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ABSTRACT

Polymeric gels consist of a chemically or physically crosslinked polymer network swollen
with a certain amount of solvent and most of these gels show an ability of reversible
swelling or shrinking due to small changes in their environment (as changes in pH,
temperature or electric field). In the group of hydrogels, poly(N-isopropylacrylamide)
(poly(NIPAM)) crosslinked with N, N’-methylenebisacrylamide (BIS) is the most well-
known member of the class of thermoresponsive ”smart” polymers.

This work covers the characterization of thermoresponsive poly(NIPAM) gels an shows
different kinds of possibilities tuning their properties. The first part of this thesis
presents different methods for the preparation of crosslinker gradient macroscopic gels
with the dimensions of some cubic centimetres. The swelling behaviour from different
zones of the macrogel with a varying crosslinker content was studied as a function of
temperature. Furthermore, the internal dynamics of a poly(NIPAM-co-butenoic acid)
copolymer macrogel was investigated by neutron spin echo and compared to the results
for a chemically identical microgel. Due to the different preparation conditions of the
macro- and microgel, a difference in the collective diffusion of the network was expected.
Beside this, copolymer microgel particles based on NIPAM and N-tert-butylacrylamide
(NtBAM) were synthesized. The particle size and the swelling behaviour of the obtained
colloidal microgels was characterized with respect to the content of the comonomer using
different scattering techniques and electron microscopy. In addition, an attempt was
made to describe theoretically the temperature induced deswelling with the Flory-Rehner
theory.

The latter part of this thesis focuses on hybrid materials based on magnetic nanoparticles
and thermoresponsive microgels. First of all, different approaches for the synthesis
of cobalt and nickel nanoparticles and their protection against oxidation were made.
Furthermore, these magnetic particles were incorporated as an inorganic core in
poly(NIPAM) core-shell systems, as well as randomly distributed particles within the gel

network.






Z USAMMENFASSUNG

Polymergele sind aus chemisch oder physikalisch vernetzten Polymerketten aufgebaut
und weisen dabei, bedingt durch ihre Netzwerkstruktur, ein Quellverhalten auf. Die
meisten Vertreter dieser Klasse zeigen zusatzlich durch kleine Verdnderungen in ihrer
Umgebung, wie eine Anderung des pH-Wertes, der Temperatur oder eines elektrischen
Feldes, eine reversible Volumenanderung. Das wohlbekannteste Mitglied der soge-
nannten thermoresponsiven, ”intelligenten” Gele ist ein Hydrogel auf der Basis von
N, N’-Methylenbisacrylamid-vernetztem Poly(N-Isopropylacrylamid) (Poly(NIPAM)).
Die vorliegende Arbeit beschéaftigt sich mit den charakteristischen Eigenschaften von
thermoresponsiven Gelen auf Basis von Poly(NIPAM) und den vielfaltigen Moglichkeiten
diese Eigenschaften gezielt zu steuern. Im ersten Teil der Arbeit werden unterschiedliche
Methoden zur Herstellung von Makrogelen basierend auf Poly(NIPAM) mit einem
Quervernetzergradient entwickelt, wobei die hier synthetisierten Gele eine Gréfle von
einigen Kubikzentimetern aufweisen. Fir eine anschlieBende Charakterisierung des
Quellverhaltens wurde das Quellverhéltnis a in Abhéngigkeit von der Temperatur fiir
unterschiedliche Bereiche des Makrogels bestimmt. Die so erhaltenen Quellkurven kon-
nten dann anhand des Quellvermdgens den jeweiligen Bereichen mit unterschiedlichem
Quervernetzergehalt zugeordnet werden. Zusatzlich wurde die interne Dynamik eines
Poly(NIPAM-co-Butensdure) Copolymer-Makrogels mit Hilfe von Neutronen Spin-Echo
Experimenten analysiert. Die durch die Messungen erhaltenen Ergebnisse konnten mit
denen chemisch-identischer Mikrogele verglichen werden. Dabei wurde aufgrund der
unterschiedlichen Synthesebedingungen von Makro- und Mikrogelen ein Unterschied in
der kollektiven Netzwerkdiffusion erwartet. Der gefundene Unterschied in der Netzwerk-
dynamik war allerdings geringer als erwartet und liegt im Bereich von etwa 10%.

Ein weiterer Teil der vorliegenden Arbeit beschéftigt sich mit der Synthese von Mikrogel-
Copolymeren auf Basis von NIPAM und N-tert-Butylacrylamid (NtBAM). Mit Hilfe
unterschiedlicher Streumethoden, sowie durch Elektronenmikroskopie, wurde sowohl
Partikelgrofle, als auch Quellverhalten der erhaltenen kolloidalen Mikrogele charakter-

isiert. Dabei galt es zu bestimmen, welchen Einfluss der Comonomergehalt auf die



Eigenschaften des Mikrogels hat. Weiterhin wurde das thermoresponsive Quellen des
Gelnetzwerks mit den Vorhersagen der Flory-Rehner Theorie verglichen.

Hybridmaterialien aus magnetischen Nanopartikeln und thermoresponsiven Poly(NIPAM)
Mikrogelen werden im letzten Teil der Arbeit vorgestellt. Zuerst wurden unterschiedliche
Syntheseanséitze fiir Cobalt- und Nickel-Nanopartikel, sowie deren Schutz vor Oxidation,
verfolgt. Des Weiteren wurde ein Kern-Schale System angestrebt, in welchem die mag-
netischen Partikel als Kern vorliegen. Zum anderen wurde beabsichtigt, eine statistische

Verteilung der Nanopartikel im Gelnetzwerk zu erreichen.
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1 Introduction

During the last 40 years there was enormous interest in the study of polymer gels and
networks. From the physico-chemical point of view, a polymer gel consists of long and
flexible macromolecules, which are crosslinked to a three-dimensional structure dissolved
in a solvent. The junction points introduced into the polymer to build up the network
structure, can either be physical (entanglement of the polymer chains, hydrogen bonding
or electrostatic interactions ) or chemical crosslinks (covalent or ionic bondings). Their
unique properties arising from the fact that gels can be regarded as intermediates
between solids and liquids, make them interesting for statistical physics.!® If water is
used as solvent for the crosslinked polymer network, the gels are classified as hydrogels
and can adsorb or retain large amounts of water. This type is gels is widely used in
scientific and industrial applications. Moreover, they found also wide applications in
the biomedical field, because of their similar physical properties to the human body
(high water content, permeability, mechanical properties and low interfacial tension
with water). Their applications range from chemical separation media,* drying agents,
soft contact lenses,” controlled drug release systems® and many others. In addition to
polymer gels also other gels like e.g. xerogels mainly based on inorganic materials should
not be mentioned here. However, these materials are not subject of the present work and
will not be discussed in more detail.

