73.
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Figure 5.26: a) Temperature dependence of the characteristic relaxation time 7. for SP-2A
(orange A/A) with ®.q = 0.13, SP-2B (pink <) with @ = 0.55 and SP-2C (blue ¥) with
O = 0.73. b) 7. of various highly concentrated silica-PNIPAm suspensions of SP-2A, SP-
2B and SP-2C. All parameters correspond to the g, functions obtained at ¢ = 0.02nm™!
shown in Fig. 5.25, dashed lines represent guides to the eye.

larger times. SP-2C initially shows a decrease of 7. to 0.06s at 36°C before it rises and
stays constant around 4.9s for T' > 38°C which is in the same order of magnitude as the
values obtained at low temperatures. Here it clearly differs from both SP-2A and SP-2B
whose characteristic relaxation times increase by several orders of magnitude for T > T..
Nevertheless the g functions of all samples are found at similar time-scales.
Additionally, the dependence of 7. on both shell size and concentration was analysed.
Fig. 5.26b shows 7. of SP-2A, SP-2B and SP-2C at various ®.g obtained at T = 32°C

1

all for ¢ = 0.02nm™". For sample SP-2C with the largest shell thickness, large packing

fractions lead to over-packed systems with an effective volume fraction of ®.g > 1.

5.4.5 Ultra-small-angle X-Ray photon correlation spectroscopy

The performance of XPCS in ultra-small-angle X-Ray scattering geometry (USA-XPCS)
enables the study of the dynamics in the system on a length scale of the next-neighbour
distance between the particles. In the SAXS data (section 5.1), sample SP-3B showed a
pronounced structure factor (see Fig. 3.7, 5.8 and 5.9). Due to the large deformable shell,
an over-packed effective volume fraction of ®.g¢ = 1.35 was reached for SP-3B. Fig: 5.27
shows the gy functions of SP-3B for this ®.¢ at the accessible ¢ values around gpax for a)
T = 20°C, b) 36°C and c) 45°C. Therein, ¢ = 0.012nm™! is the lowest ¢ value where a
go function was calculated. The lines represent the corresponding KWW fits. Due to the
very high sample concentration, the dynamics are slow and hence the measurements have
been performed with a total exposure time of 23s whereas the maximum dose was kept
constant by means of attenuators. As seen for the previously discussed samples, the go
functions show faster dynamics upon heating from 7" = 20°C to 36°C and a slowing down
again upon further heating to 45°C, all for a constant ¢q. Fig. 5.28a shows the ¢ dependency

of 7. for T = 20°C and 42°C, whereas the solid lines represent fits of a power law 7. o< ¢~ P.
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Figure 5.27: USA-XPCS results of SP-3B at ®.4 = 1.35: ¢ dependent intensity correlation
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Figure 5.28: ¢ dependency of a) characteristic relaxation time 7. and b) KWW exponent
v, both corresponding to SP-3B with ®.¢ = 1.35 at T = 20°C and 42°C. The solid lines
in a) represent a power law fit to the data with 7. oc ¢7P.

Interestingly, for both T' < T, and T' > T, a value of p ~ 1 (here p = 0.98+0.01) was found
in contrast to the previous result where this dependency was found only for T > T, (see.
Fig. 5.22). The KWW exponent, shown as a function of ¢ in Fig. 5.28b, is found to be
~v > 1 for all temperatures, indicating a compressed exponential decay of the gs functions.
Here, v decays as a function of ¢ from 1.76 at ¢ = 0.012nm~" to 1.49 at ¢ = 0.062nm™"
for 20°C and from 1.97 at ¢ = 0.012 to 1.69 at ¢ = 0.012 for 42°C, respectively, similar to
sample SP-2B in Fig. 5.22. Despite the high volume fraction and the pronounced structure

factor, the sample shows no indications of De-Gennes narrowing [109].

