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Zusammenfassung

In der vorliegenden Arbeit werden feldinduzierte Anderungen der Mesostruktur von Fer-
rogelen mit formanisotropen magnetischen Hamatitpartikeln und die daraus resultieren-
den Anderungen der makroskopischen, viskoelastischen Eigenschaften dieser Kompos-
ite in externen Magnetfeldern untersucht. Als Modellsysteme dienen in das querver-
netzte, thermosensitive Hydrogel poly-N-Isopropylacrylamid eingebettete, spindelférmige
Hématitpartikel verschiedener Aspektverhéltnisse. In externen Magnetfeldern richten
sich diese Partikel mit ihrer langen Dimension senkrecht zur Feldrichtung aus, was zu
einer Deformation der Hydrogelmatrix fiihrt. Partikel-Matrix-Wechselwirkungen wer-
den anhand der iiber Rontgenkleinwinkelstreuung bestimmten, feldabhédngigen Orien-
tierungsverteilungsfunktionen der Hamatitpartikel in Hydrogelen mit unterschiedlichem
Polymergehalt und Vernetzungsgrad quantifiziert. Die feldabhéngigen, viskoelastischen
Eigenschaften der Ferrogele werden mittels rotatorischer und oszillatorischer rheologischer
Experimente und mit simultanen rheologischen und Kleinwinkelstreuexperimenten unter-
sucht. Mittels Rontgenphotonenkorrelationsspektroskopie konnte in externen Feldern auf
Langenskalen, die der Porengréfte der Hydrogele entspricht eine richtungsabhéngige Dif-
fusion der Hamatitpartikel beobachtet werden, wihrend Diffusionsprozesse zwischen den
Poren unabhéngig von der Vorzugsorientierung der Partikel sind.

Abstract

In the present work, field-induced changes of the mesostructure of ferrogels containing
anisotropic magnetic particles and the resulting changes of their macroscopic, viscoelas-
tic properties are investigated. As a model system, inter-crosslinked, thermoresponsive
poly-N-isopropylacrylamide hydrogels with spindle-shaped hematite particles of different
aspect ratio are used. These particles align in external magnetic fields with their long
axis perpendicular to the field and provoke an elastic deformation of the hydrogel-network.
Particle-matrix interactions are quantitatively analyzed by field-dependent orientational
distribution functions of the hematite particles as determined by small angle X-ray scat-
tering in hydrogels with varying volume fraction and crosslinking density. Field-dependent
viscoelastic properties are studied by means of rotational and oscillatory rheological exper-
iments and simultaneous rheological and small angle scattering experiments. Employing
X-ray photon correlation spectroscopy, in external fields a direction-dependent diffusive
motion of hematite particles on length scales corresponding to the size of voids in the
hydrogel matrix could be observed while diffusion between adjacent voids is independent
of the preferred particle orientation.
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1 Introduction

In 1962 Payne et al. showed that both, the elastic responses, and viscosity of rubbers
filled with carbon black change with amplitude of oscillation and with the concentration
and type of carbon black [1]. Since then, the influence of incorporated nanoparticles on
the mechanical properties of elastomers has attracted considerable scientific interest.
Based on these findings, one important focus of today’s research is the development and
the investigation of materials with extraordinary mechanical properties that can be dis-
tinctively changed and controlled by external stimuli such as temperature, pH-level, stress
as well as by electric or magnetic fields. Many of these so called smart materials, as for
example self-healing materials, shape-memory alloys and polymers, magnetorestrictive
materials, pH- and temperature sensitive polymers and gels or ferrofluids are already
common in use and knowledge [2-10]. The combination of these properties offers the
opportunity to create more complex and specialized composite materials.

Hydrogels generally consist of hydrophilic polymer chains, in some cases forming cross-
linked, colloidal particles, in which water is the suspending medium. Therefore, these gels
are highly water absorbent and for example used to build contact lenses, breast implants
or as super absorbing materials [11-13]. Some hydrogel species can be classified as smart
materials since they have the ability to sense changes of, for example, pH, temperature,
or the concentration of metabolite and release their load as result of such a change. These
properties make them especially interesting for biomedical applications as drug delivering
agents [14-16].

Ferrofluids, as another smart material, are colloidal liquids consisting of magnetic col-
loidal particles suspended in a carrier fluid which can be, for example, an organic solvent
or water. They find several applications in medicine as well as in the field of mechanical
engineering or in electronic devices as seals and dampers as well as efficient heat transfer
medium [9, 17, 18].

By the combination of hydrogels and ferrofluids, ferrogels are obtained. The colloidal
magnetic particles incorporated within the polymer network make the ferrogel sensitive
to external magnetic fields as a stimulus and therefore its viscous and elastic behavior can
be tuned by external magnetic fields [19].

Bio-compatible ferrogels with water as a suspension medium often find an application in
the areas of biology and medicine as drug-delivery systems. Triggered by the ferrogels
interactions with a magnetic field, pharmaceuticals are released in a controlled manner
within the human body [20-22|. Another application can be found for therapeutical hy-
perthermia, were the suspension medium is heated up due to interactions of the magnetic
nanoparticles with the external magnetic field. By means of hyperthermia cancer tissue
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can be locally destroyed inducing apoptosis [23]. Regarding the fields of material-sciences
and technology, ferrogels are potential candidates for a new generation of sensors and ac-
tuators. The ferrogels elastic properties can be controlled by stimuli as external magnetic
fields, ion-concentatrion, pH-level or temperature [24, 25|. Artificial muscels as a special
kind of actuator are already discussed in literature |26, 27].

Within this work particle-matrix interactions in ferrogels containing shape-anisotropic
magnetic nanoparticles are investigated. As a matrix system the temperature-sensitive
hydrogel poly(N-isopropylacrylamide) (pNIPAM) is chosen. pNIPAM is an especially in-
teresting polymeric system, since it undergoes a characteristic coil-to-globuli transition
around the human body temperature [28| and therefore opens up a wide field of applica-
tions including drug delivery, medical diagnostics or tissue engineering. Shape-anisotropic,
magnetic hematite nanoparticles serve as filler particles in the materials investigated in
this work. If exposed to an external magnetic field, shape anisotropic hematite (Fe,O3)
nanoparticles align with their long axis perpendicular to the direction of an external field
[29]. This behavior makes the spindles a system of special interest as a filler particle for
the hydrogel matrix system, since the mesostructure and therewith the mechanical prop-
erties of the resulting ferrogels can be influenced by the flux density and the direction of
external magnetic fields.

Hematite nanoparticles of different aspect ratios v as well as intercrosslinked pNIPAM hy-
drogels consisting of thermoresponsive polymer spheres connected by polymer chains with
systematically varying crosslinking ratios xy and polymer volume fractions ¢ are prepared
and characterized topologically, dynamically and rheologically. The influence of the poly-
mer’s crosslinking ratio and polymer volume fraction on its viscosity 1 and viscoelastic
behavior is investigated by means of rotational and oscillatory shear experiments. Topo-
logical parameters of the hematite nanoparticles are determined by transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS) experiments.

The addition of hematite to the hydrogel matrtix and therewith the formation of a ferrogel
causes an increase of the systems’ viscosity. This is shown by rotational shear experiments
and caused by an additional moment of friction the particles induce in the voids of the
hydrogel matrix. By applying an external magnetic field the rotational mobility of the
particles is progressively confined with increasing flux density, causing an additional rise
of the ferrogels’ viscosity.

Oscillatory shear experiments show an elastic particle-matrix interaction in dependence
on the flux density. Therefore, the hematite particles can be considered as additional,
field dependent crosslinkers in the hydrogel network.

The field-induced rotation of particles embedded in a hydrogel leads to an elastic deforma-
tion of the polymer network causing a restoring torque related to the elastic modulus of
the hydrogel. Hence, the orientational distribution function (ODF) of hematite spindles
as a function of the flux density, which is determined by the analysis of SAXS data, is
governed by particle-matrix interactions within these composites. The interactions of the
particles with an external magnetic field provoke a field-induced, isotropic-nematic phase
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transition which is progressively hindered with increasing elasticity of the matrix.
Further insights into the shear-induced changes of the mesostructure are given by si-
multaneous, rheological and SAXS (RheoSAXS) experiments. Here, the influence of the
networks to the ODF of the hematite spindles is investigated in the vorticity of the veloc-
ity field in a laminar shear flow. In oscillatory shear experiments, periodic fluctuations of
the scattered intensity between isotropic to anisotropic patterns in phase with the shear
deformation, are observed. The anisotropy of the scattered intensity increases, both, with
the amplitude of deformation and the aspect ratio of the hematite particles.

To investigate the dynamic behavior of the hematite particles within the pNIPAM hy-
drogel, X-ray photon correlation spectroscopy (XPCS) experiments with and without
an external magnetic field applied to the composites are performed. The (- and time-
dependence of the intensity autocorrelation functions clearly indicates a non-Gaussian
diffusion process of the hematite particles. In addition to a compressed exponential de-
cay which is typical for jammed systems, the ()-dependence shows two diffusion regimes
separated by a critical length of diffusion paths corresponding of the void size of the hy-
drogel network. Within the voids, the diffusion is in presence of external fields direction-
dependent, while diffusion processes with larger diffusive paths, between adjacent voids,
are independent of the direction of the external field. Furthermore, the larger diffusion
constant in the small ()-range is a hint for a superdiffusive motion in preformed diffu-
sion channels of the hydrogel network, independent of the individual orientation of the
elongated particles.



2 Basic principles of rheology

2.1 Rheological behavior of matter

Rheology, as a subfield of continuum mechanics, investigates the deformation of soft and
condensed matter as a response to external stresses. The nature of shear stress and
deformation can be demonstrated by two infinite thin, horizontal and parallel plates in a
liquid, separated by a very small distance h. If the upper plate is kept stationary while
the lower plate is set to motion with a velocity vy, the liquid layer attached to the lower
plate starts to move with the same velocity. With time, as a consequence to this motion,
up following liquid layers will start moving due to momentum transfer in between layers.
Assuming steady state conditions, the velocity of the uppermost layer, being attached
to the stationary plate will be zero, while the bottom layer, in contact with the bottom
plate, is still moving with vy. As a result, across the gap between the two plates, velocity
changes linearly with distance y from the stationary plate and the following linear velocity
distribution is obtained.

Uy = vo% (2.1)

Assuming a horizontal force —F, opposite to vy, which must be applied to keep the
upper stationary plate at rest and dividing this force by the surface area of the plate, the
ratio of the two quantities describes the shear stress 7.

_dF,
T A

T (2.2)

The systems shear strain or also called shear deformation v is defined by the ratio of
the lower plates deflection path s and distance between the two plates h as depicted in
figure 2.1. Since at steady state, the velocity profile between two plates is linear, every
infinitesimal segment in between is represented by the same relation and the expressions
can be written in differential form [30, 31].

ds

7= ah (2.3)
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X

Figure 2.1: Schematic illustration of two-plate model, from which the expressions for
deformation + and shear stress 7 can be derivated. The two horizontal
plates are assumed to be infinite thin. In this given model the upper plate
remains at rest, whereas the lower plate moves horizontally and parallel to
the upper plate.

The basic principles of rheology can be derivated by only two fundamental laws of
physics. The fist one is Hooke’s law, describing the ideal linear elastic behavior of solids
within certain limits of elastic deformation.

Tye = G— (2.4)

Here, the shear stress is denoted by 7,, with the dimension of a pressure. The ratio
dz/dy is the analog to the expression for the deformation 7 given in equation (2.2). G is
a constant of proportionality between 7,, and 7, known as general modulus of elasticity
or shear modulus. Since the deformation is a dimensionless quantity, the shear modulus
also has the dimension of a pressure.

The second fundamental law to mention is Newton’s law of viscosity, which describes the
behavior of atomic or molecular fluids at sufficiently high temperatures and low shear
rates 7.

Tyw = 1) a (2.5)

For Newtonian fluids like water, air or glycerol, the shear stress is proportional to the
derivative of the shear deformation 4 = dv,/dy, known as shear rate. The constant of
proportionality for Newtonian liquids is the viscosity n with the dimension of the product
of pressure and time, which is independent of the shear rate.

Regarding equations (2.4) and (2.5), the limiting cases of materials properties can be
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stated. For fluids, in the limiting case of n — 0 the systems inner friction disappears
and the quantum-hydrodynamic effect of supra fluidity occurs. For *He this behavior is
observed beneath the A-point at Tgp=2.17K [32]. For the limiting case G — oo matter
behaves as a non-deformable or rigid solid, stating that even very small shear deformations
result in infinite shear stresses. Therewith the flow behavior of matter is limited by
suprafluidity and the nondeformable solid. In between these limits the behavior step wise
shifts from a linear viscous fluid to a linear elastic solid. A summary of these transitions
is given in table 2.1.

A systems exposition to a sudden increase and subsequently constant shear deformation
results, depending on the material properties, in characteristic shear stress relaxation
curves. Figure 2.2 compares 7-relaxation curves for a Hookean solid, a Newtonian fluid
and a viscoelastic sample. A Newtonian liquid immediately starts relaxing after the
deformation reaches a constant value and therewith the deformation rate, as given in
equation (2.5), becomes dv, /dy = 0 . Viscoelastic systems relaxate over a period of time
A. For a Hookean solid no 7- relaxation is observed since the stress is only proportional
to the strain and a sudden change of the deformation leads to an instantaneous response
of the stress. In a viscoelastic liquid the shear stress falls off to zero eventually, while
for a viscoelastic solid an equlibrium shear stress 7g is reached. Therefore viscoelasticity
describes a systems’ time dependent answer to an external constraint.

Table 2.1: Summery of rheological behavior of materials within the limiting cases of a
nondeformable solid (G — o) and an inviscid fluid (n — 0) [30].

state rheological behavior example
inviscid fluid (n — 0) suprafluidic helium
linear viscous fluid water
(Newtonian fluid)
fluid nonlinear viscous material suspensions in Newtonian
media
linear viscoelastic material polymers under small
deformation
nonlinear viscoelastic material concentrated polymers solu-
tions or plastic under large
deformation
nonlinear elastic material rubber
solid linear elastic solid linear Hookean spring
nondeformable solid (G — o0) -
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T Hookean solid Newtonian fluid viscoelastic material

sohd

liquid

v
v

B 4

Figure 2.2: Progression of shear stress 7 with the evolution of time ¢ for b) a linear
elastic, c) linear viscous and d) viscoelastic material while exposed to a) a
constant shear deformation.

2.2 Linear and nonlinear viscous fluids

The flow properties of an ideal viscous fluid are formally described by Newton’s law of
viscosity, as denoted in equation (2.5). The shear stress acting on the liquid is directly
proportional to the resulting flow velocity and as a consequence the systems viscosity
stays independent from magnitude and duration of the shearing.

Figure 2.3 shows an example for this relation on the basis of a water/glycerol mixture with
a volume fraction of 50 % as a typical model system for a Newtonian fluid. On the left
hand side the shear stress 7 is plotted against the shear rate 7 for different temperatures
T. As a result for each temperature, lines through the origin are obtained. The slope
of each line corresponds to the systems viscosity at the given temperature. On the right
hand side the viscosity 7 is plotted against the shear rate + for different temperatures 7.
In accordance to the flow curves, the measurements show constant values of viscosity for
the investigated shear rates. The slope in viscosity for very small shear rates is caused by
an experimental uncertainty during the determination of related, very small torques.

R 4
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Figure 2.3: Temperature dependent flow- (left) and viscosity curves (right) of a wa-
ter /glycerol mixture with a volume fraction of 50 % as sample system for a
Newtonian liquid.

Water /glycerol mixtures show, like all low molecular mixtures, for moderate, exper-
imentally feasible shear rates an ideal Newtonian behavior. Solutions of oligomers or
polymers tend to show already at small concentrations, where the macromolecules’ inter-
particle distances are similar to their size, non-Newtonian behavior. The viscosity of these
mixtures is dependent on the applied shear rate. In this case, two main types of behavior
can be specified. As a first, shear thinning, also known as pseudoplastic behavior can
be named. This behavior is characterized by decreasing viscosity with increasing shear
rates. Typical materials that show this behavior are glues, shampoos, polymer mixtures
and polymer melts. The second case is shear thickening or dilatant flow behavior, where
the viscosity increases with increasing shear rate. Materials that typically exhibit such
behavior include highly filled dispersions, such as ceramic suspensions, starch dispersions
as well as dental filling masses [31]. In both phenomena, the influence of shear rate on
material properties is time independent. If the shear rate becomes a function of time,
fluids are referred to as rheopectic or thixotropic. In the first case, the fluid requires a
gradually increasing shear stress to maintain a constant shear rate. In case of thixotropy
the fluid thins out with time and requires a decrasing stress to maintain a constant shear
rate.

2.3 Linear and nonlinear viscoelasticity

A system exposed to a sinusoidal shear deformation will answer to this external constraint
with a sinusoidal shear stress. Shear deformation + and shear stress 7 both depend on
the same angular frequency w but may be shifted in phase from one another.
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7(t) = 7o cos(wt — ¢) (2.6)
7(t) = 70 cos(wt — @) (2.7)
with v —¢ >0

In equations (2.6) and (2.7) 7y and 7y denote the amplitudes of stress and deformation,
t the time and v and ¢ the corresponding phase angles. To simplify calculations we as-
sume in the following ¢ = 7/2 and ¢ = 7/2+ 9, with § denoting the phase shift angle [31].

v(t) = 7o sin(wt) (2.8)
T(t) = 7o sin(wt + 6) (2.9)

The transfer of these equations to the range of complex numbers delivers the subsequent
equations, whereas in the following underlining of physical quantities indicates them as
vectors in the complex plane.

(t) = v, exp(iwt) (2.10)

7(t) = 1 exp(iwt) (2.11)

=2

The phase information of complex deformation and complex shear stress is included in the
complex amplitudes 7o and 79, so that equation (2.10) can be transformed and substituted
in equation (2.11).