Of outstanding importance in the variety of gels are the so-called ”intelligent” hydrogels.
These gels are sensitive to different external stimuli. Upon changes of an external param-
eter they exhibit an abrupt change in volume. Depending on the composition of the gel,

the volume phase transition (VPT) can be caused by changes in temperature,” 1% solvent



2 1 Introduction

! jonic strength'? or pH.'* Among these polymers, the thermoresponsive

composition,*
hydrogels made of crosslinked poly(N-isopropylacrylamide) (poly(NIPAM)) are the most
extensively studied. These gels undergo a temperature induced VPT at about 32°C in
water,>" 17 due to the lower critical solution temperature (LCST) of poly(NIPAM).
With respect to their size, gels can be divided into two groups: macrogels (bulk gels with
a size larger than 10 pum) and microgels (smaller than 10 pm). A microgel particle is an
internally crosslinked colloidal particle and it can be characterized in terms of its water
content, the average crosslinking density or characteristic time constants for swelling or
shrinking.” For a macrogel the properties are similar,'®'¥ but due to the difference in
20,21

size some characteristics can have a different length and time scale.

Generally the formation process (amount of components and solvent, temperature, etc.)

Figure 1.1: Schematic drawings of the internal network structure of a microgel (left) and a
macrogel (right) with a heterogeneous microstructure such as loops, dangling

chain ends and a heterogeneous crosslinking density

has a strong influence on the network structure of a macro- or microgel. For example,
it has been shown in the literature that during the synthesis of NIPAM based microgels
using batch methods, the crosslinker N,N’-methylenebisacrylamide (BIS) is consumed
faster than the NIPAM monomer.?? In this way colloidal particles with a non-uniform
morphology, i.e. particles with a highly crosslinked core and a less crosslinked outer
shell, are obtained.?® In contrast to this, macrogels show a statistical distribution of the

monomer and crosslinker.?* Beside this, the temperature during the gel synthesis also



has an effect on the homogeneity of the gel network. Microgel particles are generally
made by an emulsion polymerization at temperatures above the LCST of NIPAM. Hence,
the network is created nearly under bulk conditions. In contrast to this, macrogels are
made under good solvent conditions at temperatures below the LCST of NIPAM. Due to
this, it was expected to have a significantly higher network inhomogeneity in a microgel
compared to a macrogel.

For the characterization of macrogels as well as for microgel particles in solution and for
the study of their volume phase transition, a lot of different techniques have been used.
First of all, imaging techniques such as transmission or scanning electron microscopy
(TEM and SEM)%* and atomic force microscopy (AFM)?%27 provide a good overview of
the investigated sample and in the case of microgels, these methods deliver additional
information about the homogeneity of the particles in the swollen and collapsed state.
Secondly, scattering techniques including static and dynamic light scattering (SLS

7,16,30,31

and DLS)'®23% and neutron scattering (elastic or inelastic) give access to

information about dynamics (translational or rotational) and the global or local structure
of the gel network.

Beside homopolymer gels based on the temperature sensitive poly(NIPAM), there exists
a large number of publications on copolymer systems or on hybrid materials. Using
a simple copolymerization of NIPAM with another polymerizable monomer the phase
transition can be modified or an additional sensitivity to pH or ionic strength can be
generated. With the introduction of charged comonomers, such as allyl-acetic acid,'?

q10,14

acrylic acid (AAc),?6:3%34 vinylacetic aci or methacrylic acid®>3¢ the volume phase

transition temperature (VPTT) can be shifted to higher values and the resulting gels
show an additional sensitivity to pH. Furthermore, the copolymerization with uncharged
comonomers can also influence the VPTT of poly(NIPAM).?” In the case of hybrid
NIPAM materials, often inorganic nanoparticles are incorporated into the gel network,

either as core-shell particles or randomly distributed. Often metal nanoparticles such as

gold, 32 silver,#34 palladium**%® or magnetite?® are used. But also the incorporation

of silica particles into a poly(NIPAM) network has been shown in literature.”48
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The aim of this work was to synthesize new microgels and microgel nanoparticle hybrids,
to understand their exceptional properties and in some cases to compare these properties
to their macroscopic homologous.

Within the present work, we first tried to describe in detail the temperature induced
collapse of a macroscopic three-dimensional gel network. To study the influence of the
crosslinker density on the swelling behaviour, a NIPAM based macrogel with a crosslinker
gradient has been synthesized. The collapse of this network was analyzed by an image
processing method in terms of different swelling curves with respect to a varying amount
of crosslinker.

The present work also aims at comparing the internal dynamics of two chemically
identical NIPAM based gels synthesized in different ways. Due to the different synthesis
conditions in the preparation of macro- and microgels a different local network structure
is expected. This should also lead to differences in the local network motion. An
ideal experimental tool to study such local dynamics on the nanometer scale is neutron

spin-echo (NSE). This technique was already previously applied to study gels*%31:49

or
NIPAM based amphiphilic triblock copolymers.®® However, a comparative study between
macro- and microgels is still missing.

Beside the characterization of macrogels, we synthesized copolymer microgel particles
based on NIPAM and N-tert-butylacrylamide (NtBAM) similar to the work of Bae et al.?!
Further, Lyon et al.?® prepared poly(NIPAM-co-NtBAM-co-AAc) microgels also using an
emulsion polymerization process and the main result of these two works was the decrease
of the transition temperature in comparison to the volume phase transition temperature
(VPTT) of pure poly(NIPAM) with increasing amount of NtBAM. Here, the main focus
was to characterize the VPT by using different scattering techniques (DLS, small angle
neutron scattering (SANS)) and to quantitatively analyse the swelling/de-swelling by the
Flory-Rehner theory (FRT).

The seventh chapter focuses on poly(NIPAM) hybrid materials containing a magnetic

component. Therefore, different synthetical approaches have been employed, to create

core-shell particles with an oxidation protected cobalt or nickel core and a thermorespon-



sive poly(NIPAM) shell. Further, a direct synthesis of small nickel nanoparticles inside a

pre-prepared microgel has been under investigation.






2 Theory and characterization methods

2.1 General aspects of responsive hydrogels based on

NIPAM

During the last decades, thermo-sensitive polymer networks have been the subject of
many investigations owed to their potential use as drug delivery systems, chemical sepa-

53,54 In particular, polyacrylamides are potential

ration media,* nanoactuators or sensors.
candidates for this purpose because they exhibit thermoresponsive behaviour. In this
group, poly(N-isopropylacrylamide) (poly(NIPAM)) is the most well known member of
the class of thermoresponsive ”intelligent” polymers. The following section briefly reviews
the unique temperature responsive properties of poly(NIPAM) systems.

Pure poly(NIPAM) exhibits a sharp transition from a hydrophilic to a more hydrophobic
structure at the temperature known as the volume phase transition temperature (VPTT),
which is related to the lower critical solution temperature (LCST) of poly(NIPAM). The
normal range of the VPTT for poly(NIPAM) is typically found to be around 32°C in
aqueous media.'®> ! The change in the hydrophilic character of the polymer is due to the
presence of the hydrophilic amide groups and the hydrophobic isopropyl group on its side
chain (see figure 2.1). If the temperature is below the VPTT, the hydrophilic chains are
hydrated and the hydrogel is in the swollen state. With an increase in temperature above
the VPTT, the hydrophobic interactions become stronger and the equilibrium between
the hydrophilic/hydrophobic interactions is disturbed. Therefore, the solvent (in the case
of hydrogels the solvent is water) inside the network is expelled and the poly(NIPAM)

network collapses.
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The swelling capacity of a gel network strongly depends on the crosslinking density of
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Figure 2.1: Schematic illustration of the structural rearrangement of water molecules