5.4.6 Reversibility

To study the reversibility of the de-swelling behaviour of the particles and the transi-
tion of dynamics present in highly concentrated silica-PNIPAm systems, DLS and XPCS

measurements have been performed both upon heating from 25°C to 45°C and with sub-
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Figure 5.29: Temperature dependence of a) the hydrodynamic radius Ry of SP-1 charac-
terized by DLS upon heating (red %) and cooling (blue O), b) 7. of SP-1 at ®.g = 0.19.

sequent stepwise cooling down to 25°C. Fig. 5.29a shows the hydrodynamic radius of SP-1
as a function of temperature obtained by DLS. As described in section 5.4.2, the particles
collapse from an initial Ry ~ 100nm at 15°C to Ry ~ 75nm at 45°C while crossing the
LCST. The subsequent cooling reverses the behaviour whereby the radius increases. The
de-swelling and swelling processes match each other without indications of a hysteresis
which shows that the temperature-induced modification of hydrophilicity of the PNIPAm
shell is completely reversible as shown in [62].

The reversibility of the transition of dynamics in highly concentrated systems was de-
termined with sample system SP-1 at ®.4 = 0.19 in a separate temperature dependent
XPCS experiment. Fig. 5.29b shows the overall behaviour of the characteristic relaxation
time upon heating and cooling. To obtain representative results of 7. in the slow regime
at high temperatures the XPCS measurements have been additionally performed with an
exposure time of 5ms and a series of 2000 diffraction patterns keeping the same dose by
using attenuators. With the total exposure time of 10s and the result from the previous
studies a KWW function with v ~ 2 was adapted to the data at high T. The result

shows an accelerating 7, between 15°C and 37°C before the value rises by three orders of
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magnitude as previously observed and shown in Fig. 5.24a. The cooling process shows a
reversed behaviour with a drop of 7.. In contrast to the dilute case (Fig. 5.29a) a small
hysteresis can be identified between 38°C and 40°C. The comparison of Fig. 5.29a and b
clarifies the occurrence of the transition of dynamics once the PNIPAm shell is collapsed
at T, ~ 36°C.

5.5 Dynamical influence of TMAOQO as co-solvent

The influence of TMAO on the dynamic temperature-dependence has been studied for
sample SP-1, as with the static behaviour discussed in section 5.2. Therefore sample SP-1
has been prepared at ®.g = 0.095 purely and with 0.11 M, 0.26 M and 0.52M TMAO in
the solution. Fig. 5.30 shows the associated go functions at temperatures between 20°C
and 45°C and ¢ = 0.023nm~'. The g functions of the pure silica-PNIPAm sample show
a speed-up upon heating until 7' = 40°C before it slows down at T, = 42°C (Fig. 5.30a).
The higher T, compared to SP-1 in section 5.4.3 is attributed to lower particle concen-
tration. For the 0.11 M TMAO sample the go functions also show faster dynamics upon
heating with a slow down which is observed at 37°C (Fig. 5.30b). For 0.26 M TMAO an
analogue behaviour is seen with T, = 34°C and hence a further shift to lower temper-
atures (Fig. 5.30c). For temperatures 7' < 35°C TMAO has no significant influence on
the g9 functions shown in Fig. 5.30a-c. The sample with 0.52 M TMAO shows a different
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Figure 5.30: Intensity correlation functions go of a) SP-1 at ®.g = 0.095 for ¢ = 0.023 nm~!

in pure water and b)-d) with addition of 0.11, 0.26 and 1 M TMAO, all with their corre-
sponding KWW fit. The measurements were performed between 20°C and 45°C.
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Figure 5.31: a) Temperature-dependence of the characteristic relaxation time 7. of SP-1
at O = 0.0095 in water and with addition of 0.11, 0.26 and 0.52M TMAO obtained at
g = 0.023nm~'. Open symbols represent 7., corresponding to the second decay of the
go function for this concentration and temperature. The dashed lines represent guides to
the eye. b) Temperature-dependence of 7. for 0.52M and the calculated 7. for a diffusive
aqueous system of spherical particles with a radius of R = 160nm (dashed line) and
R = 75nm (dotted line).

behaviour (Fig. 5.30d). Here, all go functions are shifted to smaller relaxation times, indi-
cating faster dynamics than in the systems in Fig. 5.30a-c. Furthermore, the go functions
show a tendency to faster dynamics upon heating but no temperature-induced transition
of dynamics.