(t) = ( = )1(75) = Gy(t) (2.12)

I 2,117

G denotes the complex shear modulus which can be expressed by a real part and an
imaginary part or by its modulus multiplied with the phase factor.

G(w) = G'(w) +1G"(w) = |G(w)| exp[id(w)] (2.13)

G'(w) and G"(w) are known as storage and loss moduli, whereas §(w) denotes the fre-
quency dependent phase shift angle [33]. G’(w) is in phase with the deformation and
represents the storage of elastic energy. G” is in phase with the shear rate, also known as
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strain rate and represents the viscous dissipation of energy [34].
The magnitude of the complex modulus is identical with the real amplitude ratio 7/,
so for the complex modulus the following can be deviated:

| G | exp(i6) = = exp(id)
Y0

= E(COS(S +1isin o)

Y0

= cosd+ising (2.14)
0 0

Combining this expression with equation (2.13), terms for storage- and loss modulus are
obtained.

G' = Y cos(d(w)) G" = o sin(d(w)) (2.15)

The consideration of the shear rate 4 and its complex form as the deformations time
derivative results in a viscosity dependent expression for the complex, time dependent
shear stress.

d
d_z = wyp cos(wt) (2.16)
3(t) = iwy, exp(iwt) (2.17)
ToXo" .
() = ——mnY
= ol
G . :
iw

The complex viscosity 7, in analogy to the complex modulus, can be expressed by denot-
ing a real - and an imaginary part or its magnitude multiplied with the phase factor of
the quantity. 7/, as the real part, is known as dynamic viscosity. The imaginary part n”
of 7 is called out-of-phase viscosity.

nw) = 7/(@) + (@) = )| exp | i (5 = 0w)) | (2.19)

The magnitude of the complex viscosity can also be defined using the amplitude ratios of
deformation 7o and stress To.

10
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In]=—=— (2.20)

=0 [sind — icosd]
Yow

=7 +in” (2.21)

Therewith the following expressions for dynamic viscosity and out-of-phase viscosity are
obtained [35].

/ To . G" 17 To G
= —— SsIn 5 = — — — CO (5 = — 2.22
YoWw ot ( ) w Yow ¢ S( ) w ( )

Taking all the terms into consideration, a summarized equation for the modulus of the
complex viscosity is found.

|| =)' =" +n")"? (2.23)

e 2 el 27 1/2
(%) + (%)
w w

The relative importance of viscous and elastic contributions for a material at given fre-
quency is quantified by the ratio of loss and storage modulus and is broadly known as
the loss factor tan(d). This ratio is high (tand > 1) for materials that are considered
liquid-like, but low (tand < 1) for solid-like materials.

(2.24)

" :
G mfyo)sind s (2.25)
G'  (710/7)cosé

If the strain amplitude =y, is small enough (typically vy < 1) that the equilibrium struc-
ture of an unsheared fluid is not significantly disturbed by the deformation, then the
stress measured during oscillatory shear experiments is controlled by the rates of sponta-
neous rearrangement, or relaxation present in the fluid. The shear stress 7(¢) produced
by small-amplitude deformation is proportional to the amplitude of the applied strain
and is itself sinusoidally varying in time. In general, the sinusoidally varying stress can
be represented as

7(t) = |G (w) sin(wt) + G"(w) cos(wt)]. (2.26)

11



2.3 Linear and nonlinear viscoelasticity

The regime of small-amplitude straining, in which G’(w) and G”(w) are independent of the
amplitude of deformation 7y (see equation (2.26)) is called the linear viscoelastic regime
[34]. Linear properties are of great interest, because in most cases they relate to the
molecular structure of the materials. Structural changes of condensed matter induced by
deformations lead to nonlinear viscoelastic behavior since the elastic properties themselves
become dependent on the deformation + and its temporal derivative 7.

12



3 Basic principles of scattering

Scattering experiments are of great significance in the field of condensed matter physics.
The spatial structure of matter, as for example the position of atoms or of microscopic
magnetic moments, characterizing the magnetic structure, can be precisely determined.
Additionally, from inelastic scattering experiments we obtain information on a systems
time structure, meaning its state of movement, also referred to as dynamic structure.
This is characterized by for example lattice vibration excitations, magnetic excitations
like spin waves or dynamic processes like diffusion.

3.1 Scattering of electromagnetic waves

In 1864 Maxwell predicted via the now commonly known Maxwell equations, that an
accelerated electric charge will emit energy in the form of electromagnetic waves traveling
with a velocity ¢ in vacuum. A derivation of the electromagnetic wave equations originat-
ing from Maxwell’s equations [36] show, that electromagnetic waves consist of oscillating
electric and magnetic fields.

1%E  _,
2op vV ESD
1B _,

The electric and magnetic field vectors E and B are perpendicular to each other as well as
to the direction of the waves propagation. Electrons moving back and forth in a straight
wire produce, within the validity of the far-field approximation, a plane polarized wave,
as shown in figure 3.1, where all electric field vectors E lie in the same plane. A wave
emitted by independently moving charges like ionized atoms, however, is unpolarized,
because of random orientations of the electric field vector E at various points in space.
For an unpolarized wave, E and B are still perpendicular to the direction of propagation
[37].

13



3.1 Scattering of electromagnetic waves
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Figure 3.1: Schematic representation of a plane-polarized electromagnetic wave, with
E and B as electric and magnetic field vectors and c¢ as velocity of the
electromagnetic wave.

The wavelength A of a wave specifies the spatial distance between successive maxima
or minima of the wave front of the electric or magnetic field. One period describes a seg-
ment of any two successive points, having the same phase. The frequency v of the wave is
the number of periods passing a given point per unit in time. The electromagnetic wave
spectrum can be sketched as shown in figure 3.2.

v/Hz
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Figure 3.2: Extract of the electromagnetic spectrum.

Elastic and inelastic scattering

Electromagnetic waves are one of the best known and most commonly encountered forms
of radiation that undergo scattering. The scattering process of a wave and the scattering
object itself, as for example a scattering process of a photon as the quasi particle of an
electromagnetic wave and an atom can either be elastic or inelastic.

If a scattering process is elastic, the energy of the photon F' = hv = (hc)/A with Planck’s
constant h and ¢ the vacuum speed of light, remains unchanged. If energy is either trans-
ferred to the sample by excitation of electrons, vibrations or rotations or from the sample
to a photon by transition from an excited state to one of lower energy, the scattering
process is considered inelastic.

14



3.1 Scattering of electromagnetic waves

Scattering of electromagnetic waves by matter

Compton scattering Compton scattering is the inelastic scattering of photons by charged
particles such as electrons. As a result, a decrease of the photons energy an therewith
an increase of its wavelength is observed. Part of the energy is absorbed by the recoil-
ing electron in the moment of collision. The oppsosite process, where a charged particle
transfers energy to a photon is know as reversed Compton scattering. The low energy
limit of Compton scattering is called Thomson scattering as an elastic scattering process,
where the photon energy is much smaller than the mass energy hv < mc? of the colliding
particle.

Rayleigh scattering Rayleigh scattering is an elastic scattering process of electromag-
netic waves by particles much smaller in size than the incident wavelength \ as for example
when visible light is scattered by small molecules. The particle or molecule is illuminated
by a parallel beam of linearly polarized radiation and becomes polarized in the electro-
magnetic field due to the displacement of electrons with respect to the nuclei and also
due to the partial orientation of any permanent dipoles that might be present. The basic
premise is, because the particle is small compared to the wavelength, that the instan-
taneous field which it experiences due to the electromagnetic waves is uniform over its
extent [38]. Due to electron displacement, a dipole moment is induced and acts like a
Hertzian dipole, emitting light of the same wavelength as the incident electromagnetic
wave.

The Rayleigh scattering cross section oy is given by

275 dS (n?—1\"

n? 4 2

Here, d is the small sphere diameter, A as the incident wavelength and n the refractive
index [39]. As a result of the A™* wavelength dependence of oy, shorter wavelengths are
scattered more strongly than longer wavelengths.

It is also possible for the incident photons to interact with the molecules in such a way that
energy is either gained or lost, so that the scattered photons are shifted in frequency. Such
inelastic scattering is called Raman scattering. For polarizable molecules, the incident
photon energy can excite vibrational modes of the molecules, yielding scattered photons
which are diminished in energy by the amount of the vibrational transition energies.
A spectral analysis of the scattered light under these circumstances will reveal spectral
satellite lines below the Rayleigh scattering peak at the incident frequency. Such lines
are called Stokes lines. If there is significant excitation of vibrational excited states of the
scattering molecules, then it is also possible to observe scattering at frequencies above
the incident frequency as the vibrational energy is added to the incident photon energy.
These lines, generally weaker, are called anti-Stokes lines [37].
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3.1 Scattering of electromagnetic waves

Mie scattering For Compton or Rayleigh scattering, it is assumed that each segment
of the scattering object interacts with the same electric field generated by the incident
electromagnetic wave. This approximation fails for objects with the size of the order of the
incident wave and if the particles’ interior is optically much different from the surrounding
medium [40, 41|. The Mie theory describes the exact solution of the Maxwell equations
for the scattering of a plain electromagnetic wave by an object of any size and shape
more generally. Mie scattering describes scattering events where the size of the scattering
particles is comparable to the wavelength of the incident electromagnetic waves, rather
than much smaller or much larger.

Scattering vector

A characteristic quantity to characterize scattering processes is the scattering vector Q.
If an electromagnetic wave with the wave vector k; impinges on an object, it is scattered
by the object at an angle 6. As a result the difference between the wave vector of the

incident wave k; and the wave vector of the scattered wave k¢ is obtained (see Fig. 3.3)
and defined as

Q =k — ki (3.3)
with
27

2

A scattering process can also be understood as a momentum transfer. In quantum me-
chanics the momentum is defined as |p| = h/\. Therewith we can write

h
Ap = o= (ki — ki) = - Q (3.5)

It is usually the case, that in static and dynamic light scattering elastic scattering pro-
cesses are evaluated. Therewith the change in frequency and following by that the energy
difference between incident and scattered photon becomes zero. Hence A; and A; as well
as |k;| and |k¢| are identical and the modulus of Q can be written as

|QJ* = |ki|* cos 0 — 2|k;||k¢| cos @ + |k¢|* cos 0 = 2|k;|*(1 — cos8). (3.6)

Replacing the expression for |k;| from equation (3.4) and applying the addition theorem
of cosines cos# = 1 — 2sin?(f/2) the expression for the scattering vector

Q| = %sin (g) (3.7)
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3.2 Static scattering theory

is obtained [40]. The modulus of the scattering vector is related to the corresponding
length d in real space by d = 27/Q. Big objects scatter at small angles and small objects
at wide angles. The scattering pattern therewith is the display of the reciprocal or the
Fourier space [42].

ke

k;

Figure 3.3: Schematic figure for the definition of the scattering vector Q.

3.2 Static scattering theory

The average scattered intensity is given by the magnitude of the time averaged Poynting
vector S = E x H of the scattered field corresponding to an energy normalized to unit area
and unit time [43]. The scattering cross section o is the ratio of scattered and incident
energy per unit area of the illuminated sample. The differential scattering cross section
do/dQ is defined as the scattering cross section ¢ per unit solid angle {2 and character-
izes the interaction between incident radiation and the sample. In scattering events as
described in section 3.1 the incident photon intensity /j is scattered by a sample and the
scattered photons are acquired by each detector element subtending a solid angle Af?
with the efficiency e. The resulting detected intensity for negligible absorption hence is
given by [42]
do

IS = ]OGA.Q@ (38)

For a dilute system containing N uniform particles per unit volume and neglecting inter-
particle interactions, I(()) depends on the shape, on the size of the particles and the
scattering length density difference between particles and their environment.

1(Q) = NIF(Q) (3.9)

For X-rays as a probe, F'(Q) is the Fourier transform of the coherent sum of the scattering
amplitudes of the electrons as individual scattering centers within the particle [44]. For
SAXS experiments the electron density can be approximated as a continuous function,

17



3.2 Static scattering theory

therewith the scattering amplitude of the particle, with respect to the volume of the par-
ticle V' can be expressed as

F(Q) = / p(r)e QT V. (3.10)

\%4

If the scattering particles are embedded in a matrix, the relative scattering length density
also known as contrast length density Ap becomes relevant for the scattering function.
Furthermore inserting the orientational average for the phase factor, for isotropic particles,
we obtain the following one-dimensional form

sinC(ZCir) r2dr. (3.11)

F(Q) =i [ 8o(r)

Also for randomly aligned anisotropic scatterers, the intensity will be isotropic. For a
homogeneous spherical particle of radius R and Volume Vj, the following expression with
Py, (QR) as form factor of a sphere is obtained [42]:

3 [sin(QR) — QR cos(QR)] ) 2
(QR)?

= V>2Ap* Py (QR). (3.12)

W@W:n%ﬁ(

Real colloidal particle systems underlie a natural distribution of particle sizes, quantified
by the polydispersity of a system. If p(R) is the normalized probability density, p(R)dR
is the probability to find particles with radii between R and R+ dR. Hence, the intensity
of a polydisperse system underlying a size distribution p(R) can be expressed as

e}

I(Q) = NAp? / p(R)V*(R)P(Q, R)dR. (3.13)

The factor V2(R) takes the proportionality of the scattering power to the squared particle
volume in the Rayleigh-Gans-Debye limit into account.
From the kinetics of polymerization reactions the Schulz-Flory distribution function

1 Z+1\""_, Z+1
= — 14

describing the distribution of molar masses of formed polymers, is known [45]. Z is
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3.2 Static scattering theory

related to the width, whereas Ry is the first moment of the distribution. The Schulz-
Flory distribution is also convenient to describe particle size distributions, since analytical
expressions for integrals like (3.13) exist.

For anisotropic particles, the scattered intensity depends on the particles’ orientation

relative to the direction of the scattering vector Q. For axially symmetric particles, with
additional inversion symmetry, the scattered intensity depends on (Q 1)2, where Q is a
unit vector in the direction of the scattering vector and 1 is the particle director, a unit
vector in the direction of the paricles’ principal symmetry axis.
If f(Jp,pp) is the ODF of an ensemble of anisotropic particles related to the labo-
ratory coordinate system defined, e.g., by the direction of an external magnetic field,
f(¥p, pp)d cos¥pdpp is the normalized probability to find a particle director in the solid
angle d cos Ypdyp. Hence, the scattered intensity in the laboratory coordinate system can
be written as

T 27
1Q.00) = [ [ £0r,0)P(Qur(0p, pridawa)dcostpdpn. (319
Here,
v(Up, pp; Vqpq) = cos Up cos Vg + sin ¥p sin dq cos(pp — ¢q) (3.16)

is the cosine of the angle between the particle director and the direction of the scattering
vector. Due to the axial symmetry of the particles ¢q can be chosen arbitrarily and the
scattered intensity only depends on the modulus () of the scattering vector and the angle
Yq enclosed between the scattering vector and the external field, as can be seen in figure
3.4.

The ODF can be obtained with a Boltzmann-Ansatz taking into account the energy
Ve (Up, pp) of a particle with the orientation t = (cos wp sin ¥p, sin @p sin Jp, cos Jp) rela-
tive to the direction of B of an external field.

We have ) V(o )
_ 1 _ Vp(Up, P

where Z is the partition function

1
(¥
7 = //exp Ve(Vp, or) d cos ¥pdyp. (3.18)
kgT
510

The energy of a magnetic particle in an external field consists of the Zeeman energy of
a permanent magnetic dipole with a possible offset g, relative to the particles’ rotation
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3.2 Static scattering theory

axis and the energy of a field-induced magnetic dipole in the external magnetic field.
Since the induced dipole

xt 0 0
Mind = — 0 XL 0 B (319)
Ho 0 0
X|
—Ax 0 0
v | /2 1
- (XLTJFXU Tg| 0 Ay 0 (3.20)
Ho 0 0 2Ax

is determined by the susceptibility tensor x the second addendend of which is a traceless,

symmetric, second-order tensor, the orientation dependent excess energy is proportional
to

Ax = x| — XL (3.21)
Hence, the total energy Vp of a particle in an external field B is given by
AxV
Vp = —puBcosd, — 2X B2 cos? Up. (3.22)

Ho

Here 9, is the angle between the magnetic moment and field direction given by

cos ¥, = cos Up cos Uois + sin ¥p sin Yogs(cos ¢p) (3.23)

The orientational order of anisotropic particles in an external magnetic field can be quan-
tified by the nematic order parameter Sy [46, 47|

1
Sy = 5<3 cos? Up — 1), (3.24)

the canonical average of the ODF weighted by the 2nd Legendre polynomial. For a system
completely aligned parallel to the external field, Sy = 1 results, while a complete alignment
perpendicular to the external field leads to Se = —1/2. For a statistically aligned system,
finally So = 0 is obtained.
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3.3 Dynamic scattering theory

»w)

f@)

Figure 3.4: A spindle-shaped particle in a spherical coordinate system defined by the
direction of the external magnetic field B. The scattered intensity of a
particle with & = (cos @p sin ¥p, sin pp sin Up, cos Jp) depends on the angle
<(1, Q), while its energy in the external field depends on <((i1, B).

3.3 Dynamic scattering theory

The time average (A) of an observable A is defined as

T

(A) = Jim / A(t)dt (3.25)

with 7" as the time interval over which the quantity A is observed and A(t) as the value
of A at time t. Experimentally, A is measured for discrete time intervals. Thus a discrete
representation for calculating a average of A is to divide the time scale in j discrete
intervals.

N~>00NA

(A) = Tim iiA(tj) (3.26)

If the interval is shrunk to infinitesimal times, the integral (3.25) results. Time averages
like the square value of A are of great importance in many soft matter applications [42]
as for example in the mean squared displacement of particles.
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3.3 Dynamic scattering theory

(A?%) = lim ! / A2dt (3.27)

In an analog way, the mean square of (A?) of an observable can be calculated according
to (3.27) or as a discrete approximation as

(A%) = lim —ZAz (3.28)

Nooo N

Mean squares like the mean squared displacement ((r;(t+ 7) —r;(7))?);.» are of particular
importance for diffusion.