around poly(NIPAM) during the VPT

the network.?*31:55:56 Tn the case of poly(NIPAM) often N,N’-methylenebisacrylamide
(BIS) is used as crosslinking agent due to the similarity in the chemical structure between
BIS and NIPAM. This is related to the fact, that for the formation of a homogeneous gel
the reactivity ratio between monomer and crosslinking agent is very important. If the
reactivity of the crosslinker is too high or too small in comparison to the monomer, the
rate of the crosslinking reaction at the beginning or at the end of the polymerization is
higher compared to the chain growth, resulting in an inhomogeneous network structure.
Colloidal microgel particles and macroscopic gels, based on the same chemical compo-
sition, differ in a number of aspects. These differences mainly rely on the fact that
the gels are prepared using different synthetical methods. In the case of BIS-crosslinked
poly(NIPAM) gels, a macrogel is usually synthesized using a bulk solution polymerization
at room temperature. Due to this gel preparation at temperatures below the VPTT of
poly(NIPAM), which means good solvent conditions, a macrogel with a nearly homoge-
neous crosslinker distribution is obtained. In contrast to this, microgel particles are pre-

pared using methods such as emulsion polymerization with or without surfactant. There



is evidence for a non-homogeneous crosslinker distribution within the microgel particles
caused by a faster polymerization of the crosslinker BIS than the monomer NIPAM.?%23
Like macroscopic gels, colloidal microgel particles are generally characterized by the de-
gree of swelling, the average crosslink density and by a characteristic response time for
swelling and deswelling. Since macrogels have dimensions several orders of magnitude
higher than microgel particles, the driving force of swelling should be the same, but the
time scale for the swelling process is very sensitive to the size of the gels. For colloidal
microgel solutions the swelling/deswelling process is fast and the particles achieve their
equilibrium state after a temperature change in less than a second. In contrast to this,
macroscopic gels need a very long time (minutes to hours) to respond upon a change of an
external parameter, because the collapse of the outer parts of the gel prevents the water
transport from the inner part of the gel to the outside.”?°

Experimentally, the phase transition of gels can be described by the order of transition
(first or second order) and whether this transition is continuous or discontinuous. For
macroscopic poly(NIPAM) gels the degree of discontinuity depends strongly on the used

5 Tt was confirmed that with an increase of the

components for the gel preparation.
crosslinker density inside the macrogel network a change from a discontinuous to a con-
tinuous phase transition can be observed.?! Furthermore, by incorporation of charged
groups into the gel network, it was on one hand possible to shift the phase transition to
higher temperatures and on the other hand, the degree of discontinuity increased with an
increasing content of charged groups.®” In the case of linear poly(NIPAM) homopolymers
it is expected that the volume phase transition is discontinuous if the polymer chains
exhibit a totally monodisperse molecular weight distribution.®®® Since it is experimen-
tally not possible to prepare such monodisperse linear polymers, the chains with different
lengths will collapse at different transition temperatures and hence, the phase transition
changes to a continuous one. This relation between the molecular weight (My,) and the
phase transition temperature of poly(NIPAM) can be extended to microgels. Due to the

fact, that the length of the chains between the crosslinking points inside the gel network is

randomly distributed, larger chains will collapse at lower temperatures and shorter chains



10 2 Theory and characterization methods

8 Thus, the phase transition of microgel solutions is generally

at higher temperatures.
continuous and depends strongly on the homogeneity of the crosslinker distribution. A
theoretical description of the volume phase transition of gels is given by the Flory-Rehner

theory and will be described in detail in section 2.3.2.

2.2 Hybrid microgels materials

The term ”hybrid material” is used for many different systems including materials, such as
clay nanocomposites, porous hybrid materials, sol-gel compounds etc. The most common
definition is, that a hybrid material combines the properties of two different materials
on a molecular scale. Often one of these compounds is inorganic and the other one is
organic. During the last years, there was a growing interest in hybrid systems based on
inorganic nanoparticles in combination with organic microgel components.? 435961 The
advantage of using microgels compared to macroscopic gels is that these systems combine
the properties of colloidal particles and of stimuli-sensitive gels. Their response time to a

(:1627 63

change in temperature , pH, ionic strength or an electric fiel is much faster compared

to their homologous macrogels as described before and therefore, they are perfect systems
for a wide variety of applications. As an example a recent work of Liz-Marzan should be

mentioned. In this work such hybrids are used as sensors exploiting the surface enhanced

Raman spectroscopy (SERS) effect.%

48,65 43,66, 67 68,69

Various types of materials such as silica, gold, silver, quantum dots, mag-

0.7l etc. can be used as the inorganic component of organic-inorganic

netic materials,
hybrid microgels. This offers the possibility to prepare well-defined hybrid materials for
specific applications. For example, for an application in sensor technology, it is neces-
sary to create a material with a temperature sensitivity and additional optical properties.
Therefore, poly(NIPAM), with a VPTT at about 32°C, would be a very suitable organic
compound. The additional use of different comonomers, permits to shift the transition
temperature to higher or lower values and hence, a tuning of the VPT is possible.!® For

an optically sensitive medium, inorganic materials such as gold or silver nanoparticles can

be used. Depending on the particle size and shape, well-defined plasmon bands in the UV
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and near-IR region are observable. 34244

In general, there are many different ways to combine inorganic nanoparticles with mi-

crogels. Figure 2.2 shows three main types of nanoparticle/microgel hybrid materials:

13,39,42,44,47,72

core-shell particles (core = inorganic; shell = microgel) , microgels covered

40,65,73

with nanoparticles and microgels, containing nanoparticles inside the polymer net-

work.38:43:45.46 Begide spherical nanoparticles, there exist a large number of publications

Figure 2.2: Schematic illustration of three types of recently studied thermosensitive hybrid

microgels

41,74 7577

of different shaped particles, including rods, plates etc.
From figure 2.2 it is also clear, how a temperature induced collapse of a thermoresponsive

microgel influences the distribution of the nanoparticles and the shape of the whole hybrid
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system. As already mentioned before, this collapse of the microgel network can change or
in the case of catalysis constrain and control the properties of the inorganic component.
In the case of gold/poly(NIPAM) core-shell particles it has been shown, that the maxi-
mum of the plasmon band is shifted to higher wavelength with an increase in temperature,
caused by a collapse of the poly(NIPAM) shell.**>4* Furthermore, if a catalytically active
material like palladium or gold is used as the inorganic part of the hybrid material, then
the activity of the metal can be reduced by an increase in temperature.*® This is due to
the change of the mesh size in the network. The mesh size has a strong influence on the

accessibility of the catalytic nanoparticles.