Fig. 5.31a shows the characteristic relaxation times of all four samples as a function of
temperature. All relaxation times of the 0M, 0.11 M and 0.26 M TMAQO samples decrease
monotonously and match each other for all respective T < T, with an initial relaxation
time of 7. = 7.5 ms. Thus, for those systems, TMAOQO has an influence on T, which is shifted
to smaller T with higher concentrations of TMAO whereas the nature of the dynamics is
unaffected. For the 0.52 M sample, 7. decreases monotonously upon heating for the whole
temperature range with an initial relaxation time of 7. = 1.5ms. In Fig. 5.31b 7, of the
0.52M TMAOQO sample is shown together with the calculated temperature dependent 7. of
a diffusive aqueous system of spherical particles with a radius of 75 nm, in agreement with
the collapsed radius of SP-1 (see Table 4.1). Irrespective of an offset in 7, the course of

the data matches the calculation. To match the data without offset, the calculated radius
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of the diffusive particles would be 160 nm.

5.6 Interpretation and discussion of the dynamical properties

The dynamics of silica-PNIPAm core-shell particles were studied as a function of temper-
ature, concentration and shell thickness via XPCS and USA-XPCS. The g9 functions of
SP-2B at ®.4 = 0.55 in section 5.4.3 showed a speed-up of dynamics, followed by a slow-
ing down with increasing temperature wherein a double exponential decay at T' = 37°C
points out a second dynamical process in the system. Two relaxation processes are usually
present in glass formers or supercooled liquids [110-112] and during gel formation [85,113].
By evaluation of the go functions three temperature regimes could be classified. In regime
A, for T <LLCST, the characteristic relaxation time 7. decreases monotonously upon heat-
ing and hence the system speeds up. In the intermediate regime B, for LCST< T < 37°C,
which is the regime where the particles collapse, 7. decreases rapidly. In regime C for
T > 37°C the relaxation time 7. increases several orders of magnitude pointing out a
transition of dynamics between B and C.

From the g9 functions a distinct ¢ dependence of the corresponding 7. was extracted. For

3

regime A an anomalous dependency of 7, & ¢~° was found. While simple Brownian motion

where 7. = 1/Dg? leads to the mean-squared displacement of the particle (Ar?(t)) o t°

3 can be associated with a = 2 [77]. A mean-squared

with a = 1, the relation 7. &« g~
displacement with a < 1 relates to sub-diffusive particle motion [74,75]. A scaling of
7. < ¢~3 has been observed for colloids in a polymer matrix [74] where the dynamics of
the colloid is linked to the motion of the surrounding polymer chains. Polymer dynamics
with the observed ¢—3 dependence of 7. and a mean-squared displacement of t2/3 have
been interpreted as a characteristics of membrane-like polymers following the Zimm model
[77-80]. This result suggests polymer-dominated dynamics below the LCST. Here, this is
attributed to the swollen PNIPAm shells functioning as a polymer matrix. Silica cores can
be associated as tracer particles with their motion coupled to the Zimm-like relaxation of
the polymer chains in the surrounding network.

The KWW exponent ~ in region A was found to be v = 0.5. This stretched and thus
slower than exponential decay of the correlation function suggests an anomalous, sub-
diffusive motion of the particles [74,75,81]. It further may indicate dynamical heterogeneity
with the presence of multiple structural relaxation processes in the system [82]. Passing
the LCST the DLS data in regime B shows a rapid decrease of the particle radius until it
is fully collapsed.