Temporal correlations can be quantified by means of the autocorrelation function of an
observable A

to+T
(Alto)Alto + 7)) = Jim 1 / A A(t + 7)dt. (3.29)

With the scattering intensity I as an observable, the intensity autocorrelation function

(1(Q,0) I1(Q, 1))
(1(Q))?
(E(Q,0) E*(@,t>>>2
(1(Q))

92(Q,t) =

~1+5@) (3.30)

is the measured parameter in homodyne, dynamic light scattering (DLS) or photon cor-
relation spectroscopy (PCS) either employing visible light or coherent X-rays as a probe.
B(Q) denotes the Q-dependent speckle contrast. This second expression is also known as
corrected Siegert relation. go(Q),t) is subsequently expressed in terms of the field auto-
correlation function g;(Q,t) with

0(Q.6) = 1+ 5(Q) (@ 1) (3.31)
where
1@, 1) Q1) (3.32)
5@ '
and
0.0 = | gy | 22 2 e @@ P Q) ). (339
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3.3 Dynamic scattering theory

The number of scatterers is denoted with /N, the square of the scattering amplitude aver-
aged over the particle size distribution with (b*(Q)). The averaged argument is interpreted
as an ensemble average with [r,(0) — r,,(¢)] as the expression for the particles’ displace-
ment. At ¢t =0, S(Q,0) is defined as the static structure factor.

For an ensemble of monodisperse particles undergoing Brownian motion [48|, in absence
of particle-particle interactions the particle positions are uncorrelated and therefore re-
sults S(Q,0) = 1. The mean square value of the particles’ displacement, considering free
Brownian particle motion is

([ra(0) = 1 (£)]%) = 6 Dot (3.34)

with Dy as the free particle or Stokes-Einstein diffusion coefficient of a particle, since with
S(Q,0) = 1 only self-correlations with n = m survive in the average [49-51|. Dy can be
expressed by

kgT

Dy = 3.35
0 6™ R ( )

with the hydrodynamic particle radius R and 7 as the dynamic viscosity of the surround-
ing medium. Therewith the expression for the field autocorrelation function reduces to

91(Q,1) = exp (= DoQ’t). (3.36)

From the negative slope of the logarithm of the field autocorrelation function with re-
spect to time ¢, the diffusion coefficient can be determined from the slope —Q? Dy. The
relaxation rate can be written as

Q) = Q° Dg, (3.37)

also known as Landau-Placzek relation |52, 53].

In presence of particle-particle interactions, this equation is no longer valid and a wavevec-
tor - as well as time-dependent diffusion coefficient D((Q),t) results [42]. As a short time
limit for collective diffusion, the effective diffusion coefficient can be determined via the
initial slope of the intermediate scattering function.

Deg(Q) = lim D(Q, 1) (3.38)

t—70”

t — 70" denotes times, that are short compared to the structural relaxation time but
longer than the impulse relaxation time of the system. The effective diffusion coefficient
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3.3 Dynamic scattering theory

follows the extended de-Gennes narrowing |54]

Dy
S(Q)
with Dy as short-time self diffusion coefficient and H(Q)) as the hydrodynamic function.
H(Q) respects retarded interactions caused by flow patterns in the suspending medium by
the particles’ motion. These interactions are not instantaneous but time-delayed, because
the speed of propagation of such shear waves is finite. The structure factor S(Q) is only
governed by instantaneous interactions.

Des(Q) = H(Q) (3.39)
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4 Ferrogels

One challenge of modern research is the development and investigation of new multifunc-
tional smart materials that possess intelligence at a material level. Ferrogels are of great
importance and interest in this broad field of research since they can be influenced by
external magnetic fields. Ferrogels are composite systems consisting of a polymeric gel
matrix as poly(vinyl alcohol) (PVA), gelatine or poly(N-isopropylacrylamide) (pNIPAM)
and colloidal magnetic particles as magnetite (FeoO3), maghemite (y-FesO3) or cobalt
ferrite (CoFeyO4) which are at high volume fractions also known as ferrofluids [55-58].
In 1969 NASA physicist Steve Papell invented the first ferrofluid for the application as
a low density and low viscosity magnetic propellant usable under zero-gravity conditions
[59]. Since then the field of application for ferrofluids has been significantly widened.
Technical applications as inertia dampers, sealing fluids or loudspeakers have been estab-
lished [60, 61]. In the field of medicine, magnetic nanoparticles in ferrofluids find their
application as carriers in drug targeting systems [62], as contrast agents in NMR tomogra-
phy [63] as well as absorbents for high-frequency electromagnetic fields and the resulting
application in hyperthermia as cancer treatment 39, 64, 65].

Polymer gels are unique intelligent materials in the sense that no other class of materials
can be made to respond to various stimuli. Volume phase transition in response to external
stimuli like temperature, pH level, solvent type, light intensity or the addition of specific
ions has been observed for several systems [66]. In order to accelerate the response of
those gels to external stimuli, the use of magnetic, field-sensitive gels has been developed.
One of the first to describe the influence of nonuniform magnetic fields on a ferrogel were
Zrinyi et al. They investigated the possibility of elongation and contraction of chemically
crosslinked-PVA-magnetite composites by means of a magnetic field gradient produced by
an electromagnet. A field dependent magneto-elastic behavior of the ferrogel was found
[55, 67] and foundation for the development of a new class of smart materials was layed.

4.1 Colloidal filler particles

In up to now described ferrogels based on soft polymer gels, mostly spherical magnetic
nanoparticles are used as microrheological probes to investigate the viscoelastic proper-
ties. Cobalt ferrite nanoparticles have been incorporated into thermoresponsive pNIPAM
microgel particles and their response to an external magnetic field has been investigated
with a scanning force microscope [56]. Also, the influence of maghemite and platinum
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4.1 Colloidal filler particles

(Pt) nanoparticles on the swelling behavior and the volume phase transition of pNIPAM
microgel spheres have been studied and an application of maghemite covered microgels
as a carrier for controlled and target drug release has been stated[58, 68]. Superpara-
magnetic magnetite (Fe3Oy4) in a crosslinked gelatine matrix was found to reduce the
gels poresize in presence of an external magnetic field and an application as a drug re-
lease system was derivated [69]. In this work, spindle-shaped magnetic hematite (FeyO3)
nanoparticles with tunable aspect ratio are used as microrheological probes to investigate
elastic and viscous properties of such ferrogels. Generally, if shape anisotropic, magnetic
particles are embedded in viscoelastic matrices, their mesoscopic structure and dynamics
and the related macroscopic properties depend on the particles’ orientation as an addi-
tional degree of freedom. Distortions of the matrix either induced by interaction of the
particles with an external field or mechanical stresses exerted on the composites influ-
ence, both, the spatial and orientational distribution of the particles. In addition, shape
anisotropic nanoparticles as mesogens are constituents of lyotropic, mineral liquid crys-
tals (LCs). Both, discotic and calamitic mineral LC phases, consisting, e.g., of boehmite
(v-AlO(OH)) plates or goethite (a-FeO(OH)) as well as silica rods are described [70-72].
Already in 1949, Onsager predicted the formation of a nematic phase by mineral colloids
with the decrease in excluded volume compensating a loss of orientational entropy [73].
By means of Small Angle X-ray Scattering and computer simulations it was already ac-
complished to state a packing fraction and magnetic field dependent phase diagram of
silica coated hematite particles, in which a nemaitc phase is distinctly identified [74].

200w

Figure 4.1: TEM micrographs of spheric cobalt ferrite (lhs), plate-like boehmite |75]
(middle) and spindle-shaped hematite particles (rhs) as examples for the
variety of colloidal filler particles embedded in ferrogels.
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4.2 Polymer gel matrix

4.2.1 Hydrogels

A variety of chemical substances qualifies as a building block for polymer gels. Generally,
gels can be divided in lyogels, when the extension medium is a liquid and zerogels with a
gaseous extension medium. In the special case of water as extension medium, the term
hydrogel is appropriate, in the case of air as gaseous medium the gel is called aerogel.
Typical and extensively investigated polymeric hydrogels are for example poly(vinyl-
alcohol), poly(acrylamide) or gelatine based gels.

poly(vinylalcohol) based gels Due to the high number of hydroxy groups in the chem-
ical polymer structure it is obvious that this polymer has strong hydrophilic properties.
By crosslinking individual polymer strands for example with glutaric aldehyde as a bi-
functional aldehyde, a three dimensional network is formed as the system transfers to a
gel-state. PVA is prepared by the hydrolysis of poly(vinylacetate). poly(vinylacetate)
is the polymerization product of the via Wacker-reaction achieved vinyl acetate. As a
hydrogel, PVA is for example found in contact lenses with low oxygen permeability or as
thickening agent in shampoos or glues.

Gelatin based gels Gelatin is a mixture from peptides and proteins produced by the
hydrolysis of collagen, which is extracted from the skin, bones or connective tissue of
animals. Gelatin, once formed, dissolves easily in water and forms a gel, when cooled
down. In these hydrogel networks, the volume percentage of gelatine normally does not
exceed a value of 5%. Since it is of natural origin, an application especially in medicine
is likely, although for the same reason its usage is restricted due to limited preservability.

poly(acrylamide) based gels Radical polymerization and chemical crosslinking of acryl-
amides, results in the formation of polyacrylamides, which find many uses as water sol-
uble thickeners. These are for example hydrogels, used as supporting material for gel
electrophoresis (SDS-PAGE) or flocking agent in the field of water purification.

If copolymerized with monomers carrying Brgnsted-Lowry acid or base functionalities as
acrylic acid (see figure 4.2), in water charged polymer networks, polyelectrolyte hydro-
gels, are formed and the swelling ability of the gel is increased. The technical application
are superabsorbent polymers (SAPs) for example in diapers or as packing material for
humidity-sensitive materials.

Acrylamide hydrogels which are functionalized by an alkyl substituent at the amide nitro-
gen, as it is given for polymerized N-isopropylacrylamide (NIPAM), mostly show a lower
critical solution temperature (LCST), below which the polymer is mixable with water
for every given composition. Above the LCST, which for poly(N-isopropylacrylamide)
(pNIPAM) is with 7" ~ 32°C close to the human body temperature, the system shows
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phase separation into a two phase system. Additionally these systems’ viscositys show a
strong dependence on the temperature as an external parameter and are therefore ascribed
to the class of thermoresponsive smart materials.

o 0 o CH,
OH NH, N CH,
H

acrylic acid acrylamide N-isopropylacrylamide

Figure 4.2: Overview of acrylamide-based monomers, forming polymer gels.

4.2.2 poly(N-isopropylacrylamide)

pNIPAM is a well-known thermosensitive polymer and undergoes a coil-to-globuli transi-
tion around the human body temperature [28]. This transition is important in a number
of practical applications including drug delivery, medical diagnostics, tissue engineering
and electrophoresis.

To explain this temperature dependent coil-to-globuli transition, the amphiphilic char-
acter of pNIPAM molecules with a polar amide and non-polar backbone and isopropyl
groups is of great importance [76, 77]. Similar to the one of globular proteins, the coil-
to-globule collapse of pNIPAM involves the formation of intramolecular H-bonds among
the peptide (—CONH—) groups and the breakage of intermolecular H-bonds among the
peptide groups of the chain and water molecules. From the enthalpic point of view, the
process is endothermic, indicating that polar peptide groups prefer water rather than the
nonpolar interior of the globule, supposedly because there is a higher chance of engaging
in H-bonds in the aqueous medium.

From the entropic point of view, the process decreases the conformational degrees of free-
dom of the polymer chain, but it increases the configurational freedom of water molecules
previously H-bonded to the CONH-groups of the chain. In addition, the coil to globule
collapse reduces strongly the space occupied by the polymer chain in solution, decreasing
the excluded volume and raising further the configurational entropy of water molecules.
Experimental measurements demonstrate that the sum of entropy contributions is positive
enough to overwhelm the contrasting enthalpy contribution and to initiate the formation
of the compact globule. At low temperature, the enthalpic terms are dominant stabilizing
the expanded coil state of pNIPAM with peptide-groups H-bonded to water molecules.
At high temperature, the entropic terms related to the configurational entropy of water
molecules become dominant stabilizing the compact globule state of pNIPAM.[77].

The temperature dependency of the hydrodynamic radius of spheric pNIPAM polymer

particles can easily be determined by means of DLS. In figure 4.3 this has been done for
different pNIPAM species, varying for example in the degree of crosslinking or the amount
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of surfactant added to the reaction mixture. It is visible, that within the given temper-
ature range of 15°C to 40° C the hydrodynamic radius R, for every species decreases
with increasing temperature differently, but is equal after passing the supposed LCST
of ~ 32°C. Here, as described above, the polymer network of each particle species col-
lapses and the globuli-structure is dominant, independent from the preperational param-
eters.
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Figure 4.3: Determination of the hydrodynamic radius R), for spherical pNIPAM parti-

cle species via dynamic light scattering (DLS), indicating pNIPAMs lower
critical solution temperature at ~ 32°C
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5 Experimental

5.1 Preparation of sample systems

5.1.1 Preparation of hematite particles

Spindle shaped hematite nanoparticles are prepared via a one-step batch reaction as pub-
lished by Ozaki et al. [78] in 1984, following chemical equation (5.1).

An aqueous solution of sodium dihydrogen phosphate (NaH;POy,) is heated to the boil-
ing point and reflux. Subsequently iron(III)-chloride (FeCls) is added and the reaction
mixture is kept under reflux for 48 hours. During the process of reaction the turbidity of
the suspension is increasing. The suspensions’ final color is a deep orange-red.

2FeCl; + 3H,0 % Fe;03 + 6HCI (5.1)

In the reprocessing step the suspension is centrifuged at 4000 rpm step wise and the
remaining centrifugate washed at least twice with deionized water in order to eliminate
small particle populations. After resuspending the washed centrifugate a suspension with
a narrow size distribution of hematite spindles is achieved without carrying out further
reprocessing steps like dialysis.

The obtained particle suspensions are stable in aqueous, polar environment, since the
ironoxide surface carries negative charges for neutral to weakly acidic pH levels. Within
this work, the concentration of NaHsPO, is varied systematically and therefore a wide
range of particle aspect ratios v = L /o, is obtained.

In table 5.1 an overview of the preparations for hematite spindles investigated in this work
is given. The parameter € denotes the ratio e = m(NaHoPO,)/m(FeCl;) and is related to
the aspect ratio of the resulting hematite spindles. High values of € will most likely result
in spindles with high aspect ratio v and vice verca.
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Table 5.1: Overview of the amounts of FeCls, NaH,PO, and H,O used for the prepa-
ration of hematite spindles presented in this work. € denotes the ratio
e = m(NaHyPOy)/m(FeCls).

| | m(FeCly) | m(NaH,POy) | V(H0) | e |

HEM 1| 3234¢ 0.075 g 1L 0.023
HEM 2 | 3259 ¢g 0.035 g 1L 0.011
HEM 3| 3255 ¢g 0.061 g 1L 0.019
HEM 4| 3243 ¢ 0.032 g 1L 0.010

5.1.2 Preparation of pNIPAM hydrogels and ferrogels

pNIPAM hydrogels are prepared by a single step, free radical emulsion polymerization of
NIPAM, inspired by a publication by Hu et al. [79], describing the preparation of hydro-
gels forming colloidal crystals. Simple free radical polymerization of NIPAM results in a
colloidal suspension of uncrosslinked pNIPAM spheres. To obtain a crosslinked hydrogel,
glutaric aldehyde (GA) - a bifunctional o — w-dialdehyde as a crosslinking agent is added
to the mixture. The proposed mechanism to this reaction is shown in the reaction scheme
in figure 5.1.

As a first step, water is heated in a nitrogen atmosphere whilst stirring continuously up
until the oil bath temperature reaches 80 °C. After one hour equilibration time an aqueous
solution of 50 wt% GA, NIPAM and sodium dodecyl sulfate (SDS) as a surfactant are
added to the reaction mixture. Finally, after all additives have been properly dissolved in
water, an aqueous solution of potassium persulfate (K2S50g) as radical initiator is added
and the reaction mixture is kept at an oil bath temperature of 80°C in a nitrogen atmo-
sphere for four hours.

Only few minutes after adding the radical initiator, the reaction mixture shows increasing
turbidity which results after four hours of reaction time in a white, opaque liquid, which
becomes a transparent, colorless gel after cooling down to room temperature. Subse-
quently the gel is dialyzed against water for at least one week in order remove remaining
salts and surfactants from the network and is afterwards reduced to a volume of 100 ml
via vacuum distillation.

Within this work, the polymer volume fraction ¢ and the crosslinking ratio x are varied
systematically during preparation of the hydrogel samples as can be seen in table 5.2.
The crosslinking ratio and polymer volume fraction are determined by

NGA
NGA + NNIPAM (5:2)
Vmonomer
— _fmonomer 5.3
7 ‘/total ( )
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5.2 Rheological investigations

with n denoting the amount of substance of each reactant and V' denoting the given vol-
ume. The hematite-hydrogel composites are prepared by mixing hydrogels and aqueous
hematite suspensions and stirring until homogeneity is achieved verified by optical trans-
mission.

Table 5.2: Overview of preparations of different pNIPAM hydrogel matrix systems pre-
sented in this work. x denotes the crosslinking ratio as denoted in equation

(5.3).