2.3 Investigation of structure and dynamics

2.3.1 Dynamic light scattering (DLS)

Dynamic light scattering is today routinely used to study the movement of colloidal parti-
cles, microgels or polymers in a solution.” This movement is known as Brownian motion
and an analysis of it provides an indication of the average particle size and polydispersity.
Moreover, in the case of large colloids like e.g. vesicles also internal modes are resolved.
In a typical dynamic light scattering experiment of a highly diluted solution, the time-
dependent fluctuations in the scattering intensity (g, t) caused by particle motion in the
sample (as translation, rotation or vibration) are detected and analyzed by means of cor-
relation functions. The information about the dynamics in the system is available from
the normalized electric field autocorrelation function g'(q,t) with the sample time 7:
(E;(t) Es(t+7))
(1)

Here FE(t) is the electric field of the scattered light and E¥(t) its complex conjugate.

g9'(q,t) = (2.1)

However, the scattered electrical field can not be measured directly and ¢'(g,t) can only
be obtained in a so-called heterodyne experiment, where a part of the non-scattered
primary beam is interfering with the scattered light. But in general, the analysis of

a homodyne experiment is much easier. This measurement provides the time-averaged



13

intensity correlation function (ICF) of the scattered light:

<I(Qa O) I(Q? 7—)>T
(I(q.0))7

where the intensity is proportional to the square of the electric field, I(q,t) ~ |E(q,t)

gr(q.t) = (2.2)

k
and (---)r indicates a time average. ¢ is the magnitude of the scattering vector and

defined as

. 4™ . [0
q=17| = ~ sin (5) (2.3)

with the wavelength A of the used laser. n is the refractive index of the medium. The
electric field autocorrelation function g'(q,t), which contains the dynamical information of
the system, can be calculated from the ensemble averaged ICF g%(q, t) using the SIEGERT

relation:29 78

9p(q,t) = 1 + Blg'(q,t)]*. (2.4)

Here B is a baseline parameter. In the case of an ergodic system (like fluids) the time-
averaged correlation function of the scattered light intensity ¢g%(q,t) (equation 2.2) is equal
to the ensemble-averaged ICF g¢%(q,t). Therefore, a homodyne experiment resulting in
g%(q,t) can be used to estimate g'(q,t). But Pusey and van Megen?® pointed out that for
solid-like systems, like macrogels and colloidal glasses, the time-average is not equal to the
ensemble-average. These systems are non-ergodic. Hence, in the following, the differences
between the scattering in DLS from ergodic and non-ergodic media will be explained in
more detail.

In general, the term ergodic means that the time-average is identical to the ensemble-
average. For example, playing dice is an ergodic process. It does not matter if you throw
the dice 100 times (time-average) or if you throw 100 dice only once (ensemble-average),
the average value in both cases is the same. Transferring this to a light scattering experi-
ment, highly diluted colloidal suspensions like microgel particles in dilute solution show an
ergodic behaviour in a DLS experiment. This means the particles diffuse freely through-
out the solvent due to Brownian motion. Given enough time, all possible conformations

of the system are observed by only looking at a fixed, small volume fraction. Therefore,
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a single experiment over a long enough time period yields the same result as the average
of many short experiments. Hence, as mentioned before, the time-averaged ICF is equal

to the ensemble-averaged:

95(q,t) = g7(q,t) (2.5)

In the case of partly solid-like systems as macroscopic gels, the centers where the scat-
tering in a DLS experiment is created, are fixed or at least limited in their motion. As
a result, only a certain range of conformations is scrutinized, but this is not necessarily
representative for all possible conformations the system can theoretically adopt. Accord-
ingly, a single measurement over a long time period is not comparable to the average of
many different measurement and the system shows a non-ergodic behaviour.

A qualitative description of the light scattering by ergodic and non-ergodic systems is

T il il il 2 T il il il
ergodic media (8 . ergodic media ()
186 . 18k N i
\ non-ergodic media
non-ergodic media \
= 1,6— -1 = 1,6— \\ -
o o
N— N—
[ 11]
N N
O 14+ E © 14| Theeeeemeeeeoo o
12k . 12k -
1 ul d - 1 ul ul .
delay time delay time

Figure 2.3: Time-averaged ICF ¢2(q,t) and ensemble-averaged ICF ¢%(q, t) obtained from

ergodic and non-ergodic media™

given in figure 2.3. The time-averaged as well as the ensemble-averaged ICF of an ergodic
medium (see figure 2.3 a and b, black line) starts at a value of two, because the delay
or sample time 7 of the experiment is zero and consequently the ICF has the value two
(see equation 2.6). If 7 takes larger values than the characteristic fluctuation time of the

scattered light, both contributions in the numerator of equation 2.2 become uncorrelated
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and the ICF is one.

i @0 @ D))pr _ (*(@)sr _ (2.6)

—0 (@) hr (1(a)%.r

i @ e, D)er - (g, 0)er {I(g,0))pr _ @7

m=oo (I(q,0))E 7 (@) gr

As illustrated in figure 2.3 a and b (doted lines), the time-averaged and the ensemble-

averaged ICF of a non-ergodic media are not equal. This is due to the fact, as already
mentioned before, that for example in a macroscopic gel the scattering centers are limited
in their motion, because of the nearly solid-like network structure of the gel. Hence, a
single DLS measurement, as applied for ergodic systems, represents only one specific part
of the gel, which is however not representative for the whole sample.

For a non-ergodic systems, g%(q,t) will begin at a value of 2, because at 7 = 0 all
fluctuations (dynamic and static®) contribute to the scattering. Finally, for 7 — oo the
ensemble-averaged ICF decays to a constant value greater than 1, due to remaining static
fluctuations, which are caused by the limited motion of the scattering centers in the gel.
In contrast to this, the time-averaged ICF will start for 7 = 0 at a value below 2, because
only the scattering from a regionally limited conformation of the gel is sampled. For
large delay times, 7 — 00, decays to 1, since the the numerator of equation 2.2 become
uncorrelated and equation 2.7 applies.

To solve the problem of inequality of ¢%(¢,t) and g(q,t) of a non-ergodic system
in DLS, the sample is moved stepwise during the experiment and at every step the
time-averaged ICF is measured. Hence, it is possible to obtain the scattering from
many different positions of the gel and a summation of the collected data (followed
by normalization) yields the scattering function of the whole sample, which is equal
to the normalized ensemble-averaged ICF. Using then the SIEGERT relation (equa-

tion 2.4), the normalized electric field autocorrelation function g'(q,t) can be determined.

The DLS measurements performed here are limited to diluted microgel solutions, which

show an ergodic behaviour. For monodisperse samples the correlation function of the
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electrical field can be written as:

g' (1) = exp(~Tt) . (2.8)

The relaxation rate I' is connected to the translational diffusion coefficient DT according

t078’81
I'=D7¢. (2.9)

But usually colloidal systems are more or less polydisperse. Therefore, the decay of the

field time autocorrelation function is given by a weighted sum of exponentials

g'(r) = /000 G(I') exp(—=I'r)dl’ , (2.10)

Here, G(I') is the distribution function of the relaxation rates. Equation 2.10 can be

82,83 or by inverse Laplace transformation.®*% Both

analyzed by the method of cumulants
methods provide the mean relaxation rate I' of the distribution function and the width
of the distribution. With Eq. 2.9, the translational diffusion coefficient DT for diluted
colloidal dispersions can be calculated. Based on this, the hydrodynamic radius R is
obtained using the Stokes-Einstein equation
pr— kT
6mn Ry

(2.11)

Here, kg is the Boltzmann constant, 7" the temperature and 7 the viscosity of the solvent.

2.3.2 Swelling behaviour of gels described by Flory-Rehner theory

and its limitations

Gels in general are insoluble in any solvent because of the crosslinking (physically or
chemically), but they can swell to a large extent in a good solvent. On the other hand
gels collapse to a compact form if they are in a poor solvent. Hence, this so-called volume
phase transition is based on the fact that the quality of the solvent for the polymer gel is
changed between good and poor. For macroscopic networks, the VPT has been studied

7,86,87

in detail by Tanaka and Shibayama and can be described in terms of the classical
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Flory-Rehner theory (FRT).%®88 In two cases the FRT was already applied to also
describe the VPT of microgels.?9!