For the collapsed particles in regime C 7, o< ¢~ and v = 1.8 was found for T = 42°C.
In contrast to regime A, v decays with increasing q. The appearance of v > 1 together
with the ¢! relation can be attributed to ballistic, hyper-diffusive motion often reported
for jammed non-diffusive soft materials such as colloidal gels, concentrated emulsions and
glasses [83-91]. A similar trend has been described for soft glassy gels where the KWW
exponent is predicted to be 1.5 for ¢ — 0 and v = 1.25 for ¢ — oo [88,90]. The proposed

microscopical explanation for this type of dynamics observed for v and p are random
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micro-collapses of the colloidal gel. The particles strive for a dense packing by local
reconstruction of the gel which results in a strain field and thus a movement of other
surrounding particles. The observed dynamics in regime C agree with the dynamics in

!'and v > 1 were found for temperatures both below

PNIPAm hydrogels where 7. o< ¢~
and above the LCST [14,114]. Together with the I(q) where the appearance of attractive
forces is observed at temperatures of regime C, the results point towards the formation of
a colloidal gel once the PNIPAm shell is fully collapsed.

The transition of dynamics at a critical temperature T, =~ 36°C — 37°C as well as the
appearance of a second relaxation process is interpreted as an effect of high particle con-
centration. Both effects are more pronounced for dense particle packings and influence
the dynamics leading to the transition of dynamics with a characteristic relaxation time
in the range of 7. ~ 10s. While the static analysis showed a transition from repulsive
to attractive forces at high temperatures for all concentrations the respective evolution of
dynamics towards high temperatures clearly shows different states. With the ability of
soft nanogel particles to overlap and to deform in densely packed assemblies [44], agglom-
erations due to the collapsed shells are favoured. Furthermore, the appearing interparticle
attraction fosters the formation of colloidal gels [85]. Both effects intensify with concen-
tration and hence influence the dynamics accordingly. The results match the SAXS result
in this regime, where indications of a sticky hard sphere behaviour has been observed in
the system as it has been also described by [115-117].

Additionally, the PNIPAm shell thickness has a clear influence on particle motion before
the change of dynamic occurs. The particles with a shell thickness of 10 nm and ®.¢ = 0.13
show diffusive behaviour with the KWW exponent of v = 1. For thicker shells and higher
®.g the go functions become stretched pointing out sub-diffusive dynamics with v < 1.
Here, the critical transition temperature 7T, is independent of the PNIPAm shell size. For
the sample with the thinnest shell the process of the transition of dynamics occurs over
a wide range of temperature steps between 36°C and 42°C whereas larger shells show
a sudden slowing down within the temperature step of 1°C. The alluded temperature-
dependent transition of structure and dynamics in highly concentrated systems as well
as the particle size was demonstrated to be fully reversible with increase and subsequent
reduction of the temperature in a broad range around the LCST. Within this a small
hysteresis of dynamics has been found for concentrated systems.

The study of highly over-packed systems with ®.g¢ > 1 [18,44] shows hyper-diffusive,

ballistic motion with 7 oc ¢~ !

and v > 1 for temperatures below and above the LCST.
The corresponding USAXS results indicate a transition from repulsive to attractive forces
in the system upon heating with a pronounced structure factor peak for ' < T, (see
section 5.1.4). This suggests a jammed but well-ordered system for swollen over-packed
silica-PNIPAm particles at low T" whose dynamics are restricted due to deformation and
inter-penetration of the PNIPAm-shells. It is noted, that over-packing of silica-PNIPAm
systems leads to dynamics of a colloidal gel for particles in both the swollen and the
collapsed state [46].