’ \ m(NIPAM) \ m(GA) \ m(SDS) \ m(K3S,03) \ V(H20) \ X \ % ‘
pN 1 6.99 g 022g 0.02g 0.1g 250ml | 0.034 | 0.065
pN 2 6,99 ¢g 0.20g 0.02g 0.1g 250ml | 0.028 | 0.065
pN 3 549¢g 0.20¢g 0.02¢g 0.1g 250ml | 0.040 | 0.052
pN 4 5.00g 049¢g 0.02g 0.1g 250ml | 0.102 | 0.047
pN 5 5.00g 0.26 g 0.02g 0.1g 250ml | 0.056 | 0.047

pSys 1 5.00g 53.0 ul 0.02g 0.1g 250ml | 0.025 | 0.047
pSys 2 4.99¢g 109.8ul | 0.02 g 0.1g 250ml | 0.050 | 0.047
pSys 3 4.99¢g 231.8ul | 0.02¢g 0.1g 250ml | 0.100 | 0.047
pSys 4 10.00 g 106.9ul | 0.04g 0.1g 250ml | 0.025 | 0.09
pSys 5 10.03 g 219.6 ul | 0.04¢g 0.1g 250ml | 0.050 | 0.09
pSys 6 10.01g 464.0ul | 0.04¢g 0.1g 250ml | 0.100 | 0.09
pSys 7 14.99 ¢ 160.5ul | 0.06¢g 0.1g 250ml | 0.025 | 0.13
pSys 8 14.99¢ 3294ul | 0.06g 0.1g 250ml | 0.05 | 0.13
pSys 9 15.00g 695.0ul | 0.06¢g 0.1g 250ml | 0.100 | 0.13

5.2 Rheological investigations

Rheological investigations are executed by using a MCR 302 rheometer by Anton-Paar.
For rotational and oscillatory shear experiments without external magnetic fields a cone-
plate geometry with the diameter d., = 25 mm and for the same experiments with an
external magnetic field within the sample environment, a plate-plate geometry with a
diameter d,, = 16 mm is used.

The application of an external magnetic field is possible by using the Anton Paar MRD
(magneto-rheological measuring cell) setup. Therewith, in the investigated volume, flux
densities up to 1.0 T can be applied during the experiments. The temperature is moni-
tored via a PT 100 sensor in the center of the bottom plate in immediate vicinity of the
sample. During the magnetic field-dependent experiments a temperature stability better
than AT = 0.15K is achieved. The direction of the external magnetic field is parallel to
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Figure 5.1: Reaction scheme of radical polymerization of NIPAM and GA to prepare
globally crosslinked pNIPAM hydrogel network. Subscripts n and m indicate
a statistical distribution of NIPAM segments between crosslinking points
within the network, not the existence of a defined order as found in block
copolymer.
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5.3 X-ray scattering experiments

the direction of the applied shear gradient.

Within this work, for rotational shear experiments, the shear rate ¥ as well as the tem-
perature T of the sample are systematically varied and the systems’ response in changes
of the viscosity n are investigated. For oscillatory shear experiments next to the variation
of the temperature also the shear frequency f and the deformation + are variables. The
systems response to these stresses is observed by evaluating the storage and loss moduli
G' and G” as well as the loss factor tand and the complex viscosity corresponding to
equations (2.25) and (2.24).

5.3 X-ray scattering experiments

Time-resolved ultra small-angle X-ray scattering beamline 1D02

Magnetic field dependent SAXS experiments are performed at the high brilliance beamline
ID02 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. This
beamline is optimized for experiments using a fixed wavelength around A = 1 A (12.4 keV),
although due to three undulators and a Si(111) channel-cut monochromator wavelengths
between 0.73 A and 1.6 A with high photon flux of maximum 104 photons/sec/100 mA
are accessible. The default beam size is 0.2 x 0.4 mm? (vertical and horizontal, respec-
tively) [80].

An external magnetic field can be applied with a sample environment using rare-earth
permanent magnets with variable pole distances. With this setup, flux densities of
0.1 mT < B < 1.5 T perpendicular and 0.1 mT < B < 1.2 T parallel to the pri-
mary beam can be applied. Figure 5.2 shows an image of the sample environment.

For experiments performed at the ID02 beamline within this work the incident energy
is chosen 12 keV (A = 0.997 A) with a sample-detector distance of s = 20m. Magnetic
fields parallel and perpendicular to the beam direction are applied and the magnetic flux
density B is systematically varied to investigate particle-matrix interactions. The illu-
minated sample volume is with 1 x 0.2 x 0.4 mm? significantly smaller than the pole
size (100 x 50mm?) of the magnets. Hence, the magnetic field in the illuminated sam-
ple volume, which is placed in the center between the poles, is gradient free and highly
homogeneous.

Soft interfaces and coherent scattering beamline ID10

XPCS experiments to investigate the dynamic behavior of the hematite-pNIPAM com-
posites in dependence on an external magnetic field are performed at the multi-purpose,
high-brillance undulator beamline ID10 at ESRF in Genoble, France. Due to a Water
cooled Si(111) pseudo channel cut crystal monochromator a wide wavelength range from
A =0.5166 A (TkeV) to 1.77 A (24keV) of maximum 10'° photons/second/100 mA is ac-
cessible. At ID10 XPCS experiments with high coherent flux are limited to energies of
7-10keV and 21-24 keV. The minimum accessible () is, depending on the energy, around
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5.3 X-ray scattering experiments

Q ~ 10"2nm™! [81].

The sample environment already described in the previous section is used to perform
XPCS experiments in external magnetic fields.

For XPCS experiments at ID10 described in this work, the incident energy is chosen
to TkeV (A = 1.7712 A) to avoid resonant scattering of iron at an energy below its K-
absorption edge at 7.111 keV [82]. The sample detector distance is set to s = 5.24 m.

rare-earth

magnets

sample

Figure 5.2: ID02 sample environment at ESRF. The pole distance of assemblies of rare-
earth magnets can be varied by a step motor in order to tune to different
magnetic flux densities during experiments.

RheoSAXS setup at coherence application beamline P10

In order to obtain simultaneously information about the viscoelastic properties and the
structural organisation of hematite-hydrogel composites, rheology small angle X-ray scat-
tering (RheoSAXS) experiments are performed at the coherence beamline P10 at the
Deutsches Elektronen Synchrotron (DESY) in Hamburg, Germany. The incident energy
during RheoSAXS experiments described in this work is determined to 8 keV (X =1.5489 A)
by the 90° - Bragg reflection at a Si(333) crystal used to deflect the horizontal X-ray beam
to the vertical beam needed for the rheometer setup. For these experiments, the maxi-
mum possible detector distance of s = 3m is chosen.

The rheometer is a modified Thermo Fisher MARS II constructed with an inverted ge-
ometry in order to meet the special requirements for the use with vertically deflected
synchrotron radiation. In this configuration, the drive system of the rheometer is located
below the sample cell, allowing the scattered beam to travel unhampered and vertically
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5.4 Transmission electron spectroscopy

through a flight tube to the detector mounted above. As a detection system a Pilatus
300K, 2D hybrid pixel-array detector with a pixel size of 172 x 172 pm? is used.

The intrinsically horizontal X-ray beam has to be deflected to vertical, to pass through
the plate-plate geometry of the modified rheometer. This is facilitated by a Si(333) sin-
gle crystal placed in the beam path before the rheometer. By deflecting the beam, it is
possible to probe the perpendicular configuration of any fluid material between the two
measuring plates, since it travels through the sample along the velocity gradient. Figure
5.3 shows an image of the sample environment, also depicting the beampath. Scattering
of the incoming X-ray beam will produce characteristic X-ray patterns which depend on
the orientations of periodic structures in the sample, formed due to external stresses in
the rheometer. During experiments, viscosity ranges from 7 = 0.1 — 1000 Pas and shear
rates between 4 = 0.002 — 2700s™! are accessible [83].

Figure 5.3: P10 RheoSAXS setup with red arrows displaying the X-ray beam path.

5.4 Transmission electron spectroscopy

TEM micrographs are taken using an EM 902 electron microscope by Carl Zeiss (Oberkochen,
Germany). The microscopes maximum acceleration voltage is 80 keV. The sample is pre-
pared by covering a carbon coated copper grid with the hematite-hydrogel composite.
Therefore the composite is diluted with deionized water, the copper grid is dipped into
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5.5 Dynamic light scattering

the suspension and afterwards the grid is dried until the solvent evaporates completely.

5.5 Dynamic light scattering

DLS experiments are performed with the goniometer CGS 32 by ALV (Langen, Ger-
many). As a light source a frequency doubled Nd-YAG Laser with a wavelength of A =
532 nm is implemented in the setup. The sample is captured by a quartz cuvette, placed
in a sample compartment filled with toluene. Since silica glass and toluene have similar
refractive indices, surface scattering of the cuvette is suppressed almost completely. A
heat exchanger placed in the toluene containing vat connected to a circulation thermo-
stat allows temperature-dependent light scattering experiments.The temperature of the
toluene bath is monitored by a PT 100 sensor. With this setup, a temperature stabil-
ity better +0.1 K is achieved. The scattered light is guided by an optical single-mode
fiber and a fiber-optical beam splitter to two avalanche photo diodes the signal of which
is pseudo-crosscorrelated to suppress electronical background noise. Typically, dynamic
light scattering experiments are performed at a scattering angle of 90° for 600 s.
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6 Basic characterization of
nanoparticles and hydrogel matrix

6.1 Hematite spindles

Within this work, four species of hematite spindles are used as filler particles for the
pNIPAM-hematite composites (see section 5.1). To properly evaluate and understand
particle-matrix interactions it is necessary to entirely characterize the topology of the
hematite spindles. This can be easily done by transmission electron microscopy (TEM).
In figure 6.1 TEM micrographs of all hematite species are shown.
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Figure 6.1: TEM micrographs of hematite samples (HEM 1, HEM 2, HEM 3, HEM 4,
from left to right) investigated in this work.

Topological parameters as the distribution of length L and equatorial diameter o4 as
well as the aspect ratio v are determined from TEM micrographs and converted to nor-
malized histograms as shown in figure 6.2. The data presented in these histograms are
additionally fitted by a Schulz-Flory distribution [45],

1 Z+1\7" Z+1
f(r,ro,Z):F<Z+1)( " ) rZ exp <— e r) (6.1)

the optimum parameters of which are compiled in table 6.1. 7o = (r) is the mean size,
while the parameter Z is related to the width of the distribution expressed as the square
root of normalized variance, defining the polydispersity
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6.1 Hematite spindles
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Figure 6.2: Size distribution of lengths L (blue, lhs) and equatorial diameters oo (green,
rhs) of sample HEM 1 determined by means of TEM, as well as fits to a
Schulz-Flory distribution (solid lines).

Hematite spindles of different aspect ratios v are prepared and investigated within this
work, the topological parameters of which are compiled in table 6.1. In general, the as-
pect ratio of the spindles is determined by the concentration of NaH,POy in the reaction
mixture during synthesis, causing the anisotropic growth of the particles. During the
formation of the ditrigonal-scalenohedral (3 2/m) hematite, six equivalents of hematite
crystallize per unit cell in the space group R3c. Dark field electron microscopy shows,
that the particles are crystalline single domain particles [29]. The hydrogenphosphate-
ions from NaH,PO, have an oxygen-oxygen distance do_o = 2.5 A. Due to this distance,
adsorption of HoPOj is preferred to planes parallel to the trigonal axis (dpe—p. = 2.29
A) since the spacing is a better match than the Fe-Fe distance in planes perpendicular
to the trigonal axis (dpe_pe = 2.92 A) Due to this regio-specific adsorption, the spindles’
growth preferably takes place in the less blocked direction of the rhombohedral axis and
therewith the spindles aspect ratio v increases with increasing concentration of NaHoPOy.
This conclusion is in accordance with the results displayed in table 6.1. The parameter
¢ denotes the ratio € = m(NaHyPOy)/m(FeCls). The amount of FeCl; is kept constant
for every preparation, therefore € is directly proportional to the amount of NaH,PO4 and
therewith also proportional to the aspect ratio v. The values given in table 6.1 for the
represented hematite species show, that with increasing e the values for v also increase.
To perform and evaluate scattering experiments, a small polydispersity p of the investi-
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6.1 Hematite spindles

gated nanoparticles is required, since the resulting scattering curves become less struc-
tured for highly disperse samples, which complicates their qualitative and quantitative
interpretation. The polydispersities for the size distribution of length L and equatorial
diameter o, quantified by the Schulz-Flory parameter Z never exceed 15%. Hence, for
all prepared samples, structured scattering patterns are obtained.

Table 6.1: Summarized results of size distributions of hematite particles determined by
means of TEM, with aspect ratio v and Schulz-Flory fit parameters rq and Z
as well as calculated polydispersity p for each particle dimension. e denotes
the ratio € = m(NaHyPO,)/m(FeCls) as introduced in section 5.1.

| | v ][ Z | » | ¢ |

HEM 1 L |325.6=£0.9 70 113.9 £ 6.9 | 0.093 0.023
Oeq | 0.3 £ 0.2 ’ 73.9 +£4.2 | 0.116 |

HEM 2 L |196.0 £0.8 34 79.2 £6.0 | 0.111 0.011
Oeq | 61.6 =20.3 ’ 58.1 +£4.7 10.130 |

HEM 3 L |312.7+1.3 5.9 80.8 £ 6.8 | 0.111 0.019
Ocq | 61.2 0.5 ’ 45.6 £4.9 | 0.146 |

HEM 4 L |163.3+£04 9.9 147.3 £ 8.9 | 0.082 0.010
Ocq | 55.7 £ 0.1 ' 131.3 £ 7.3 | 0.087 |

If exposed to an external magnetic field, shape anisotropic hematite nanoparticles align
with their long axis perpendicular to the external field direction. This behavior makes
the spindles a system of special interest as a filler particle for the hydrogel matrix system,
since the mesostructure and therewith the mechanical properties of the resulting ferrogels
can be influenced by the flux density and the direction of external magnetic fields.
Hematite spindles interact with an external magnetic field due to both, a permanent
magnetic moment nearly perpendicular to the rotation axis [84, 85| in the direction of
the crystallographic trigonal axis and an induced moment proportional to their negative,
magnetic anisotropy Ax = x| — x1. The interaction with an external magnetic field of
the flux density B is given by

AXVPB2

2
9 6.3
2 cos” Up, (6.3)

V(¥p) = —puBcos?, —
where x| and x, denote the magnetic susceptibilities parallel and perpendicular to the
spindles’ director defined by its axis of revolution. The Zeeman contribution of the perma-
nent moment is proportional to the cosine of the angle ¥, enclosed between the direction
of the field and the direction of the magnetic moment with the modulus p. The contri-
bution of the induced magnetic dipole is proportional to the particle volume Vp and the
square B2 of the flux density. Its angular dependence can be described by cos? ¥p, where
Jp denotes the angle between field direction and particle director. The direction of the
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6.1 Hematite spindles

permanent magnetic moment is related to the particle director by an offset ¥,¢ and can
be obtained by an Eulerian tranformation in dependence on the Eulerian angles ¢p and

XP-
Using (6.3), a Boltzmann ansatz for the ODF of the particles can be written as

AXVPB2

—=—— cos® ¥ 6.4
2okl cos” Up (6.4)

fWp, xp) = %GXP ]i;—];cos [P, xp)] +
with the thermal energy kg7 and the partition function Z as the integral of the exponential
over the Eulerian angles pp, Jp, and yp. Here, particle interactions between the hematite
spindles are neglected due to their large interparticle distances at very small volume
fractions in the order of 1073 compared to the interactions between individual particles
with the external field.

The nematic order parameter Sy (see equation (3.24)), calculated from the field dependent
ODF of the hematite spindles determined by the evaluation of X-ray scattering data is
used to quantify the alignment of the particles as a function of the flux density B. In
figure 6.3, the field dependent order parameter is shown for the alignment of HEM 1
in an aqueous suspension. For complete alignment of the particles perpendicular to the
magnetic field, the order parameter becomes Sy = —1/2, whereas a completely random
orientation results in an order parameter S; = 0. It is visible, that the alignment of the
hematite particles in aqueous suspension increases with increasing magnetic flux densities.
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Figure 6.3: Order parameter Sy for an aqueous suspension of HEM 1 in dependence of
the flux density B of an external magnetic field.

41



6.2.1 Structure and dynamics 6.2 poly(N-isopropylacrylamide) hydrogel

6.2 poly(N-isopropylacrylamide) hydrogel

6.2.1 Characterization of structure and dynamics

Regarding to the matrix system, the aim of this work is to create a hydrogel, consisting
not only of thermoresponsive, spherical pNIPAM particles but of thermoresponsive poly-
mer spheres, additionally crosslinked by polymer chains in between which the hematite
nanoparticles are embedded, as shown in figure 6.4 (lhs). A complex polymer network
like this promises interesting — assumingly non-ergodic — dynamic behavior as well as the
capability to spatially and physically interact with the hematite particles due to corre-
sponding length scales.

Comparing the two given images, figure 6.4 confirms that a hydrogel matrix system in
accordance to the intended model has indeed been prepared. In the TEM micrograph,
polymer chain crosslinked pNIPAM spheres, specifically originating from sample pN 1
(see section 5.1), are visible.

For a basic characterization, the hydrogel samples are studied by means of Static Light
Scattering (SLS) and dynamic light scattering (DLS). The results for the investigation
of sample pN 1 are displayed in figure 6.5. Static light scattering experiments show a
pronounced structure peak at @ ~ 2 x 1072 nm~! corresponding to a correlation length of
d = 27 /@ =~ 315nm in real space. This correlation length is in accordance to the polymer
spheres’ interparticle distances visible in figure 6.4, determined by means of TEM.

p
EMZUniRo, Y

Figure 6.4: Schematic representation of the target hydrogel model consisting of pNIPAM
hydrogel spheres crosslinked by polymer chains with embedded hematite
particles (lhs). Exemplary TEM micrograph of an actual glutaric aldehyde
(GA) crosslinked pNIPAM hydrogel (pN 1) presented in this work (rhs).