To characterize the volume phase transition of spherical microgels, the so-called swelling
or de-swelling ratio o is widely used

chollapsed Rh ’
_ _ (B 2.12
o (%) (212)

V;wollen

where R, is the hydrodynamic radius at a certain temperature and R, the particle radius
at reference conditions (usually the fully swollen state). A detailed description of the
swelling behaviour of gels provides the FRT.?®92 In this approach, it is assumed that
thermodynamic equilibrium for a gel is attained, if no net transfer of solvent takes place
across the gel-solvent interface. Therefore, the macroscopic state of a homogeneous neutral
gel can be described by means of the osmotic pressure in the gel. According to the FRT,??

the osmotic pressure Il consists of two terms:
IT =1L, + 1L, (2.13)

The first contribution I, represents the mixing free energy of the polymer and the sur-
rounding solvent; the second term II, describes a change in the elastic free energy due to

the deformation of the polymer network. They are expressed as

=~ 220 (4 n(1 — ) + o) (2.14)

()] 619

where N, is Avogadro’s number, T the absolute temperature, v the molar volume of

 NkgpT

IL.
Vo

the solvent, N. the number of chains contained in the gel network, V; the volume of
the relaxed Gaussian gel network, ¢ the volume fraction of the polymer, ¢, the volume

4 also

fraction at reference conditions and y the polymer-solvent interaction parameter,®
called Flory-Huggins interaction parameter.

Assuming that the temperature dependent swelling of the microgels occurs under isobaric
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conditions, the osmotic pressure Il within the gel becomes zero.

)] emimtce o

The interaction parameter y describes the change in free energy AF per solvent molecule

N kpT
Vo

(divided by kgT') caused by the change from a solvent-solvent contact to a solvent-polymer

20S+kp o4 @ — _2AH

contact. Using two further parameters A = T TAS RS

the polymer-solvent
interaction parameter y can be defined as

AF  AH-TAS 1 ne &)
kT kT ) T)"

X = (2.17)

AS and AH are the changes in entropy and enthalpy per monomeric unit of the network
related to the volume phase transition. It was shown that for good solvents the y pa-
rameter has a value smaller than 0.5, and if a poor solvent is used, x is larger than 0.5.%3
For some polymer-solvent systems it was experimentally found, that y depends on the
concentration of the polymer in a nonlinear manner.”* For this case it has been shown
that y can be described by a power series of the volume fraction of the polymer ¢ using

the equation:

X(T, ¢) = x1(T) + x2 + x30° + ... . (2.18)

with x; as temperature dependent coefficients.”
A numerical calculation of II, and —II,, for neutral gels as a function of the volume frac-
tion of the polymer ¢ was done by Hirotsu® in detail. In the case of a concentration
independent polymer-solvent interaction parameter y in equation 2.16, the value of y»
in equation 2.18 is zero. Hence, at different values of y;, which is equal to x at low
concentrations, the two parts of the osmotic pressure show only one intersection at all
temperatures and the phase transition is continuous. The calculated curves for this case
are presented in figure 2.4 (left side).

As observed from some experiments of polymer-solvent systems, the interaction param-
eter x depends on the polymer volume fraction. Therefore, the calculated curves for 11,
and —II,,, show at values of x; ~ 0.465 (with y2 = 0.56) three intersection points, which

means that the phase transition is discontinuous. Here, the intersections represent the
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Figure 2.4: Calculated curves for II, and —II,, as a function of the polymer volume frac-
tion; left: polymer-solvent interaction parameter y is independent of the poly-
mer volume fraction, hence only one intersection between II, and —II,,; right:
polymer-solvent interaction parameter depends on the polymer volume frac-
tion, consequently three intersections appear in the intermediate temperature

range (redrawn based on the publication of Hirotsu®).

stable, unstable and metastable states of the gel.
For the analysis of the temperature dependent swelling of neutral gels, the equations 2.16
and 2.17 have to be combined. The resulting term is solved for the temperature 7" and ¢

is redisplaced by the swelling ratio .

Aa?©
Th—o = 1
]f;el {% (%) — (%)51 —a—In(l-—a)+ (A-

Here, Ny is the average degree of polymerization of the polymer chain between crosslinks,

(2.19)

DO [—

) a? — xo0?

O is the temperature at which the hydrodynamic radius approaches its minimum and

A= %, which roughly comprises the entropy change of the system.

As described at the beginning of this section, the classical Flory-Rehner theory®? was
developed for neutral homogeneous macroscopic gels. In addition, in the case of electro-
statically charged systems, the swelling/deswelling behaviour of a neutral gel by means

of the osmotic pressure II has to be extended by an electrostatic term.?”%

e (15 ()
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Here, the parameter f represents the average number of counter ions per chain. Conse-

quently, the osmotic pressure under isobaric conditions for charged gels can be described

by:
In=11,, + 1. +II;, = 0. (2.21)

The phase behaviour of a ionic gels, based on the thermosensitive poly(NIPAM) in com-
bination with sodium acrylate (NaA), was studied by Hirotsu and Tanaka.” They used
equation 2.16 and 2.20 to describe the swelling curves of different gels with varying
NIPAM/NaA composition. As a result, they found out that with increasing content
of sodium acrylate in the gel, the volume phase transition changes from a continuous to
a discontinuous transition. Beside this, the gels with a discontinuous phase transition
showed an irregular deformation caused by the coexistence of two phases with different
densities. A theoretical description of both kinds of phase transitions with the slightly
modified FRT resulted only in a good fit of the experimental data by using AH and v as
variable parameters. In general, AH is a fixed parameter and can be calculated from the
slope of a plot of x vs. 1/T.> Here, v = N,./V; and is the total number of chains in a gel,
which should also be constant. The differences between the theory and the experimental
data, as Hirotsu et al. mentioned, can be caused by omitting the effects of loops, free
branches, non-Gaussian properties or polydispersity of chains, etc.®” Also charge-charge
interaction and counter ion condensation have to be taken into account.

For poly(NIPAM) microgels it is assumed that during the synthesis, which is mostly done
under "bad” solvent conditions, the microgel particles exhibit a crosslinker gradient.??
This is due to the effect that the crosslinker BIS is consumed faster than the monomer
NIPAM. In this case, it has been shown in a AFM study on microgels fixed on a surface
by Fernandes et al.?6 that indeed a change in volume can be described by the original
FRT, but not a change in the Young’s modulus. For this, the FRT was modified by taking
into account that the microgel particles consist of certain independent layers of different
crosslinker density. With this approach it was possible to describe the experimental vol-
ume change as well as the Young’s modulus.

Finally the FRT is a well suited theoretical model to quantify the phase transition for
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homogeneous macro- and microgels. By the introduction of inhomogeneities in the gel
network, either by ionic groups or an irregular distribution of crosslinker /comonomer, the

Floy-Rehner theory has to be modified.