Both the I(g) and the dynamics data show that an increase of TMAO concentration
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on a densely-packed silica-PNIPAm system decreases the transition temperature T, and
eventually leads to a temperature-independently collapsed system with no thermo-response
of structure and dynamics. The effect is not present in dilute PNIPAm suspensions [53]
despite much higher TMAO concentrations. It can therefore be addressed to the dense
particle packing and the lack of available water molecules for both TMAO and PNIPAm.

The preferential hydrogen bonding between water and TMAO reduces the number of hy-
drogen bonds between polymer and water molecules and therewith stabilizes the globular
state of PNIPAm [53-55]. Thus TMAO decreases the LCST and accompanying with that
the transition temperature 7T, in densely-packed systems as observed for the SP-1 suspen-
sion with 0.11 M and 0.26 M TMAQO. On the contrary, for the 0.52 M suspension, the result
suggests a particle system with temperature-independently collapsed PNIPAm shell, with
a diffusive-like temperature dependence of the relaxation time. In densely-packed silica-
PNIPAm systems, a large amount of the water is in the swollen PNIPAm shells. Due to
the high TMAO concentration water molecules are expelled from the polymer leading to

a lack of water for PNIPAm which consequently collapses.
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5.7 The phase diagram of silica-PNIPAm

All the previously discussed data can be assembled in a phase diagram of Silica-PNIPAm as
a function of temperature and concentration in the representation of the effective volume

fraction @ calculated at 20°C (Fig. 5.32). The phase diagram is shown for volume
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Figure 5.32: Phase diagram of silica-PNIPAm in the effective volume fraction ®.g-
Temperature T representation for ®.g < 1. Each symbol represents a performed SAXS
and XPCS measurement. The blue circles (o) denote the region where the system behaves
like a fluid. In the green region (¢) the g functions show two relaxation processes associ-
ated with a structural rearrangement in the system. The neighbouring orange regime (A)
relates to a rapid speed up of the particles. In the red regime (57) the particles form a
colloidal gel. The horizontal dashed line indicates the LCST at 32°C.

fractions ®.g < 1. Based on all results four different phases were found:

1. A fluid phase for T" < LCST as well as for low ®.5 where the dynamics show a
monotonous speed-up with increasing temperature mainly driven by thermal motion
and decrease of the particle radius. The gy functions show diffusive dynamics with
v = 1 for dilute suspensions and subdiffusive dynamics with v ~ 0.5 at higher
concentrations. The I(q) show no temperature dependence in this regime. Systems

with very low ®.¢ remain in this phase independent of temperature.

2. A fast fluid phase for medium to high ®.g and LCST < T < T.. Here, 7. decreases
rapidly compared to the fluid phase. With increasing temperature the value of ~
increases with 0.5 < v < 1. The I(q) are still temperature-independent in this

regime.

3. A rearrangement phase for medium concentrations and 1" =~ T,. Here, the g5 func-
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tions show two relaxation processes whereas the overall dynamics is slower compared
to the liquid phases. The I(q) show indications of the appearance of attractive forces

in the system.

4. A colloidal gel phase at high temperatures T' > T,.. Here, 7. increases several orders
of magnitude compared to the fluid phases and the system shows the dynamics of
a colloidal gel with v > 1. In this regime the I(q) suggest stronger attraction with

increasing temperature.

The fluid phase (blue o) was found to be dominating where the colloidal suspension
behaves like a liquid, showing a decrease of 7. towards higher temperatures and lower
concentrations. Dilute suspensions as SP-1 at ®.¢ = 0.035 remain in this phase indepen-
dent of temperature. At 7" > 32°C a phase boundary occurs for ®og = 0.1. Whereas the
medium concentrations such as SP-1 at ®.4 = 0.15, SP-2A and SP-2B show a structural
rearrangement expressed by a slow down accompanied with a second relaxation process
(green ¢), all ®eg > 0.32 show a further rapid increase of 7. up to 7" ~ 36°C (orange
A). In the high-temperature regime (red 57) all ®g > 0.1 slowed down by several orders
of magnitude and show the dynamics of a colloidal gel as discussed for SP-1 at 0.19 and
SP-2B in section 5.4.3. The phase diagram clarifies the possibility to achieve a transition
from a liquid to a colloidal gel phase within one heating process. In contrast to the ob-
servation of a transition in PNIPAm microgels from a jammed glassy to a fluid state by
heating up to the LCST [48] all here presented systems behave like a fluid in the regime
of T' < LCST and have no indications for jamming or crystallization related to a critical
packing fraction as in [41,118-120]. Crystallization might be suppressed due to dispersity
or too low cross-linking and hence low stiffness of the particles. Further, for this thesis,
all samples were prepared freshly before the measurement whereas crystalline samples are