By means of DLS, characteristic field autocorrelation functions g;(7) for Q-values
smaller, and larger than the correlation peak as well as for the correlation peak itself,
are obtained [86]. In every correlation function, two well separated relaxation processes
are visible, the relaxation rate of which differ by orders of magnitude. Short-time relax-
ations typically at 100 us, also known as [-relaxation processes, are characterized by the
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6.2 poly(N-isopropylacrylamide) hydrogel

108

1.10
t@Q
107 |
B T
= ~
Ql R
= .
100 -
E
0.75 | t@=885%x10"3nm"!
40 =2.44x10"2nm™!
—2 -1
103 ‘ 0 =2.60x10"2nm
10-3 1072 10! O 510710 610 10 #1030 2101 10° 10!
Q [nm~1] 7[s]

Figure 6.5: Scattering function of pNIPAM hydrogel matrix (pN 1) with distinct corre-
lation peak at Q ~ 2x 1072 nm~! corresponding to a distance of d ~ 315nm
in real space determined via SLS (lhs). Field autocorrelation functions g, (7)
of pNIPAM hydrogel matrix (pN 1) for Q-values of scattering function be-
fore (green), at (red) and after (blue) correlation peak determined via DLS
(rhs).

polymer spheres’ localized movements within the confinement of the coordination cage.
The chemical equilibrium for the formation of hemiaminals and imines, as relevant for
the crosslinking reaction of pNIPAM and GA (see figure 5.1) in an acidic milieu is shifted
towards the side of the educts. In the dynamic chemical equilibrium of the hemiaminal
formation, it is possible that some crosslinking points are cut from and reattached to the
polymer sphere after its” displacement. Therefore it can be stated, that the significantly
slower a-relaxation process with relaxation times typically between 0.1s and 10s is char-
acterized by diffusive escaping processes of a polymer sphere as a central particle from the
confinement of its coordination cage. The nonergodicity of the polymer matrix, meaning
the nonequivalence between time-averaged and ensemble-averaged time-autocorrelation
functions [40], manifests itself by the existence of these two separated relaxation pro-
cesses, as can be seen in figure 6.5 (rhs).

The Huggins equation

Msp 11— 7o

Thred = = = [77] + kH [77]2 c
C TocC

(6.5)

is used to relate the reduced viscosity of a dilute polymer solution to the concentration
of a polymer solution [87]. Here, n denotes the viscosity of the polymer solution, 7
the viscosity of the solvent, [n] the intrinsic viscosity, ¢ the concentration of the polymer
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solution and ky the Huggins coefficient. Mathematically, the Huggins equation is deviated
from a virial expansion, truncated after the second term. Therefore, this approximation
is only valid for small polymer concentrations.

In figure 6.6 the reduced viscosity 7),/c in dependence on the polymer concentration c is
shown for the samples pSys 2, pSys b and pSys 8, with different polymer volume fractions
Ppsys2 = 0.047, ppsyss = 0.09 and g8 = 0.13 but constant crosslinking ratio x = 0.05.
The red line is a guide to the eye showing that in the concentration range used there,
already derivations from the Huggins’ relation are observed. Because the virial expansion
is truncated after the squared term, it is only valid for diluted polymer systems.
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Figure 6.6: Ratio of specific viscosity 7, and mass concentration c in dependence on the
mass concentration ¢ (blue diamonds) at a constant temperature ¥ = 20°C.
The red line is a guide to the eye, representing the linearity of the Huggins
equation for low polymer concentrations.

6.2.2 Rheological characterization

Macroscopic properties of the pNIPAM matrix are determined by means of rotational
and oscillatory shear experiments. Rotational shear experiments give information on
the hydrogels’ viscosity 7 in dependence on the temperature and shear rate 4. The
macroscopic viscoelastic properties are accessible via oscillatory shear experiments by
evaluating the storage- and loss moduli G' and G” in dependence on the frequency f and
the shear deformation ~.

Rotational shear experiments pNIPAM matrix systems consisting of crosslinked poly-
mer spheres are prepared systematically varying the polymer volume fraction ¢ and
crosslinking ratio y (see table 5.2). The influence of the polymer volume fraction ¢
and the crosslinking ratio y on the viscous properties of hydrogels is investigated as a
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function of temperature by means of rotational shear experiments at a constant shear
rate ¥ = 2571

In figure 6.7, rheological results are shown for constant polymer volume fraction ¢ = 0.046
and varying crosslinking density of y as well as for constant y = 0.05 and varying values
of ¢. The viscosity n of every hydrogel matrix decreases with increasing temperature
due the polymers coil-to-globuli transition. The polymer structure collapses with increas-
ing temperature and as a consequence, radius of gyration decreases. Considering Stokes
equation £ = 6mnr, smaller hydrodynamic radii result into smaller friction coefficients &,
explaining the decreasing viscosities.

The radii of gyration decrease with increasing crosslinking ratio, too. Therewith, the
viscosity of the polymer matrix decreases with increasing y, as can be seen in figure 6.7,
left. An increasing polymer volume fraction leads to increased radii and reduced inter-
particle distances between the linked pNIPAM spheres, both causing enlarged friction.
Enlarged friction of the mesoscale structured entities cause increased macroscopic viscos-
ity, as shown in figure 6.7, right.

In figure 6.8 the viscosity n of a pNIPAM hydrogel in dependence on the shear rate 7 is
shown. Here, the pseudoplastic, shear-thinning behavior, common to all pNIPAM hydro-
gels is exemplarily shown. Shear-thinning is typical for macromolecules, even for diluted
polymer solutions. In the absence of shear stress, macromolecules form coils, possibly
locking different polymer chains. Conformational reorganization under shear stress leads
to reduced interaction between different polymer chains, which is the reason for decreasing
friction and therewith decreasing viscosity.
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Figure 6.7: Temperature dependent viscosities of pNIPAM matrices determined at a
constant shear rate of ¥ = 20 s~!. Lhs: pNIPAM samples of constant
polymer volume fraction ¢ = 0.047 and varying crosslinking ratio xpsys1 =
0.025 (blue diamonds), ypsys2 = 0.05 (red tringles) and xpsys3 = 0.1 (green
circles). Rhs: pNIPAM samples of constant x = 0.05 and varying ¢psyse =
0.047 (blue diamonds), ¢psyss = 0.09 (red triangles) and ¢psyss = 0.13 (green
circles).

Figure 6.8: Shear rate dependent viscosity n(¥) of pNIPAM hydrogel sample pSys 5 with
x = 0.05 and ¢ = 0.09 determined at ¥ = 20°C.
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Oscillatory shear experiments Oscillatory shear experiments give information on the
viscoelastic behavior of the pNIPAM samples via the storage - and loss moduli G’ and G”
as an answer to a sinusoidal shear deformation . The resulting signal can be divided in a
linear viscoelastic region (LVE region) and a nonlinear viscoelastic region (NLVE region).
The LVE region is the region of small deformations, where the moduli G’ and G” are
nearly independent of the deformation, representing the systems’ properties without shear-
induced structural changes.

In figure 6.9 storage and loss modulus in dependence on the shear deformation are
shown for samples of varying crosslinking density x as well as for varying polymer vol-
ume fractions ¢, in accordance to the samples investigated by means of rotational shear
experiments, as displayed in figure 6.7.

Regarding the LVE region, it is visible that an increment of the samples’ crosslinking den-
sity results in a transition of the samples’ behavior from a viscoelastic solid to a viscously
dominated liquid-like system. For a high crosslinking density of x = 0.1 at a low polymer
volume fraction of ¢ = 0.047, the loss factor is increased to tand = G”/G’ > 1, indicating
the fluid-like behavior of the sample (see figure 6.9, lhs). This finding can be explained
by the decreasing sample viscosity for increasing x at constant temperature. The critical
deformation at which tan 6 = 1, is shifted to lower values with increasing crosslinking ratio
X- Intense crosslinking between polymer chains causes high tension within the network
structure of the hydrogels. The strain necessary to cause structural changes due to the
overcoming of this tension therefore is reduced with increasing crosslinking ratio.
Increasing polymer volume fractions at a constant crosslinking density tend to shift the
hydrogels” behavior from viscoelastic solid-like towards a viscously dominated fluid-like
behavior, as can be interpreted by the decreasing ratio of G’ and G” within the LVE region
(see figure 6.9, rhs). For intermediate crosslinking densities and low polymer volume frac-
tions, elastically dominated solid-like behavior with tand = G”/G" < 1 is observed. With
increasing polymer volume fraction, the ratio of G’ and G” decreases, therefore the loss
factor can be found to be tand — 1. Although for all ¢ investigated, within the LVE
region G' > G" it observed, it can be assumed, that further increase of ¢ results in a clear
transition from solid-like to fluid-like behavior with G” > G’ and tand > 1. This can be
explained by the fact, that the increment of ¢ causes a rise in inner friction among polymer
chains. Therewith the influence of the elastic moment resulting from crosslinked polymer
chains is weakened, leading to increasingly viscous behavior of the hydrogel. Furthermore,
the transition from LVE region to NLVE region and therewith the transition from solid-
like to fluid like behavior due to shear-induced structural changes is shifted to higher
values of deformation with increasing polymer volume fraction. The more polymer exists
per unit volume, the higher the strain on the sample must be chosen to cause structural
changes within the network structure of the matrix.

Figure 6.10 shows the shear deformation-dependent storage- and loss moduli for the
sample pSys2 with y = 0.05 and ¢ = 0.047 for different shear frequencies. With increasing
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frequency, and therewith increasing shear rates 4 for constant amplitudes of deformation
Y, the ratio of G’ and G” decreases. Only G” and therewith the dissipated energy
density shows a frequency dependency. Therefore, with increasing frequency, the hydrogel
matrix shows progressing liquid-like behavior. Restoring forces, contributing to the elastic
behavior of the sample are overcome by increasing forces of friction. This trend is found
to be valid for all hydrogels investigated. The critical deformation for the transition from
LVE region to NLVE region with tand = 1 is not influenced by the shear frequency.
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Figure 6.9: Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in depen-
dence on the shear deformation 7 and at constant shear frequency f = 1s7!
and ¥ = 20°C. Lhs: pNIPAM samples of constant polymer volume fraction
¢ = 0.047 and varying crosslinking ratio ypsys1 = 0.025 (black triangles),
Xpsys2 = 0.05 (blue cirlces) and ypsyss = 0.1 (red diamonds). Rhs: pNIPAM
samples of constant xy = 0.05 and varying ¢,sys2 = 0.047 (black triangles),
©psyss = 0.09 (blue circles) and @psyss = 0.13 (red diamonds).
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Figure 6.10: Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in
dependence on the shear deformation 7 for hydrogel pSys 2 (x = 0.05 and
¢ = 0.047) for varying shear frequencies f; = 157! (black triangles), fo =
5s~1 (blue circles) and f3 = 10s™! (red diamonds) at constant temperature

v = 20°C.
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7 Rheological characterization of
ferrogels

Rheological experiments serve as a method for the macroscopic characterization of the
ferrogels’ viscosity as well as their viscoelastic properties. As described before, rotational
shear experiments allow the determination of the systems’ viscosity in dependence of var-
ious parameters, as the temperature 17, the shear rate 4 or the magnetic flux density B of
an external magnetic field. Oscillatory shear experiments give insights into the viscoelas-
tic behavior of the sample by the determination of the storage- and loss moduli G’ and
G" in dependence on the shear deformation ~y, the frequency f as well as the flux density
B.

The characterization of hematite particles and pNIPAM hydrogels, the constituents of
the composite ferrogels, is described in chapter 6. Hematite samples with different aspect
ratios are topologically characterized and their alignment in external magnetic fields is
investigated. Also the pNIPAM hydrogels used as a matrix for ferrogels are characterized.
The influence of polymer volume fraction ¢ and crosslinking density x on the viscoelastic
properties is shown systematically in chapter 6. A common property of all crosslinked hy-
drogels is their nonergodicity visible by different relaxation processes observed by means
of DLS experiments.

This chapter now focuses on the investigation of composites built from these two compo-
nents. Of special interest are the changes to the mechanical properties of the hydrogel
induced by the presence of shape anisotropic, magnetic nanoparticles. Particle-matrix in-
teractions due to for example polymer entanglements of the spindles, as well as restoring
forces resulting from the deformation of the matrix or torques induced by the application
of external magnetic fields, are possible reasons for field induced changes of mechanical
properties.

Table 7.1: pNIPAM samples, with varying polymer volume fraction ¢ and their
crosslinking ratio x, used as matrices for the preparation of pNIPAM-hematite
composites

pN 1 | 0.065 | 0.034
pN 2 | 0.065 | 0.028
pN 3 | 0.052 | 0.040

50



7.1 Rotational shear experiments

Three different hematite-pNIPAM composites with each a mass ratio of
Y(HEM : pNIPAM) = 1 : 1 are prepared to perform rheological experiments in order
to characterize the change of mechanical properties. The pNIPAM hydrogels utilized as
matrix systems for the composites, listed in table 7.1 differ in polymer volume fraction ¢
and crosslinking ratio y. HEM 1 has been chosen as a composite component due to its
large aspect ratio of v = 7.0. Presumably, an increasing anisotropy of the particles more
likely induces changes of the mechanical properties of the hydrogel due to particle-matrix
interactions. The aqueous suspension of HEM 1 added in a 1:1 mass ratio to the hydrogels
to form the composites, has a mass concentration of HEM1 = 1073 wt% .

7.1 Rotational shear experiments

The influence of hematite nanoparticles within the polymer network to the viscosity n
as a macroscopic mechanical property is shown by comparison of temperature dependent
shear viscosity at ¥ = 20s~! of pure hydrogels and ferrogels, respectively. In order to
compare systems with identical polymer volume fraction ¢, as well as to ensure consistent
viscosity data, for the determination of the pure hydrogels’ viscosity, a to the amount of
hematite suspension corresponding amount of water is added to the unloaded hydrogel
sample before measurements.

In figure 7.1 the comparison of temperature dependent viscosities of two different com-
posite materials to the corresponding unloaded hydrogels is shown. The hydrogel samples
differ in polymer volume fraction (ppx1 = 0.065, ¢pns = 0.052) and crosslinking density
(xpn1 = 0.034, xpn3 = 0.04) as can also be seen in table 7.1. For all samples the viscosity
is decreasing with increasing temperature, as expected. This is caused by the characteris-
tic coil-to-globule transition of the polymer network as described earlier in section 6.2.2.
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Figure 7.1: Comparison of temperature dependent viscosities 1 of pure pNIPAM hy-
drogels (blue circles) and pNIPAM-hematite composites (red triangles) at
a constant shear rate 4 = 20s™!. The hydrogels differ in polymer volume

fraction ¢ and crosslinking ratio .

Furthermore it can be seen, that the addition of hematite particles to the polymer

network causes a significant rise in viscosity for both samples investigated. Increasing
polymer volume fractions ¢ cause an increment of the systems viscosity. Contrarily, an
increasing crosslinking ratio y results in a reduced viscosity. In figure 7.1, a higher poly-
mer volume fraction and a smaller value for the crosslinking ratio cause a higher viscosity
of sample pN1 compared to smple pN 3, forming the initial baseline of the corresponding
shear experiments. The viscosity for the composites (red) stays above the viscosity of the
unloaded corresponding hydrogels (blue) for all temperatures investigated.
Entering the originally with water filled voids of the polymer network, the hematite parti-
cles cause an additional moment of friction due to their volume on the one hand and due
to potential entanglements with the polymer matrix on the other hand. The additional
friction of embedded hematite particles in the hydrogel network leads to an increased
viscosity of the composites compared to pure hydrogels with the same polymer volume
fraction.
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Figure 7.2: Shear rate dependent viscosity 7(¥) of pNIPAM hydrogel sample pN1 (blue
circles) and composite pN 1 HEM 1 (red triangles) at ¢ = 20°C.

The shear-thinning or pseudoplastic behavior typical for polymers is observed both, for
pure hydrogels and ferrogels, by means of shear rate dependent rheological experiments
as shown in figure 7.2. Up to & = 5005}, the composites’ viscosity is enlarged, compared
to the identical unloaded hydrogels. With increasing shear rate, however, the differences

between composites and pure hydrogels vanish, if the viscosity 7 of the systems becomes
smaller.

7.2 Oscillatory shear experiments

The influence of embedded hematite particles to the viscoelastic properties of composites
compared to the unloaded polymer network is investigated by means of oscillatory shear
experiments. As a result of these experiments, the storage and loss moduli G’ and G”,
with G’ representing the elastically stored energy density and G” representing the, caused
by viscous friction, dissipated energy density, are obtained. As for the rotational shear
experiments, to get insights into particle-matrix interactions, again composites and pure
hydrogels of identical polymer volume fraction are compared.

In figure 7.3 storage- and loss moduli in dependence on the shear deformation v at a
constant shear frequency of f = 1s7! and constant temperature of ¥ = 15°C for the
composite pN 2 HEM 1 and the corresponding hydrogel pN 2 are shown. It is visible, that
the absolute values for G’ as well as for G” are slightly smaller for the composite (red) than
for the unloaded hydrogel (blue) within the range of deformations measured. The reduced
storage- and loss moduli in composites indicates opposite to the results of rotational
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7.2 Oscillatory shear experiments

shear stress less dissipated energy due to friction in oscillatory shear experiments with
limited deformation. Due to the continuously increasing deformation in rotational shear
experiments, however, the structural reorganization due to shear stress is not comparable
in both types of rheological experiments
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Figure 7.3: Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in depen-
dence on the shear deformation 7 at constant shear frequency f = 1s~! for
unloaded hydrogel pN 2 (blue) and composite pN2 HEM 1 (red) at constant
temperature ¥ = 15°C.