2.3.3 Neutron Scattering
2.3.3.1 Introduction

In the field of scattering methods, neutrons allow unique applications due to their special
properties. They have a high penetrating power for many different materials, based on
their interactions only with the nucleus of atoms and not with the electron shell, as it is
observed in x-ray scattering.”” Beside this, neutrons exhibit a magnetic moment which
enables also to study magnetic systems. For cold neutrons, as usually used for experiments
with soft matter, the neutron wavelength X is of the order of atomic distances and their
energy is comparable to excitations in these systems. The most important quantity is
the scattering vector ¢q. At low values of ¢ information about the overall size and shape
of a mesoscale system is available (as usually probed in light scattering); at high ¢, as
observed in neutron scattering, the internal structure can be resolved. Therefore, in the
case of soft matter, small angle neutron scattering (SANS) and also neutron spin-echo
(NSE) are well suited methods to study internal structures and movements of systems
having colloidal dimensions.

In this work mainly SANS and NSE are used to investigate hydrogels and therefore, the

following discussion is focused on these techniques and systems.

2.3.3.2 Small angle neutron scattering

Small angle neutron scattering is a quasi-elastic scattering technique, what means that
no significant energy transfer between the neutrons and the sample occurs. Only line-
broadening of the initial line can be observed. Hence, the neutrons show nearly the same
energy before and after the interaction with the sample. However, the direction of the
neutrons changes in the scattering process and the intensity of the scattered neutrons as

a function of the scattering angle is detected. A standard setup for a SANS experiment
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I(q) —m

Figure 2.5: Diagram of an exemplary elastic scattering curve of colloidal microgel particles
in solution; at low values of ¢ the overall size and shape of the microgels is
seen (red square on the left side) and at high ¢ values the internal structure

of the the particles can be resolved (red square on the right side).

at a research reactor (with a constant neutron flux) is shown in figure 2.6.97%9

A central component is the velocity selector made from spinning absorbing blades, which

Neutron beam Collomation Sample Detector

Figure 2.6: Schematical drawing of a typical SANS setup containing a velocity selector,

collimation systems, aperture, sample and a detector tube with a movable

2D-detector

will let through neutrons of velocities close to a particular value. This is how a monochro-
matic neutron beam with a wavelength distribution with AX/\ = 10% can be generated.
The neutron beam is then guided through the collimation system, where its divergence is
reduced. The sample is placed directly behind the collimation system and the scattered
neutrons are detected by a 2D-multidetector at a variable sample-to-detector distance. Is
the detector placed far away from the sample, neutrons scattered in the so-called small

angle region can be detected. Hence, the available g-range (see eq. 2.3) for a certain



23

SANS setup, follows from the geometry of the experimental settings. In the case of an
isotropic scattering sample the obtained 2D-detector pattern can be radially averaged.

The obtained scattering curve is then the scattering intensity as a function of ¢ and can

be described by:

I(q) < S(q) - P(q) (2.22)

with S(gq) being the interparticle structure factor and P(q) being the particle form factor.
In the case of colloidal systems or polymer solutions with a low sample concentration, the
interparticle structure factor is S(q) ~ 1.2 For a solution of monodisperse, independent
spherical particles the scattering intensity is given by:!6
3 sin(gr) — gr - cos(qr)\”
o) =v-o- (app - (22T (2.23)

-~

P(q)

Here, V is the particle volume, ¢ is the volume fraction of the particles, Ap is the
difference between the scattering length densities of the particle and the solvent and r is

the particle radius.

Extensive SANS studies of poly(NIPAM) macrogels were done by Shibayama and

7,87,100,101 Thege authors showed

co-workers and also by Geissler et al. in the nineties.
that the scattering intensity from non-charged networks in solution consists of two
contributions. First, static inhomogeneities were taken into account arising from the
chemical crosslinking I,,;4(¢) and secondly, a fluctuation term [j;44(q) created by the

102

motion of the polymer chains between the junction points is found. In this case the

scattering function from a non-charged macroscopic gel in good solvent can be described

by
[<Q) - solid<Q) + Ilz’qm‘d(‘])‘ (224)

The Ijiquia(q) contribution can also be found in the description of the elastic scattering
from semidilute polymer systems at large ¢g-values and can be described in terms of an

Ornstein-Zernike (OZ) function.!® Assuming that the static inhomogeneities from the
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crosslinking are randomly distributed and exhibit a Gaussian statistics with respect to the
spatial position, the I;,;4(q) term can be written as a Guinier function and consequently

the scattering function of chemically crosslinked gels is given by’

R? ¢? I.,(0)
Guinier function

(2.25)

Ornstein—Zernike term

Here, R, is the radius of gyration and ¢ is the correlation length, which is considered
to be related to the blob size and describes the ensemble-averaged correlation of the
polymer network.

In the case of polymer networks containing charged groups an additional electrostatic
interaction term has to be taken into account. The original theory was developed for
charged polymer solutions by Borue and Erukhimovich!®® and Shibayama showed later
that it can also be applied to polymer gel networks for example based on NIPAM and
acrylic acid.'®

By introducing charges into a polymer solution, the scattering intensity becomes less
than that of an uncharged polymer solution. This can be described by a modification

of the osmotic modulus taking into account the Debye-Hiickel interaction energy. So an

additional g-dependency of the osmotic modulus is introduced.

The scattering from spherical colloidal particles like microgels can also be described by
equation 2.24 and the condition ¢ - R, > 1 is always fulfilled. However, for microgels it
is experimentally not possible to determine I,;4(q) in equation 2.24, because microgels
are colloidal particles and their particle form factor, P(q), overlaps in this region with the
expected Guinier function stemming from the crosslinks. If R, > ¢!, only the Porod
part of the particle form factor should contribute significantly to the scattering intensity,
and the scattering profiles of microgels in the swollen state can be analyzed by using a

combination of a Porod and an OZ contribution!6 194

A1 1),
Vq4 1 +§2q2'

Here A is the interfacial area in the scattering volume, V is the scattering volume and &

I(q) = 2m(Ap) (2.26)

the correlation length.
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At temperatures above the transition temperature the hydrophobic interaction between
the microgel and the solvent increases and the polymer network collapses. The particles
behave then like compact hard spheres and it has to be taken into account that the
scattering results from a two-phase system, namely the interface between the collapsed
particle and the surrounding liquid phase. In this temperature region, the OZ part in
the scattering profile disappears and only Porod scattering remains. For particles with a
smooth interface the form factor can be fitted using the Porod law (see Eq. 2.27) in the
g-range probed in the SANS experiments.

I(q) o 2= (2.27)

If the surfaces of the collapsed particles are rough, the Porod law has to be modified.!%

2.3.3.3 Neutron spin-echo spectroscopy

Neutron spin-echo (NSE) spectroscopy is a suitable technique to measure fast motions in
soft matter with the highest energy resolution of all types of neutron spectrometers.'%6107
It was invented by Ferenc Mezei in the 1970’s and is based on the magnetic moment of
the neutrons,'®® which allows to produce polarized neutron beams.

NSE is a quasi-elastic scattering technique. As shown in figure 2.7 the elastic peak is
broadened due to quasi-elastic scattering, for which the average energy transfer is zero.
This is due to diffusive processes of atoms and hence, changes in the speed of the quasi-
elastically scattered neutrons contain information about the dynamics of the sample. A
typical example for inelastic scattering is the Brillouin effect. However, this is beyond the
scope of the present discussion.