usually given an equilibration time of up to several weeks [41].
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The temperature-dependent structure and dynamics of silica-PNIPAm core-shell nanopar-
ticles have been determined via Dynamic Light Scattering (DLS), Small Angle X-ray Scat-
tering (SAXS) and X-ray Photon Correlation Spectroscopy (XPCS). The application of
modern area detectors with up to 2-kHz frame-rate enabled the study of PNIPAm systems
via XPCS on a sub-millisecond time scale. The implementation of silica-PNIPAm core-
shell particle systems allows to study the temperature-dependent behaviour of PNIPAm
while the silica core provides a scattering object with large contrast for X-rays. Experi-
ments have been performed in the vicinity of the volume phase transition of PNIPAm at
the so-called lower critical solution temperature (LCST) of 32°C. The particle systems
were studied with different core-to-shell size ratios and various concentrations spanning
from dilute suspensions with ®.5 ~ 0.03 to over-packed sample systems with ®.g ~ 2.
The temperature-dependent particle sizes were obtained from dilute samples by DLS.

A sample (SP-2B) with a concentration of ®.g = 0.55 has been selected to be discussed
in detail. The results obtained by XPCS have been classified in three different temperature
regimes as shown by the ¢- and temperature-dependence of the intensity correlation func-
tions: Regime A was defined as the low temperature regime (7' < LCST) where the particle
motion was found to be sub-diffusive with a KWW exponent v < 1 and an anomalous
relation of 7. oc ¢73. In this regime the PNIPAm shell is swollen which suggests a model in
which silica as quasi-tracer particles in a polymer matrix undergo Zimm-like dynamics in
the surrounding polymer chains. Passing the LCST, an intermediate region B was defined
for 32°C < T < 37°C. The rapid collapse of the particles found for dilute suspensions in
this temperature regime B is reflected in the concentrated system by a strong decrease of
the relaxation time and hence a strong speed-up of the particles. At T ~ 37°C, which
is defined as threshold temperature T¢, the dynamics of the system changes indicating a
transition of the system. The region T' > T is defined as temperature regime C. Here, the
system shows an increase of 7. by several orders of magnitude, pointing towards a sudden
slowing down of the system. Furthermore, the correlation functions become compressed
(7 > 1) and the relaxation times are inversely proportional to ¢ (7. o< ¢~!). This relation
matches the general behaviour of PNIPAm hydrogels [14]. This supports the transition
from repulsive to attractive particle forces which is indicated by the I(g). During the
heating process, the colloidal silica-PNIPAm system undergoes a phase transition from a
polymer-dominated liquid where the structural relaxation process speeds up upon raising
the temperature until it rapidly turns into a jammed colloidal gel state without showing
any indication of ageing.

The temperature-induced transition of structure and dynamics was found to be concen-
tration dependent. In a study with systematically varied ®.g, all concentrations show an

acceleration of the observed particle motion upon heating for T < T, with slower dynamics
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for higher concentrations. For T' > T, the corresponding behaviour varies with concentra-
tion. The slowing down of dynamics at 1. was found to be present for ®.¢ > 0.095. On
the contrary to the concentration-dependence of the dynamic behaviour, the SAXS data
indicate a transition from repulsive to attractive forces as a result of the collapsing shell
for all concentrations.