Despite of that small difference, there seems to be no significant influence to the vis-

coelastic properties due to the addition of hematite particles to the polymer system.
The ratio of storage and loss moduli within the linear viscoelastic region (LVE region)
and therewith the loss factor tan d stays nearly constant. For both samples, the critical
deformations characterizing the transition from LVE region to nonlinear viscoelastic re-
gion (NLVE region) and tand = 1 are nearly independent from the addition of hematite
particles. These findings are representative for all investigated composite systems.
The influence of the shear frequency to the viscoelastic properties determined by defor-
mation sweep experiments is shown in figure 7.4. Here, the composites pN 1 HEM 1 and
pN2 HEM 1 and corresponding unloaded hydrogels, differing in their crosslinking ratios
with xpn1 = 0.034 (lhs) and ypn2 = 0.028 (rhs), are compared. Deformation sweep ex-
periments are performed at two different frequencies f; = 1s™! (squares) and f, = 257!
(stars), respectively. Regarding the storage modulus G’, no distinguished difference be-
tween both frequencies, neither for the hydrogels nor for the corresponding composites,
can be observed. Therefore, the storage modulus, also meaning the by mechanical defor-
mation stored energy density, is virtually independent from the shear frequency as well
as from particle-matrix interactions caused by the addition of hematite to the hydrogel
network.
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Figure 7.4: Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in de-
pendence on the shear deformation v for two different shear frequencies
fi = 1s7! (squares) and f, = 257! (stars). Two composites (red) and corre-
sponding unloaded hydrogels (blue) of similar polymer volume fraction but
different crosslinking ratios (xpn1 = 0.034 (lhs) and xpn2 = 0.028 (rhs)) are
investigated at constant temperature of 15° C.

For both samples, the loss moduli G” increase with increasing frequency. As a con-
sequence, the ratio of G and G” is reduced with increasing shear frequency. For higher
frequencies, the velocity of moving polymer- and hematite components and therewith the
influence of inner friction is enlarged, explaining the increment of G”, quantifying inner
friction, which is proportional to the angular velocity and therewith to the frequency.
Comparing the crosslinking ratios y of both composites, the samples behave in accordance
to the findings already described in section 6.2.2. Samples with higher crosslinking ratios
tend to show more liquid-like behavior. Analyzing the values for G’ and G” in figure 7.4,
the loss factor tand = G”/G" is of typically by a factor two higher values for sample pN 1
HEM 1 (lhs) than for pN2 HEM 1 (rhs).

7.3 Magneto-rheological experiments

In external magnetic fields, spindle-shaped hematite nanoparticles align with their long
axis perpendicuar to the direction of the external magnetic field. This is due to interac-
tions of a permanent dipole with the magnetic field as well as due to an induced magnetic
moment caused by the anisotropy of the magnetic susceptibility tensor (see section 6.1).
This field-induced orientational behavior serves as motivation for magneto-rheological
experiments of pNIPAM-hematite composites. The already under field-free conditions
observed consequences of particle-matrix interactions, concerning especially the viscosity
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of the ferrogels, are influenced by the restriction of the particles’ free rotation due to the
field-induced orientation perpendicular to the long particle axis.

7.3.1 Rotational shear experiments in external magnetic field

The hydrogel composites, the characterization of which by means of rotational shear ex-
periments is described in section 7.1, are additionally characterized by rotational shear
experiments in presence of an external magnetic field. In figures 7.5 the temperature
dependent viscosity n(1) as well as the relative viscosity 7/19, normalized to the zero-field
viscosity 79, are shown for the magnetic flux densities By = 0T, B; = 0.1 T (squares),
By = 0.2T (diamonds) and B; = 0.3T (stars) for the composites pN 1 HEM 1 and pN 3
HEM 1 at a constant shear rate ¥ = 20s™ 1.

With increasing temperature ¥, the viscosity for both composites decreases, which is
caused by the characteristic coil-to-globuli transition of the pNIPAM matrix. This effect
is also observed for the viscosity of the composites exposed to an external magnetic field.
Further regarding the absolute values of the viscosity it can be seen, that with increas-
ing flux densities the viscosity of the composites increases. To quantify this effect, the
relative viscosity is evaluated. An increase up to approximately 10% in presence of a
field with a flux density of B = 0.3T parallel to the shear gradient is observed for both
composites, pN 1 HEM 1 and pN 3 HEM 1. The increased viscosity is a consequence of the
hindered rotational mobility of the shape-anisotropic particles due to their orientation in
external magnetic fields. With increasing magnetic flux density, the rotational mobility
of the particles is progressively restricted, causing increasing friction within the vorticity
of the shear flow. As can be seen, especially for composite pN 1 HEM 1, the effect even
intensifies with increasing temperature. For low temperatures, in the swollen polymer
state, torques induced by viscous friction dominate magnetically induced torques of the
particles. Therefore the relative changes in viscosity are small. With increasing temper-
ature, the polymer volume decreases and the friction of particles, the rotation of which
is restricted by the external field, becomes progressively important for the composites’
viscosity.
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Figure 7.5: Temperature dependent viscosity 1 (blue) of pN 1 HEM 1 composite (upper
row) and pN 3 HEM 1 composite (lower row) for varying magnetic flux den-
sities B (Bp = 0T (triangles), By = 0.1T (squares), B, = 0.2T (diamonds)
and B3z = 0.3 T (stars)) at a constant shear rate of 4 = 20s™* (lhs). Relative
changes of temperature dependent viscosity (red) of the same composites,
normalized to the zero-field viscosity (solid line) for varying magnetic flux
densities (rhs). During the experiments a temperature stability better than
+ 0.15 K is monitored by means of a PT100 sensor in the lower plate.

7.3.2 Oscillatory shear experiments in external magnetic field

Composite materials already investigated in section 7.2 by means of oscillatory shear ex-
periments are now exposed to an external magnetic field whilst performing an oscillatory

o7



7.3.2 Oscillatory shear experiments 7.3 Magneto-rheological experiments

deformation sweep measurement. Referring to the results presented in the previous sec-
tion, a change of the viscoelastic properties due to the restricted rotational mobility of the
hematite particles in magnetic fields is the motivation for these experiments. Deformation
sweeps are performed varying shear frequencies as well magnetic flux densities.

Variation of frequency at constant flux density In figure 7.6, deformation-dependent
storage- and loss moduli G’ and G” are shown for the composites pN1 HEM 1 (upper
row) and pN 3 HEM 1 (lower row). Each experiment is performed at constant flux density
B but varying shear frequency f. Results for oscillatory shear experiments at zero field
and maximum field By ~ 680mT are shown.

Regarding the storage modulus, G’ seems to be independent of the applied shear frequency
at constant magnetic flux density. No change can be observed for any of the composites
within the range of deformation, comparing results of f; = 1s7! and f, = 2s7%. For
constant values of deformation, the loss modulus G” increases with increasing frequency;,
corresponding to the findings in section 7.2. Here, the presence of an external magnetic
field does not influence this behavior, as can be seen for both composites in figure7.6.
Hence, for constant values of magnetic flux density and varying shear frequencies, the
systems’ response is purely viscous as characterized by the change of G”. The critical
deformation for tand is shifted in presence of an external magnetic field nearly by one
order of magnitude to higher deformations but is independent from the variation of the
shear frequency.

Variation of flux density at constant frequency In figure 7.7, deformation-dependent
storage- and loss moduli G' and G” are shown for the composites pN 1 HEM 1 (upper row)
and pN 3 HEM 1 (lower row). Now, each experiment is performed at a constant shear fre-
quency f whilst increasing the magnetic flux density B, to access a range, from zero to
maximum external field. The storage modulus G’ increases with increasing flux density
for each composite and frequency. The loss modulus G”, however, is nearly independent
of the flux density, especially at small deformations.

In an external magnetic field with increasing flux density, the rotational mobility of the
shape-anisotropic particles is progressively confined, leading to the drastic increase of the
storage modulus and therewith the elastically stored energy density, resulting from me-
chanical deformation of the hydrogel matrix. Phenomenologically, the embedded hematite
particles can be seen as additional crosslinking points, which can be directed by external
magnetic fields and therefore specifically influence the viscoelastic porperties of the com-
posites.

The enlarged elastically stored energy density and the compared to the loss moduli in-
creased storage moduli also cause a shift of tand = 1, corresponding to the transition
from elastically dominated to liquid like behavior, to higher critical deformations with
increasing flux density.
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Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in de-
pendence on the shear deformation v with at each case constant magnetic
flux densities By = 0mT (left column) and By, ~ 680 mT (right column)
for composites pN 1 HEM 1 (upper row) and pN 3 HEM 1 (lower row) at dif-
ferent frequencies f; = 1s7! (blue triangles) and f, = 2s™! (red diamonds)
and a constant temperature of v = 15°C +0.15° C.

Figure 7.6:
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Figure 7.7:

Storage- and loss moduli G’ (filled symbols) and G” (open symbols) in de-
pendence on the shear deformation v with at each case constant frequencies
fi = 1s7! (left column) and f, = 257! (right column) for composites pN 1
HEM1 (upper row) and pN 3 HEM 1 (lower row) at different magnetic flux
densities By = 0mT (black circles), Bpean ~ 360mT (blue triangles) and
Biax ~ 680mT (red diamonds) and a constant temperature of ¥ = 15°C
+0.15° C.
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In figure 7.8, as a control experiment, an unloaded hydrogel sample is exposed to
a deformation dependent oscillatory shear experiment for zero-field conditions and at
a magnetic flux density of B = 312mT, similar to the previous experiments with the
hematite-pNIPAM composites. It can be seen, that for both, storage- and loss moduli G’
and G” almost no influence of the presence of a magnetic field can be stated. Hence the
previous findings of characteristic changes in the viscoelastic behavior of the composite
materials are originating from the incorporation and the interactions of the magnetic
nanoparticles in the hydrogel matrix.
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Figure 7.8: Storage- and loss moduli G’ and G” of an unloaded pNIPAM hydrogel pN1
at a constant shear frequency f = 10s™! for flux densities B; = 0 mT (blue)
and By = 312 mT (red).
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8 X-ray scattering investigations

8.1 Small angle X-ray scattering

Small angle X-ray scattering experiments are a powerful method to investigate the com-
posites structure on mesoscopic length scales. Due to the low electron density of pNIPAM
and water compared to hematite, the scattered intensity mainly results from the embed-
ded particles. Within this chapter, in order to investigate particle-matrix interactions
of the hematite spindles embedded in pNIPAM hydrogels, both, spindles in a hydrogel
matrix and at the same number density, in aqueous suspensions are investigated and com-
pared to each other.

Spindle-shaped hematite particles align with their long axis perpendicular to an external
magnetic field. Scattering experiments with oriented particles are even more informative,
since the scattering function shows in addition to its dependence on the modulus of the
scattering vector a dependence on the direction of the scattering vector relative to the
external magnetic field, in which the magnetic particles align. If the magnetic field is
applied perpendicular to the primary beam, by using a 2d dectector, the dependence of
the scattering function on the modulus as well as on the direction of the scattering vector
can be determined simultaneously during the scattering experiment.

In this section, the orientational distribution functions (ODF) of hematite particles are
derived from scattering experiments in presence of an external field with varying flux
density. The ODFs are determined by analysis of the scattered intensity simultaneously
in dependence on the modulus |Q| and the direction Q of the scattering vector relative to
the external field’s direction. The scattering data displayed in the following are corrected
for the background of a water filled capillary for aqueous suspensions and for that of a hy-
drogel filled capillary in the case of composites. Hence, the scattered intensity displayed,
solely originates from the particles, either in water or hydrogel.

At the high brilliance beamline ID02 at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, hematite spindles of different aspect ratios vygpyi = 7.0 and
vaeM2 = 3.4 embedded in pNIPAM hydrogels of varying polymer volume fraction ¢ and
crosslinking ratio x as listed in table 8.1 are investigated in dependence on the flux density
B of an external magnetic field.
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8.1 Small angle X-ray scattering

Table 8.1: pNIPAM samples of varying polymer volume fraction ¢ and crosslinking ra-
tio x used to built composites investigated by means of small angle X- ray
scattering.

| | o [ x |
pN 1 | 0.065 | 0.034
pN 4 | 0.047 | 0.102
pN 5 | 0.047 | 0.056
PN 5, | 0.024 | 0.056
pN 55 | 0.012 | 0.056

In absence of a magnetic field the scattering patterns resulting from both, composites

and aqueous suspensions, are, as can be seen in figure 8.1, completely isotropic, indicating
a random orientation of the hematite spindles. With increasing flux density of an external
magnetic field, the particles align with their long axes perpendicular to the field direction.
With a scattering geometry using a magnetic field perpendicular to the primary beam,
scattering vectors Q both, parallel and perpendicular to the external field B, can be ob-
served simultaneously.
With increasing flux density B, in the scattering patterns resulting from both, hydrogels
and aqueous suspensions, an increasing anisotropy is visible (see figure 8.1). However, due
to particle-matrix interactions, with the matrix restricting the alignment of the hematite
particles, the composites’ anisotropy is less pronounced than that of aqueous suspensions,
as visible from false color representations of the scattered intensity at identical flux den-
sities. The field-induced changes on the mesostructure of both, composites and aqueous
suspensions, are completely reversible: typically 10 s after removing the external field,
the scattering patterns are isotropic again.

The raw intensities detected with a 2d CCD detector (3840 x 3840 pixels) are pix-
elwise corrected for parasitic scattering, electronic background and detection efficiency.
Subsequently, the detector plane is partitioned into 72 sectors with an acceptance of
AY = £2.5° defining the direction of the scattering vector Q with respect to the exter-
nal field (see figure 8.2). The modulus @ is related to a pixels’ distance to the center
of the scattering pattern. Therefore the detector is additionally partitioned in annuli of
the width Ar = 2.48 x 10~* m, corresponding to the diagonal of four pixels. Due to the
cylindrical symmetry of the particles for the form factor the relation

P<Q719Q) = P(Q? _19Q> = P(Q7 ™= 19@) = P(Q: T+ 19@) (81>

results, where 9o denotes the angle between the scattering vector Q and the particle
director u. As a consequence, only 19 of 72 sectors, which are averages of four (respec-
tively two for Jq = 0 and Yo = 7/2), are symmetrically independent. The data reduced
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8.1 Small angle X-ray scattering

employing the symmetry relation (8.1) are used for the numerical analysis of scattering
data.

Figure 8.1: False color representation of the Small Angle X-ray Scattering resulting from
aqueous suspensions (upper row) and composites (lower row) containing
identical number densities of hematite particles. The magnetic flux density
with horizontal field direction increases from left to right (B; = 0 mT, By =
10.0 mT, B3 =98 mT, B, =1.00 T, B; = 1.50 T).

Figure 8.2: Data reduction by partitioning the detector in sectors.

Figure 8.4 shows sector averaged intensities of an aqueous suspension of HEM 2 with
vuem2 = 3.4 and a PN1 HEM 2 composite at different flux densities By = 0T, By =
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8.1 Small angle X-ray scattering

316 mT and B3 = 1.5T of the external field. Scattering functions are exemplarily dis-
played for the scattering vectors parallel (Jg = 0) and perpendicular (Jg = 7/2) to the
external magnetic field. In absence of an external magnetic field the orientation of the
hematite spindles is random irrespective of the surrounding medium, either water or hy-
drogel. The scattering pattern resulting from such a spherically symmetric ensemble is
radially symmetric, too. In this case, all sector averages are equal within experimental
accuracy, independent of the angle vg.

In presence of a magnetic field, due to the interaction with the particles’ permanent and
induced magnetic dipoles, the particles align. As a consequence, the spherical symmetry
is reduced to a cylindrical symmetry as visible in the angular dependence of the sector
averages for B = 316 mT and B = 1.5T. With increasing anisotropy of the ODF the
differences, maximum between directions parallel and perpendicular to the external field,
increase as can be seen comparing scattering functions for field-free conditions. Both, for
composites and aqueous suspensions the intensity differences increase with increasing flux
density of the external magnetic field. Furthermore, it is obvious that differences between
Yo = 0 and Jg = /2 are more pronounced for the aqueous suspensions than for the
pNIPAM-composites. While at 316 mT the particles in the hydrogel are still more or less
statistically aligned, in water, the particles are nearly completely aligned perpendicular
to the external field.

Both, for composites and aqueous suspensions, the scattered intensity in the direction
Q || B (Yo = 0) is more structured than for Q L B (Jg = 7/2). Though the hematite
spindles align with their long axis perpendicular to the external magnetic field a rotation
around their short axis is still possible. Hence, the electron density for a particle rotating
around its short axis resembles a disc with its’ equatorial plane always perpendicular to
the field direction and, as a consequence, Q always perpendicular to the particle director.
Perpendicular to the field, however, a circular distribution of particle directors over 27
is observed, leading to an average orientation of the particle director with respect to Q,
smearing out the scattered intensity for ¥ = 7/2. Applying a magnetic field parallel
to the primary beam, as expected, a symmetric scattering pattern is observed, as can be
seen in figure 8.3.

Figure 8.3: False color representation of the SAXS data from the composite pN 1 HEM 2
for a magnetic field if the flux density B = 1.0T parallel to the primary
beam.
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8.1 Small angle X-ray scattering

The SAXS data are analysed assuming homogeneous, spindle-shaped particles with a
Schulz-Flory size distribution of their equatorial radii. For simplicity of the model, a con-
stant aspect ratio v is assumed. Since the volume fraction of hematite spindles is typically
ouem = 1073 and the interparticle distances are significantly larger than the particle size,
particle-particle interactions can be neglected. As a consequence, with a structure factor
S(Q) = 1, the scattering data can solely be described by the form factor P(Q, V) of
an ensemble of spindles underlying both, a size distribution, and an orientational distri-
bution. With respect to the models’ simplicity, the experimental data in figure 8.4 are
described very well as a function of both, modulus and direction of Q. Small deviations
at |Q| ~ 0.2nm™! corresponding to length scales of d ~ 30nm in real space can be at-
tributed to deviations of the real particle shape from the spindle model and neglecting a
distribution of aspect ratios. Deviations at very small scattering vectors in the hydrogel
composites result from weak aggregation of the hematite particles. Since the long axis of
hematite spindles used in these experiments is typically L = vreq ~ 200 nm, the orienta-
tion of the particles mainly influences the scattering function at |Q| ~ 27/(200 nm). In
the latter |QJ-range the model accurately describes the scattering data.