To describe the setup of a NSE experiment, in figure 2.8 a schematic drawing of a typical
instrument, as it is used at the ILL (IN11 A and IN15, Grenoble, France) and at the JCNS
at FRM II (Garching, Germany), is shown.'®”1% The incoming neutron beam passes a
velocity selector, where a beam with a certain mean wavelength and in the case of NSE a
rather broad wavelength distribution is generated. After the velocity selector the neutron
beam hits a polarizer (super mirror), producing spin-polarized neutrons. Than passing

a so-called 7w/2-flipper (a magnetic coil) the neutron spin is flipped by 90°. Traveling
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S(q,w)
g = constant ¢
quasi-elastic
inelastic
(loss) 0 (gain)

energy transfer

Figure 2.7: Inelastic and quasi-elastic neutron scattering: the inelastic scattering is rep-
resented by the peaks at non-zero energy transfer and reflect the vibrational
modes of the system; the elastic scattering peak is broadened due to the
Doppler effect and offers information about diffusive processes (translation or

rotation).

through the first main coil with a magnetic field By the neutrons begin to undergo Larmor
precession. This leads to a de-phasing of their spin, due to the different velocities of the
neutrons. Faster neutrons reach the end of the first coil earlier with a smaller precession
angle, while slower neutrons finally have a higher precession angle. Before the neutron
beam is scattered at the sample, the spin is flipped by 180° by a m-flipper, and enters than
the second main coil By. This coil has exactly the same magnetic field as the first one.
Accordingly, due to the m-flip the dephased neutron spins will be refocused while flying
through the second coil. At the end of the second coil the neutrons are flipped again by
90° using a 7/2-flipper and subsequently reach the detector. If no energy transfer with
the sample occurs (fully elastic scattering), no change in velocity of the neutrons passing
the second main coil takes place. In this case the refocusing in the second coil will be
complete and all neutrons return to the initial polarization. Moreover, during their flight
the neutrons are focused several times by so-called Fresnel coils.

In a NSE experiment the Fourier transform of the scattering function S(¢,w), the so called
intermediate scattering function S(g,t), is directly measured. S(g,t) is proportional to

g!(7) and in the NSE experiment the short time part of the motions in microgels is probed.
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Velocity selectorj symmetry coil Sample detector

el
\ ==

polari?or analyzer / ﬁ
(super-mirrow) (super-mirrow)

Figure 2.8: Schematical drawing of a typical NSE setup; By and B; are the mainprecession

coils and the lower part of the picture displays the spin movements

Gels belong to the group of non-ergodic media. As already mentioned in section 2.3.1
this leads to problems in the analysis of DLS data. In the case of non-ergodic media the
process of quasi-elastic scattering was discussed in detail by Pusey and van Megen.? For
non-ergodic media the following expression for the ensemble-averaged S(q,t) was found:

(S(a, 1) <exp<—q2<§2>> (1-e0 (2224) > (229

g (&%) .

where ¢ is the magnitude of the scattering vector (¢ = (47/A)sin(6/2)). The dynamic
correlation length ¢ connected with the network breathing mode is related to D¢, as
the diffusion coefficient of this mode. If ¢> () — oo the system behaves ergodically,
which means that (S(q,t))r decays completely to zero and does not exhibit a g-dependent

baseline. The result is, that equation 2.28 becomes
(S(q,t))g x exp(I't) (2.29)

and the decay of the intermediate scattering function can be described by a single expo-

31,110,111

nential decay with I' as the relaxation rate. This is a limit, which can usually not

be reached in light scattering experiments. However, for neutron scattering experiments ¢
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is very large and even for £ values of 5 nm the product can be of the order of 100. In this
case within the experimental error S(q,t) decays to zero and the system shows pseudo-
ergodic behaviour. It was already shown before, that this limit can be reached3! and the
data can be treated using a single exponential description leading to a determination of
I'. Plotting I" vs. ¢? the diffusion coefficient Dg of the network breathing mode can be

calculated by a simple linear regression (eq. 2.9).



3 Experimental part

3.1 Chemicals

3.1.1 Macro- and microgels

The water for all purposes was purified by a MilliQ system (Millipore, Billerica, USA)
and heavy water was purchased from Eurisotop (Groupe CEA, Saclay, France) with an
isotopic purity of 99 %. For the macro- and microgels described here the chemicals were
obtained from Aldrich. The monomer N-isopropylacrylamide (NIPAM, 97 %) was pu-
rified by recrystallizing from hexane, the comonomers N-tert-butylacrylamide (NtBAM,
97 %) and 3-butenoic acid (BAc, 97 %) were chromatographically destabilized by us-
ing a aluminium oxide B column (MP Biomedicals GmbH, Germany). The crosslinker
N, N’-methylenebis(acrylamide) (BIS, > 98 %), the surfactant sodium dodecyl sulfate
(SDS, Merck, > 97 %), the initiator potassium peroxodisulfate (KPS, purity 99 %),
a, o/-Azodiisobutyramidine dihydrochloride (V50, 97 %) and the initiator accelerator
N,N,N’,N’-Tetramethylethylenediamine (TMEDA, 99 %) were used as received. For the
UV-induced polymerization 2,2’-azobis(2-methylbutyronitrile) (AIBA, > 98 %) is used.

3.1.2 Nanoparticles

For the nanoparticle synthesis and the modification procedures the following chemicals
were used without further purification: cobalt chloride hexahydrate (CoCly - 6 HyO,
Riedel-de Haén, puriss.), sodium borohydride (NaBH,, Aldrich, > 98 %), cit-
ric acid (Fluka, > 995 %), tetraethyl orthosilicate (TEOS, Aldich, 98 %), (3-
aminopropyl)trimethoxysilane (APTMS, Aldrich, 97 %), 3-(Trimethoxysilyl)propyl
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methacrylate (MPS, Aldich, 98 %), Potassium hexachloroplatinate (KoPtCly, Aldrich,
> 99,99 %), Nickel(IT) chloride hexahydrate (NiCly - 6 HyO, Aldrich, > 98 %), hex-
adecyltrimethylammonium bromide (CTAB, Merck, > 97%), poly(styrene sulphonate)
(PSS, Fluka, Mw 14,900), poly(allylamine hydrochloride) (PAH, Aldrich, Mw 15,000),
poly(vinylpyrrolidone) (PVP, Aldrich, Mw 10,000), ammonium hydroxide solution
(Riedel-de Haén, 33 wt % in water), styrene (Aldrich, > 99 %), divinylbenzene (DVB,
Alrich, 80%), ethanol (VWR, p.a.) and isopropanol (VWR, p.a.).

3.2 Synthesis

3.2.1 Macrogels

The synthetic approach used for the macrogels, was similar to that described by
Shibayama and Tanaka.” For some of the experiments it was necessary to systemati-
cally prepare gels with a crosslinker gradient. For these macrogels a modified synthesis

procedure was applied.

3.2.1.1 Macrogels for the NSE experiment

To obtain enough contrast in the neutron scattering experiments, the macrogels were
directly polymerizied in D2O. For that 50 ml D,O was degassed at room temperature (RT)
for about 30 minutes in a conventional glass beaker. Then NIPAM, BIS and if necessary
comonomers were added and stirred until they were completely dissolved. Subsequently,
the monomer solution was cooled down to 0°C and the initiator KPS was added. Directly
after the addition of the accelerator TMEDA, the glass beaker was heated up to RT and
the polymerization process started immediately. The reaction was allowed to proceed at

RT for 24 hours.