The attractive interparticle interactions paired with the slowing down of dynamics sup-
port the interpretation of colloidal gel formation in the dispersion once the particle shells
are collapsed. Both effects are more pronounced for dense particle packings and influence
the dynamics leading to the transition of dynamics with a characteristic relaxation time
in the range of 7. ~ 10s. Additionally, the low-temperature PNIPAm shell thickness has a
clear influence on particle motion before the transition of dynamics occurs. While particles
with a shell thickness of d ~ 10nm show diffusive behaviour with a KWW exponent of
v = 1, the g functions become stretched for thicker shells (d ~ 75nm and 140nm) and
thus show a shift towards sub-diffusive dynamics with v < 1. Here, the critical transi-
tion temperature T, was found to be independent of the PNIPAm shell size. The alluded
temperature-dependent transition of structure and dynamics in highly concentrated sys-
tems as well as the particle size was demonstrated to be fully reversible with increase and
subsequent reduction of the temperature in a broad range around the LCST. Based on
all results a phase diagram with the overall temperature- and concentration dependence
of silica-PNIPAm particles can be presented for the first time. It separates two different
fluid states from a rearrangement phase and a jammed state at high packing fractions
and temperatures where the system shows the behaviour of a colloidal gel. No crystal
formation was present at any ®.g or temperature in contrast to studies on pure PNIPAm
microgels [41].

The LCST commonly classifies the temperature-dependent behaviour of PNIPAm into
two regimes where the particles are swollen or collapsed respectively. This thesis demon-
strates another critical temperature T, ~ 37°C. 1 is constant for all concentrated systems
that show a temperature-induced transition of structure and dynamics. For highly concen-
trated colloidal PNIPAm systems, as found in smart nano- or micro-structured materials,
the transition temperature 7; is more decisive than the LCST.

In future experiments, increasing the particle stiffness with higher cross-linking and
aiming for highly monodisperse systems might enable a temperature-induced transition
from a fluid to a crystalline state. A stiffer but disperse system can evolve into a glassy
state, which is usually observed for supercooled liquids or high packing fractions. Hence,
the phase diagram may be extended with a third axis relating to stiffness, covering more
phases. Furthermore, more can be learned about tuning the de-swelling behaviour with
co-solvents. Here, different amounts of TMAO have been added to the silica-PNIPAm
suspension resulting in a shift of the LCST to lower temperatures. A clear preferential
hydrophobic state was found with increasing TMAQO concentration. Further studies have
investigated the effect of various additions such as salt and ethanol on the de-swelling
behaviour of PNIPAm hydrogels or single nanogel particles [121-123]. The investigation

of the influence of co-solvents on structure and dynamics of densely-packed PNIPAm
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systems would be an important next step.

This thesis reveals broad insight in the dynamic behaviour of silica-PNIPam nanogels
during the volume phase transition of PNIPAm. However, the experimental access to
probe the folding kinetics of PNIPAm chains and the possibly linked particle dynamics
on this time-scale is limited. With the de-swelling thermo-response occurring on a mi-
crosecond time-scale [13] the trigger frequency of the current common photon-counting
area detectors is too low and the flux is insufficient for reasonable statistics at shorter
illumination times. Here, X-ray Free Electron Lasers (XFELs) can give access to ultra-
short high-intensity coherent light pulses which enable ultrafast pump—probe experiments
on ultrafast timescales with less than 100 femtoseconds, as for the European XFEL (Sch-
enefeld, Germany). Furthermore, the upgrades of third-generation storage ring sources to
diffraction-limited storage rings as PETRA IV [124] and ESRF-EBS [125], will provide
an X-ray beam 100 times more brilliant and coherent than present. With the upgrades
ten thousand times faster times and hence sub-microsecond dynamics can be approached

which will enable the access to PNIPAm folding kinetics and polymer dynamics.
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