Employing the Boltzmann approach for the ODF (see equation 3.22), the nematic order
parameter S is obtained by canonically averaging the distribution function (see equations
(3.22) and (3.24)). Sy quantifies the field-induced alignment of the particles in dependence
on the flux density of the applied field. For complete alignment of the particles perpendic-
ular to the external field, Sy = —1/2 is expected, while the order parameter approaches
Sy = 0 for a random orientation.

Figure 8.5 shows the field dependent nematic order parameter of aqueous suspensions of
HEM1 with v = 7.0 and HEM 2 with v = 3.4. In figure 8.6 and figure 8.7 the field-
dependent order parameters of aqueous suspensions and hydrogel-composites containing
identical number densities of hematite spindles are compared. Both, for aqueous suspen-
sions and hydrogel-composites, a field-induced isotropic-nematic transition is observed,
although in the hydrogel-composites the nematic alignment is less pronounced than in
aqueous suspensions.
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Figure 8.4:

Small angle X-ray scattering

Sector-averaged mean intensities of an aqueous suspension of HEM 2 with
vaueme2 = 3.4 (left colum) and a pN 1 HEM 2 composite (right column) ex-
emplarily displayed for the scattering vector parallel (Jg = 0, blue circles)
and perpendicular (Jg = /2, black circles) to the external magnetic field
for varying flux densities By = 0T, By = 316 mT and Bj 1.5T. The
solid lines are the results of a simultaneous least-squares fit of the complete
reduced data set with 0 < g < 7/2 employing a model of Schulz-Flory
distributed spindles in an external field.
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8.1 Small angle X-ray scattering

Figure 8.5 shows the dependency of the field-induced isotropic-nematic transtion of the
hematite in spindles in dependence on the particles’ aspect ratio v. It is obvious, com-
paring S5 for both species, that an increasing anisotropy of the particles and therewith
increasing volume and magnetic moment favors the field-induced alignment. The graphs
Sa(B) show a steeper slope at low flux densities for particles of higher aspect ratio.

In figure 8.6 the influence of the crosslinking ratio x on the particle-matrix interactions
is visible by the investigation of composites pN 4 HEM 2 with y = 0.102 and pN 5 HEM 2
with xy = 0.056 and an aqueous suspension of HEM 2 as a reference. In hydrogels with
identical polymer volume fraction ¢ = 0.047, the nematic alignment is progressively hin-
dered with increasing crosslinking ratio x. As shown in section 6.2.2, increasing crosslink-
ing ratios result in increasing elasticity of the hydrogel matrix causing restoring torques
to the magnetically induced angular displacement of the hematite particles embedded in
the hydrogel. With increasing crosslinking ratio x and therewith larger elasticity, the
isotropic-nematic transition of particles in composites is shifted to larger flux densities.
In figure 8.7, the influence of the polymer volume fraction ¢ of the hydrogel matrix to the
isotropic-nematic transition at constant crosslinking ratio y is displayed for the compos-
ites pN5 HEM 1 (¢ = 0.047), pN55 HEM 1 (¢ = 0.024), pN5g HEM 1 (¢ = 0.012) and
an aqueous suspension of HEM 1 (v = 7.0) as a reference. An increasing polymer volume
on the one hand also induces a rising elasticity of the hydrogel matrix and on the other
hand decreases the size and volume of water filled cavities, in which the particles can
move freely. Both effects lead to the result, that the nematic alignment of the magnetic
spindles is progressively hindered with increasing ¢ of the polymer matrix.

Both, in aqueous suspensions and hydrogel composites, an equilibrium mesostructure is
obtained within several seconds and the alignment is completely reversible. This clearly
indicates that the hindered alignment is a result of the viscoelasticity of the composites.
Purely viscous friction would prolong the equilibration but result after infinite time in the
same time-averaged mesostructure.
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8.1 Small angle X-ray scattering

Figure 8.5:

Figure 8.6:
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Order parameter Sy of aqueous suspensions of HEM 1 (v = 7.0, blue circles)
and HEM 2 (v = 3.4, red circles) in dependence on the flux density B of an
external magnetic field.
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Order parameter Sy of an aqueous suspension of HEM 2 (red triangles) and
hydrogel composites pN4 HEM 2 and pN5 HEM2 in dependence on the
flux density B of an external magnetic field. Both hydrogels contain an
identical polymer volume fraction ¢ = 0.047 at different crosslinking ratios
X1,pn4 = 0.102 (filled blue circles) and x2 x5 = 0.056 (open blue circles).
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8.2 Rheological small angle X-ray scattering
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Figure 8.7: Order parameter Sy of an aqueous suspension of HEM 1 (red triangles) and
hydrogel composite pN5 HEM 2 in dependence on the flux density B of
an external magnetic field. The hydrogel, before forming the composite, is
diluted with water to obtain varying volume fractions ¢; = 0.012, ¢y =
0.024, w3 = 0.047 (open blue symbols) at identical crosslinking ratio xy =
0.056.

8.2 Rheological small angle X-ray scattering

In the previous section, small-angle X-ray scattering experiments gave insights to particle-
matrix interactions within the ferrogels. In absence of an external magnetic field, the
particles are statistically orientated in the matrix, as obvious from spherically symmetric
SAXS patterns. Due to the magnetic moment of spindle-shaped hematite particles, in
an external magnetic field a torque is applied to the anisotropic particle, leading to a
deformation of the polymer network. This leads to a hindered nematic alignment of the
magnetic rods embedded in the hydrogel matrix.

In the opposite way, within the vorticity of a laminar shear flow, the polymer network
rotates. Hereby the orientational distribution function (ODF) of statistically aligned rods
changes due to interactions with the polymer matrix, since the typical mesh size in the
hydrogel network is comparable to or smaller than the length of the particles (see chapter
6). Furthermore, in section 7.1 is described, how the composites’ transition from linear
viscoelastic (LVE) to nonlinear viscoelastic (NLVE) behavior is shifted towards lower de-
formations with increasing shear frequency in oscillatory shear experiments.

RheoSAXS experiments presented in this section, aim to investigate the influence of the
networks’ vorticity to the orientational distribution function of the hematite spindles. At
the coherence beamline P10 the RheoSAXS setup as described in section 5.3 is used to
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8.2 Rheological small angle X-ray scattering

investigate the rheological properties of two different hematite species HEM 3 and HEM 4
with varying aspect ratios vgpms = 5.2 and vgevg = 2.9, embedded in a hydrogel matrix
consisting of pSys 6 with a polymer volume fraction ¢ = 0.09 and a crosslinking ratio
x = 0.1. Additionally, the number density of hematite embedded in the hydrogel matrix
has been varied by tuning the composites’ polymer mass ratio v = m(pSys)/m(HEM).
Oscillatory shear experiments in dependence on the shear frequency f and the shear defor-
mation v at constant temperature ¥ are performed to investigate the viscoelastic behavior
of these composites.

As a first step, particles are aligned with their long axis parallel to the shear plane and
perpendicular to the shear gradient and the direction of the primary beam by a radial
shear flow induced by compressing drops of isotropic composites between the rheometer
plates.

The velocity field in laminar shear flow in x-direction can be described as

Vo + 27
v(z,y,2) = 0 (8.2)
0

with the shear gradient dv,/0z = 4. The rotation of the velocity field

curl v(z,y,2) = | £ | x v(z,vy,2) (8.3)

results in an angular velocity with a rotation axis in y-direction.

Due to the circular symmetric alignment, the particle directors are randomly aligned in
the x — y-plane. Particles with a director parallel to the y-direction rotate in the vorticity
of the shear flow around their long axis without influence to their scattering power, since
the orientation of their particle director does not change with respect to the scattering
vector (see figure 8.8, lhs). Particles aligned in z-direction, however rotate around their
short axis and change their orientation with respect to the scattering vector @ (see figure
8.8, rhs). By deflection of a part of the initially radially symmetric ensemble, in shear
flow, anisotropy evolves.

In oscillatory shear experiments, periodic fluctuations of the scattered intensity from
isotropic to anisotropic scattering pattern are observed. The temporal fluctuations be-
tween circular symmetric and anisotropic ensembles are visible especially in differences
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8.2 Rheological small angle X-ray scattering

of scattered intensity. In figure 8.9, differences of scattered intensities under oscillatory
shear stress and those of the initial configuration without shear stress are displayed.
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Figure 8.8: Rotation of axially symmetric particles in the vorticity of a shear flow at
different particle orientations with respect to the shear gradient.
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Figure 8.9: Differences of scattered intensities under oscillatory shear stress and those
of initial configuration without shear stress.
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8.2 Rheological small angle X-ray scattering

Similar to the procedure in section 8.1, the scattering signal is evaluated by partitioning
the detector plane in multiple sectors and averaging the intensity of each sector. Hence,
an angle dependent intensity /(1) is obtained. In the following, only scattering functions
I(Q) for sectors parallel (9 = 0) and perpendicular (¢ = 7/2) to the shear flow are shown.
In figure 8.10 scattering functions of the composite pNS6 HEM 25 with a polymer mass
ratio 1) = 4 are shown for different rheometer plate deflection angles @, which corresponds
to the phase of deformation. Plate deflection angle and deformation are related via the

expression

dr
= (8.4)

with r denoting the radius at which the primary beam hits the sample and h the height
of the gap between the two measuring plates. The maxima of the sinusoidal function
&(t) each represent the maximum plate deflection, also corresponding to the maximum
deformation of the sample. @ = 0 corresponds to a nondeformed state of the sample. For
maximum deflection, the out of shear plane alignment of the particles and therewith the
anisotropy of the scattering patterns are maximal, at zero-crossing, all particles are re-
aligned within the shear plane and the corresponding scattering pattern becomes isotropic
again.

In scattering functions from anisotropically aligned ensembles, intensity differences be-
tween sectors parallel (¢ = 0) and perpendicular (¢ = 7/2) to the shear flow are ob-
served. This is the case for scattering data obtained for deflection angles & = 2.09° and
¢ = —2.14° close to the maximum plate deflection (see figure 8.10, lhs). Out of plane
alignment of the hematite particles here results in angular dependent, anisotropic scat-
tering signals. Deflection angles @ = 0.48° and ¢ = —0.53° represent plate deflection
close the the point zero-crossing. The corresponding scattering functions show nearly no
differences for ¥ = 0 and ¥ = /2, since almost all particles are realigned within the shear
plane at this point, resulting into an isotropic scattering pattern (see figure 8.10, rhs).
Concluding these findings, it can be stated that the observed intensity fluctuations are in
phase with the deformation.

73



8.2 Rheological small angle X-ray scattering

0.04
0.03
0.02
_ 001
el
E 0.00
< _0.01
-0.02
—0.03
—0.04
10° 10°
fo=0 ., fo=0
to=m/2 . to=m/2
10* 10 S
o,
A%
2103 B 2103 Y
g % g 3
gi0° R gi0° g
p A e
&
¥ %
10! @, = 2.09° £ 10! ©, = 0.48° .
100 100
102 107! 100 102 107! 100
Q[nm] Q[nm™"]
10° 10°
fo=0 . fo=0
to=mn/2 ' {o=n/2
*e s
4 | '.",' | .l
10 o, 0t | z:’:.
Y
\:,.. . xi
5103 | = 5 %
<, kS =, kY
[®] % c 103 | y
z Cony 2 L4
w107 | e A :
el - 5’ o x
(3 2.
: 102} @,——053° %
10! Dy =—2.14° 5 4
%
10° 10! 2
1072 10! 100 1072 107! 100
Q[nm™'] Q[nm™']

Figure 8.10: Plate deflection angle @ in dependence on the time ¢ to illustrate one period
of deformational shear stress during oscillatory shear experiments (upper
row). Sector averaged mean intensities of a hematite-pNIPAM composite
of polymer mass ratio 1) = 4 for sectors parallel (¢ = 0) and perpendicular
(9 = 7/2) to the shear flow at different deflection angles &.
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8.2 Rheological small angle X-ray scattering

In figure 8.11 contour plots, representing the scattered intensity as an integral in the lim-
its 2x 1072nm~! < Q < 2 x 107 'nm™~! in dependence on the time ¢ and the angle with
respect to the direction of the shear flow, are shown. Three different ferrogel composites,
either containing hematite particles of varying aspect ratio v or of different polymer mass
ratio ¢ are investigated by means of oscillatory shear experiments.

From left to right, the first two contour plots show results from the investigation of the
composites pSys 6 HEM 4 with ¢ = 1 and vgpyy = 2.9 at a shear frequency f = 0.05s71
and pSys 6 HEM 3 with ¢ = 1 and vgpums = 5.2 at a shear frequency f = 0.1s7!. Over the
period of two deformation cycles each, it is visible, that the anisotropy of the scattering
pattern is much more pronounced for hematite particles of bigger aspect ratio. Hence,
the out of shear plane alignment of the particles due to particle matrix interactions is
intensified with increasing shape anisotropy of the hematite particles. Additionally the
contour plots also confirm, that the occurring intensity fluctuations are in phase with the
deformation and the shear frequency, respectively.

In the middle and on the right hand side of figure 8.11, contour plots from temporal
analysis of composites pSys6 HEM 3 with v» = 1 and vggys = 5.2 at a shear frequency
f =0.1s"1 and pSys 6 HEM 3 with ¢y = 4 and vygums = 5.2 at a shear frequency f = 0.1s7!
are shown. Comparing the intensity fluctuations for different sectors, it becomes obvious
that an increasing polymer mass fraction 1 significantly increases the anisotropy of the
scattering pattern, which can be explained by enhanced particle-matrix interactions. An
increased polymer volume intensifies the out of plane alignment of the hematite parti-
cles, embedded in the pNIPAM matrix. The phase relation of intensity fluctuations and
deformations is not influenced by the polymer mass fraction.
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Figure 8.11: Contour plots, representing the scattered intensity in dependence on the
time ¢ and the angle ¥ with respect to the direction of the shear flow
as an integral within the limits 2 x 10?nm™! < Q < 2 x 107 'nm™L.
Left: Composite pSys6 HEM 4 with ¢ = 1 and vggys = 2.9 at a shear
frequency f = 0.05s~*. Middle: pSys 6 HEM 3 with v = 1 and vgpmz = 5.2
at f = 0.1s7!. Right: pSys6 HEM 3 with ¢ = 4 and vypyz = 5.2 at
f=01s"1

A correlation between the anisotropy of the scattering pattern and the shear defor-
mation of the oscillatory shear experiments is shown in figure 8.12. The composite
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8.2 Rheological small angle X-ray scattering

pSys6 HEM 3 with ¢ = 1 and vggys = 5.2 is investigated at a constant shear frequency
f = 0.1s7! for deformations 0.1 < v < 10. The loss and storage modulus G’ and G”
indicate linear viscoelastic (LVE) behavior up to deformations of v = 6 x 107! (see figure
8.12, upper row). Exceeding this critical deformation, with increasing deformation the
system transits into the nonlinear viscoelastic region (NLVE region).

Sector averaged mean intensities for sectors parallel (¢ = 0) and perpendicular (¥ = 7/2)
to the shear flow are shown for selected deformations each at maximum plate deflection ®.
It can be seen, that with increasing deformations and furthermore with the transition from
the LVE region to the NLVE region the differences between scattering functions become
more pronounced. Hence, the amplitude of the angular dependent intensity fluctuations
increases with the amplitude of deformation, especially upon entering the nonlinear vis-
coelastic regime. Shear induced structural changes to the matrix, as occurring within the
NLVE region, appear to favor the out of shear plane alignment of the hematite particles
due to particle-matrix interactions.
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Figure 8.12: Storage and loss moduli G’ and G” in dependence on the deformation =y
at a shear frequency f = 0.1s7! of composite pSys6 HEM 3 with ¢ = 1
and vgpvs = 5.2 (upper row). Sector averaged mean intensities for sectors
parallel (¢ = 0) and perpendicular (¢ = 7/2) to the shear flow at distinct
deformations vy; = 0.16, 75 = 1.07, v3 = 3.24 and 74 = 6.12

77



8.3 X-ray photon correlation spectroscopy

8.3 X-ray photon correlation spectroscopy

small angle X-ray scattering (SAXS) experiments described in section 8.1 give insights
into the hematite-pNIPAM-composites structure on mesoscopic length scales with and
without the presence of an external magnetic field. Additionally, rheology small angle
X-ray scattering (RheoSAXS) experiments, as described in section 8.2, aim to investigate
the influence of the polymer networks’ vorticity to the ODF of the hematite spindles in
real time with a time resolution in the range of seconds.

Quasielastic scattering experiments give insights into the diffusive motion of scatterers.
In the time domain, XPCS gives access to dynamic processes at mesoscopic length scales
analyzing temporal correlations of the intensity in SAXS experiments employing coherent
X-rays.

The fundamental experimental quantity in homodyne photon correlation spectroscopy is
the intensity autocorrelation function go(Q,t). For ergodic samples, this quantity is re-
lated to the field autocorrelation function or intermediate scattering function g,(Q,t) by
the Siegert’s relation

92(Q. ) = 1+ ¢(Q)gi (@, 1), (8.5)

where ¢(Q) is the @-dependent speckle contrast.
For a Gaussian diffusion process, the intermediate scattering function can be written as
a single-exponential decay

91(Q,t) = exp(—Q*Dgt) (8.6)

with Dy indicating the Einstein diffusion coefficient. The relaxation rate I" of the inter-
mediate scattering function is related to the Einstein diffusion coefficient via the Landau-
Placzek relation I'(Q) = DgQ?. A superposition of processes with a distribution of decay
rates leads to a stretched or compressed exponential decay with the form

g1 = exp [—(Ft)ﬁ} (8.7)

of the intermediate scattering function. This functional form originally introduced by
Kohlrausch [88] is often denoted as Kohlrausch-William-Watts (KWW) function. Values
of 8 < 1 indicate a stretched exponential, whereas § > 1 a compressed exponential decay
which is typical for soft matter systems [89, 90]. Employing again Siegert’s relation for a
multispeckle experiment, the intensity correlation function can be written as
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92(Q.t) = 1+ ¢(Q)g7(Q. 1)
=1+ ¢(Q) exp? [—(Ft)ﬁ}
=1+ ¢(Q)exp [-2(I't)"]. (8.8)
By fitting a stretched exponential function to the intensity autocorrelation function, I’
with the dimension of an inversed time and therewith the diffusion coefficient are ob-

tained. Figure 8.13 shows an exemplary fit to an intensity autocorrelation function go
obtained from an XPCS experiment for the composite pN1 H1.

2.0
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0=4.00x10"2nm™! Neo

1072 107! 100 10! 10 103
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Figure 8.13: Intensity autocorrelation function go(¢) (blue circles) and compressed ex-
ponential function fitted to the experimental data (red, solid line).

X-ray photon correlation spectroscopy (XPCS) experiments presented in this section are
performed at the beamline ID10 at the European Synchrotron Radiation Facility (ESRF)
in Grenoble, using the same sample environment as for the SAXS experiments at ID02,
allowing to apply an external magnetic field of varying flux densities to the sample. Here
presented are the results of the investigation of the hematite-pNIPAM composite pN 1
HEM 1, with pNIPAM with a ploymer volume fraction of ¢ = 0.065 and crosslinking ratio
of x = 0.034 and hematite spindles of an aspect ratio v = 7.0. The dynamics of this
sample is investigated in dependence on the flux density of a field perpendicular to the
primary beam. As for the SAXS experiments, the scattering signal is again evaluated by
partitioning the detector plane in multiple sectors and annuli and averaging the intensity
of each partition. Hence, an angle dependent intensity /(1) is obtained also for the XPCS
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experiments.

Figure 8.14 shows the Q-dependent relaxation rate I'(Q)) versus the square of the scatter-
ing vector () without external magnetic field (left column) and at a flux density B =1.0T
(right column) resulting from the compressed exponential fits to the XPCS data (see 8.13)
for sectors parallel (¢ = 0°) and perpendicular (¥ = 90°) to the external magnetic field.
A linear relation between both quantities, where the slope of a line trough the origin cor-
responds to the effective diffusion coefficient Dg, would indicate Gaussian diffusion of the
particles within the hydrogel network. As visible for both, field free and within magnetic
field conditions, a Q*- dependent slope of relaxation rates deviating from Landau-Placzek
behavior is obtained.

As highlighted by interpolations of data points for both angles ¥ = 0° and ¢ = 90°
at B =0.0T and B = 1.0T (figure 8.14, lower row), a critical, mean Q* value corre-
sponding to Q ~ 0.035nm™!, can be found, separating two, in first approximation linear
regimes for I' vs. Q2. The corresponding distance in real space is ~ 180 nm and in
accordance with the mean void size of the pNIPAM hydrogel matrix. For small values of
Q? < 1.2 x 10> nm~2 and therefore long distances in real space, no angular dependency
for the diffusion coefficient is found as can be seen in figure 8.14, regarding the solid green
line, representing data for both, ¥ = 0° and v = 90°.

For ) > 1.2 x 1073 nm~2 angular dependent differences for the linear relations of I' vs. ?
are observed for no-field conditions and within an external magnetic field of B = 1.0 T.
Without an external magnetic field, the slopes of T'(Q) vs. @Q? for both, ¥ = 0° and
¥ = 90° are almost identical, meaning that also the diffusion coefficients are nearly the
equal. However, the transition from Gaussian to non-Gaussian diffusion is shifted to
smaller length scales in real space for the direction perpendicular (¢ = 90°) to the di-
rection of the external magnetic field. The analysis of the time-averaged intensities did
not show any preferred orientation of the hematite particles within the hydrogel matrix,
as can be seen in figure 8.4 in section 8.1. This type of experiments is not sensitive to
a possible preferred orientation of the hydrogel matrix itself. Hence, it is possible, that
the mesostructure of the hydrogel network is influenced during the filling of the capillary
previous to the experiments. In this case, shear forces cause stretching of the polymer
networks’ voids in the direction parallel to the direction of the external field (¢ = 0°).
Therewith the transition from quasi-free diffusion of the particles within the viods to dif-
fusion processes between voids is shifted to smaller values of () in reciprocal space and to
larger length scales in real space is possible.

For a flux density of B = 1.0T it is visible, that the slopes of the linear interpolations
differ from each other for ¢ = 0° and ¢ = 90° more significantly. In accordance with
the nematic order parameters shown in section 8.1, it can be stated that hematite spin-
dles embedded into the pNIPAM hydrogel are almost completely aligned perpendicular
to the direction of the external magnetic field at a flux density of B = 1.0'T. Therefore
it can be concluded, that in external magnetic fields the spindle-shaped particles with-
out particle-matrix interactions preferably move in the direction of their particle director,
corresponding to the sector centered at ¥ = 90°, than in direction of the short particle
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axis. This preferred diffusive motion is restricted to the confinement of the voids, existing
within the hydrogel network, since it occurs only for sufficiently large Q? and correspond-
ing short diffusion paths in real space.

For larger length scales only one significantly faster and direction-independent diffusion
coefficient can be found. A possible reason are escape processes through by the hydrogel
network preformed diffusion channels as junctions between adjacent voids in the hydrogel
network. Since the orientation of such channels is unaffected by external magnetic fields,
in this regime which is at the limit of QQ-resolution, even in external fields of B = 1T flux
density, no direction dependency is observed. The mean squared displacement here is sig-
nificantly higher, explaining the much steeper slope for I' vs. Q% at Q% < 1.2x 1073 nm 2.
Regarding the ratio D, = D /D, we obtain D,(0T) = 0.84 and D,(1T) = 0.65. This
again verifies, that the application of an external magnetic field influences the diffusion
of the hematite spindles within the matrix more significantly than the effect of a shear
induced structural change of the mesostructure of the matrix.

In figure 8.15 the exponent 3 in dependence on the scattering vector (), as given in
equation (8.8), resulting from fitting scattering data over the whole Q-range is shown for
sectors parallel (¢ = 0°) and perpendicular (9 = 90°) to the external magnetic field. The
mean values for 3 indicate, whether the particles undergo Gaussian or anomalous diffu-
sion processes. Anomalous subdiffusion is hindered diffusion in which the mean-square
displacement of a diffusing particle is proportional to some power law different from that
of Gaussian diffusion with (r?) oc ¢ [91]. For classical Gaussian diffusion, with respect to
the Siegert relation, the fit of the field autocorrelation function g would result the expo-
nent 8 = 1, recovering an usual exponential function. A stretched exponential function
with 8 < 1 indicates sub-diffusive processes.

Regarding figure 8.15, for zero-field conditions 5 ~ 1.2 (lhs) is obtained. For external
magnetic fields with a flux density of B = 1.0T, the slightly larger exponent 5 ~ 1.3
results. Both exponentials, with values larger than 1, indicate that the hematite parti-
cles undergo non-Gaussian behavior within the hydrogel matrix, for both, field-free and
in-field conditions. Such a behavior indicated by compressed exponential decays of the
autocorrelation functions are commonly observed in jammed systems [89, 90].
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Figure 8.14: Relaxation rate I' in dependence on the square of the scattering vector
Q? determined for the composite pN1 HEM 1, with a ploymer volume
fraction ¢ = 0.065, a crosslinking ratio y = 0.034 and hematite spindles
of an aspect ratio v = 7.0 for sectors parallel (J = 0°) (red circles) and
perpendicular (¢ = 90°) (blue circles) to the external magnetic field for a
no field environment (lhs) and for B = 1.0T (rhs).
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Figure 8.15: Compressed exponential coefficient # in dependence on the square of the
scattering vector Q% for B = 0.0T and B = 1.0T and sectors parallel
(¥ =0°) (red circles) and perpendicular (¢ = 90°) (blue circles).
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Since the pioneering work of Payne et al. [92] the influence of incorporated nanoparticles
on the mechanical properties of elastomers has attracted considerable scientific interest.
The macroscopic viscoelastic properties of such composites are strongly influenced by in-
teractions between embedded particles and the polymer network. If shape anisotropic,
magnetic particles are embedded in viscoelastic matrices, their mesoscale structure and
dynamics and the related macroscopic properties depend on the particles’ orientation as
an additional degree of freedom. Distortions of the matrix either induced by interaction
of the particles with an external field or mechanical stress exerted on the composites
influence, both, the spatial and orientational distribution of the particles. In this work,
mesoscopic particle-matrix interactions of hematite spindles confined in cavities of an
intercrosslinked polymer hydrogel network formed by pNIPAM and related changes of
macroscopic, rheological properties have been investigated by means of X-ray scattering
and rheological experiments.

Hematite spindles of different aspect ratios v are prepared, proving the regio-specific
NaH,POy4-adsorption mechanism, inducing the spindles’ preferred growth along their
rhombohedral axis. Nanoparticles of polydispersities p < 15%, suitable for X-ray scat-
tering experiments, are obtained. Due to both, a permanent magnetic moment nearly
perpendicular to the rotation axis and an induced moment proportional to their negative
magnetic anisotropy, hematite particles align perpendicular to the direction of external
magnetic fields. The nematic order parameter, calculated from the field dependent ODF
of the spindles determined by the evaluation of X-ray scattering data is used to quantify
the alignment of of the particles as a function of the flux density B. In figure 6.3 it is
visible, that the alignment of the particles in aqueous suspension increases with increasing
magnetic flux densities.

pNIPAM hydrogels, consisting of thermoresponsive polymer spheres connected by polymer
chains are prepared systematically with varying crosslinking ratios y and varying polymer
volume fractions ¢. Static light scattering experiments show a pronounced structure peak
for the hydrogels, corresponding to a correlation length in accordance with the polymer
spheres’ interparticle distances determined by means of TEM. DLS experiments confirm
the non-ergodicity of the system, meaning the non-equivalence between time-averaged
and ensemble-averaged time-autocorrelation functions, visible from the existence of two
separated relaxation processes (see figure 6.5).

Rotational shear experiments are performed to investigate the influence of temperature,
polymer volume fraction ¢ and crosslinking ratio y on the viscosity n of the matrix. Due
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to the characteristic coil-to-globuli transition, with increasing temperature, the viscos-
ity of the hydrogel decreases. With increasing crosslinking ratio y, the matrix’ viscosity
decreases due to therewith decreasing radii of gyration. An increasing polymer volume
fraction ¢ however, result in increasing viscosity, due to enlarged friction in the mesoscale
structure of the denser matrix.

Oscillatory shear experiments give insights into the viscoelastic behavior of the pNIPAM
hydrogels by evaluating the storage- and loss moduli G’ and G” as an answer to a sinu-
soidal shear deformation v in dependence on volume fraction ¢ and crosslinking ratio x.
Here, an increment of the samples’ crosslinking density as well as polymer volume frac-
tion results in a progressing transition from a viscoelastic solid to a viscously dominated
liquid-like system within the LVE region for constant shear frequencies f. For constant
crosslinking ratio xy and polymer volume fraction ¢ but increasing shear frequency, the
hydrogel matrix shows progressing liquid-like behavior, since restoring forces, contribut-
ing to the elastic behavior of the sample are overcome by increasing forces of friction.

Furthermore, hematite-pNIPAM composites are prepared to investigate the changes of
mechanical properties of the hydrogel induced by the presence of shape anisotropic, mag-
netic nanoparticles. For this reason, rotational and oscillatory shear experiments with
and without external magnetic fields within the sample environment are performed.

For field-free conditions, rotational shear experiments show, that the addition of hematite
nanoparticles to the polymer network causes a significant rise in viscosity compared to
the unloaded hydrogels. This is because incorporated nanoparticles cause an additional
moment of friction within the voids of the gel. Considering the viscoelastic properties of
the composites compared to unloaded hydrogels, no influence of the hematite particles to
these properties can be stated.

In presence of an external field, in rheological experiments an increasing viscosity of the
composites with increasing flux density is observed. Freely rotating particles minimize
their rotational friction by following the angular velocity field of their environment. In
presence of a magnetic field, however, the rotational mobility of the particles is progres-
sively confined with increasing flux density. Also in oscillatory shear experiments, at least
for small deformations, an elastic particle-matrix interaction is observed: increasing flux
density solely affects the elastic modulus G’, whereas the loss modulus for deformations
~v < 1071 is nearly unchanged at constant oscillation frequency f. With the flux density
increasing rotational arrest of hematite particles leads as an increasing polymer volume
fraction ¢ and crosslinking ratio x to rising elasticity of the composites. Phenomenologi-
cally, embedded hematite particles act as additional, field-dependent crosslinkers.

The field-induced rotation of particles embedded in a hydrogel leads to an elastic defor-
mation of the polymer network causing a restoring torque related to the elastic modulus
of the hydrogel. Hence, the orientational distribution function of hematite spindles as
a function of the flux density, derived from the analysis of SAXS data, is influenced by
particle-matrix interactions in these composites.
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The interactions of the particles with an external magnetic field provoke a field-induced
isotropic-nematic phase transition which is progressively hindered with increasing elas-
ticity of the matrix. The orientational correlation of the particles is quantified by the
nematic order parameter S, in dependence on the flux density. Since the elastic moduli of
hydrogels are influenced by the polymer volume fraction ¢ as well as by the crosslinking
ratio y, both parameters affect the nematic order parameter Sy of hematite spindles in
different hydrogel matrices as a function of the flux density as visible in figures 8.6 and
8.7.

The complete reversibility of the field-induced nematic transition clearly indicates that the
hindrance of nematic alignment is related to the elasticity and not to an increased Newto-
nian viscosity: purely viscous particle-matrix interactions would not change the thermal
equilibrium at a given flux density, but only slow down the systems’ response to a jump
in magnetic flux density. For all samples, the thermal equilibrium is reached after sev-
eral seconds and removing of the external field results after few seconds in isotropic ODFs.

Further insights into the shear-induced changes of the mesostructure are given by simul-
taneous rheological and SAXS experiments. Here, the influence of the networks’ vorticity
to the ODF of the hematite spindles is investigated. Experimentally, as a first step, par-
ticles are aligned with their long axis parallel to the shear plane and perpendicular to the
shear gradient, which is parallel to the primary beam, by a radial shear flow. This radial
shear flow results when compression drops of isotropic composites between the rheometer
plates.

In oscillatory shear experiments, periodic fluctuations of the scattered intensity from
isotropic to anisotropic patterns in phase with the shear deformation, are observed (see
figure 8.10). Concerning the sample properties, it is found that the anisotropy of the scat-
tering pattern is more pronounced for composites with hematite particles of high aspect
ratios v as well as with an increasing polymer mass fraction ). Evaluating deformation
sweeps shows, that shear induced structural changes to the matrix, as occurring within
the NLVE region, appear to favor the out of shear plane alignment of hematite due to
particle-matrix interactions. Therewith it can be stated, that the anisotropy of the scat-
tering evolves with increasing shear deformation.

To investigate the dynamic behavior of the hematite particles within the pNIPAM hydro-
gel, XPCS experiments with and without an external magnetic field applied to the sample
are performed. From the relaxation rates I'(Q)) derived from compressed exponential fits
to the intensity autocorrelation function, two different diffusion processes can be identi-
fied. For large scattering vectors corresponding to diffusion paths smaller than the size of
voids in the hydrogel network, in presence of external fields a preferred diffusive motion
parallel to the particle director is observed. In the region of smaller (), observing long
diffusion paths between adjacent voids, even in presence of external fields, a direction-
dependence could not be observed. The increased slope of I'(Q) vs. Q? in this domain is
a hint for faster diffusion in preformed channels of the network, the orientation of which
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is not influenced by external fields. In both regimes, the compressed exponential decay
of the intensity autocorrelation function indicates a non-Gaussian diffusion behavior of
the hematite particles in the hydrogel matrix, where their diffusion is limited by the sur-
rounding polymer network, both with and in absence of external fields.

The quantitative analysis of the hydrogels’ elastic properties from the field-dependent
nematic order parameter is the scope of future work. With known magnetic properties
of the hematite spindles, i.e. the magnitude of their magnetic moment, the direction of
the magnetic moment with respect to the particle axis and their magnetic anisotropy, the
torque acting on the hematite spindles in presence of magnetic fields can be calculated.
On the other hand, from the particles geometry and their roatation, the deformation of
the hydrogel network is accessible.

First attempts to model the mesostructural response of ferrogels are described by Weeber
et al.[93] and Pessot et al.|94| by molecular dynamics on a coarse grained level. The hin-
drance of nematic alignment of anisotropic particles due to elastic distortion of gels can
be used to compare these theoretic results with experimental data, since geometry and
torques acting on the particles as well as the elastic properties of the matrix are known.
Furthermore, Brader et al. [95] proposed a mode coupling approach to describe the
nonlinear viscoelastic behavior of colloidal particles. As an input for this quantitative
approach the static structure factor of the colloidal system is used. Since the hydrogel,
presented in this work, consists of chemically crosslinked polymer spheres, this approach
is also promising to analyze the nonlinear viscoelasticity of these composites. Due to
the limited @-range accessible by light scattering and the small electron density of the
polymer, additional neutron scattering experiments are required to access the structure
factor of the hydrogel matrix in the relevant Q)-range.

Regarding the sample system itself, the introduction of charges to the polymer structure
is of interest for future work. Charges within such polyelectrolyte-hydrogels induce ad-
ditional interactions, relevant for many composite systems. For example colloids, often
carry charges stabilizing dispersions of these particles. If such charged colloidal parti-
cles are embedded into polyelectrolyte-hydrogels, additional electrostatic particle-matrix
interactions define the properties of these systems. Especially in the area of biomedical
applications, polyelectrolyte hydrogels are already discussed as potential drug delivery
systems. Many pharmaceuticals carry acidic or basic functionalities, influencing the in-
teractions between pharmaceutical and matrix. By varying the pH or the ionic strength
during the application in biologic environments, due to varying interactions with the
hydrogel matrix, pharmaceutical can be released [96].
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