3.2.1.2 Marcogels with crosslinker gradient

Method 1 First of all, two solutions of the main components, the monomer NIPAM

(0.7 M in water”), and the crosslinker BIS (saturated in water), are prepared. 3.0 ml
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of the NIPAM solution are mixed with the photoinitiator AIBA (0.5 mol% respective to
NIPAM amount) and filled in a small reaction vessel, which is placed in a second tube
with icewater. Subsequently, a bottom layer of the concentrated BIS solution is created
in the reaction vessel filled with NIPAM under exclusion of light to prevent a prematurely
and uncontrolled polymerization. After 10 minutes of cooling, the reaction tube is placed
on a rotating plate in front of the UV-light and the exposure time for the polymerization
was 14 minutes at maximum. To ensure a complete polymerization of the macrogel, the
reaction was continued over night without UV irradiation. The obtained macrogel was

carefully taken out of the reaction tube and placed in a Petri dish for storage.

Method 2 The basic solutions of NIPAM and BIS from method 1 were separately mixed
with different ratios (0.4 BIS/1.6 NIPAM; 0.8 BIS/1.2 NIPAM; 1.2 BIS/0.8 NIPAM;
1.6 BIS/0.4 NIPAM) so that the total volume pro phase was 2 ml. Furthermore, the
initiator concentration was held constant for every of the four phases. Consequently a
gradient was build up under exclusion of light with the low-BIS phase at the top and
the BIS-rich phase at the bottom. The polymerization procedure was equal to that of
method 1.

Method 3 For the creation of a continuous crosslinker gradient a peristaltic pump (Hei-
dolph Pumpdrive 5201) and two differnt NIPAM /BIS ratios (5 mol% and 20 mol% respec-
tive to NIPAM) with AIBA as initiator (3.8 mg for 4 ml monomer solution) were used.
The solution with the low content of BIS was filled in the first tube of the peristaltic
pump setup and the mixture with the high amount of BIS in the second (setup is shown
in section 4.2). In this way, a gradient from a low crosslinker content (top of the reation
tube) to a high crosslinker content (bottom) is created. The reaction vessel is placed in a
second tube filled with ice water, cooled for 10 minutes and the exposure time was again
14 minutes at maximum. The polymerization was allowed to proceed over night without

UV irradiation.
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3.2.2 Microgels
3.2.2.1 Poly(NIPAM-co-NtBAM)

These copolymer microgels are synthesised using a surfactant-free radical emulsion poly-
merisation'!? of the monomer NIPAM (100-x mol%) and NtBAM (x mol%) and the cross-
linker BIS (5 mol%). In brief, the synthesis was performed in a 100 ml three-neck flask
equipped with a mechanical stirrer, thermometer, a reflux condenser and a nitrogen inlet.
The two monomers (NIPAM and NtBAM) and BIS were dissolved in 50 ml MilliQQ water.
The reaction solution was heated up to 40°C under continuous stirring and purged with
Ny in order to remove oxygen. Then the reaction mixture was heated up to 70°C and after
30 minutes equilibration the initiator KPS (dissolved in 1 ml MilliQ water) was added
to start the polymerisation.'!? After a few minutes the clear reaction medium turned
turbid. The reaction was allowed to proceed at 70°C for 4 h. Than the reaction medium
was cooled down to room temperature and subsequently stirred over night. At the end

the microgels were purified by centrifugation and ultra-filtration and finally freeze-dried.

3.2.2.2 Poly(NIPAM-co-BAc)

These copolymer microgels are synthesised using an emulsion polymerisation with sodium
dodecyl sulfate (SDS) as surfactant. The used surfactant concenration was at 0.002 M,
which is below the critical micelle concentration (cmc) of SDS in pure water at 25°C
(cme(SDS) = 0.0082 M). The polymerization procedure was similar to that of the
poly(NIPAM-co-NtBAM) copolymer microgels. Finally the microgel was freeze-dried and

redispersed in DyO for the neutron scattering experiments.

3.2.3 Synthesis of magnetic cobalt nanoparticles
3.2.3.1 Cobalt@SiO, nanoparticles

The coblat nanoparticles have been synthesized analogous to the method of
Kobayashi et al.'’® For a standard synthesis, 100 ml degassed aqueous solution of NaBHy

(4-1073 M) with different amounts of citric acid (2:107% M, 4-107° M, 2-107° M, 4-10~* M
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or 2:107* M) were prepared. Under intensively stirring and purging with nitrogen 0.1 ml
of a 0.4 M CoClj, solution in water was added. Subsequently, the color of the reaction mix-
ture turned gray indicating the nanoparticle formation. Directly after one minute reaction
time, 400 ml of an ethanolic solution with 7,2 ul APTMS and 84 pul TEOS (molar ratio
of 1:9) was added to build the silica shell around the magnetic cobalt particles. Finally,

the particle solution was purified by centrifugation and redispersion in pure ethanol.

3.2.3.2 MPS-fuctionalization of Co@SiO, nanoparticles

The magnetic particles were separated using a magnet and redispersed with ultrasonifi-
cation in a mixture of 120 ml ethanol and 20 ml water. The nanoparticle solution was
transferred to a three-neck round flask in an ultrasonic bath equipped with a reflux con-
denser and a mechanical stirrer with a glass stirring paddle. After the addition of 5 ml
ammonium hydroxide (33% in water), the dispersion was stirred for 5 minutes under ultra-
sonic treatment. Then 150 ul MPS were injected dropwise and the reaction mixture was
stirred over night. The flask with equipment was transferred to an oil bath and the dis-
persion was refluxed for 2 hours. Afterwards, the particles were cleaned by centrifugation

and redispersed in ethanol.

3.2.4 Synthesis of different nickel nanoparticles
3.2.4.1 Pt@Ni nanoparticle synthesis

Basically, the preparation of the nanoparticles was done according to a synthesis published
by Grzelczak et. al.''* At first a 0.1 M CTAB solution was prepared. To make sure that
CTAB is completely dissolved in water, the solution was heated up to 40°C. Then 9.63 ml
of the 0.1 M CTAB solution was mixed under stirring at 40°C with 50ul of a 0.05 M
K5PtCly. For the reduction of the platinum salt 0.3 ml of a 0.06 M NaBH, solution was
added and the reaction tube was immediately capped. After 10 minutes the vessel was
opened and the solution stirred for several minutes. In order to grow a nickel shell around
the seed particles, 47.5 ml of an aqueous solution of NiCly (0.5 mM) and NoHy (15 mM)

was mixed with 2.5 ml of the platinum seed particles. The reaction was continued for
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2-3 h at 40°C and if needed for further applications, the product was separated from the

solvent with a magnet.

3.2.4.2 Silica-coating of nickel nanoparicles using a LbL technique

10 ml of the original Pt@Ni nanoparticle solution was centrifuged at 5000 rpm for 30 min-
utes (Centricon T-1080, Sorvall Surespin 630), than the excess of solvent was removed and
the precipitate redispersed in 5 ml of de-ionised water (MilliQ water). In the meantime
an aqueous solution of PSS (2 g/1, 6 mM NaCl) was sonicated for 30 minutes. Afterwards,
5 ml of this PSS solution was added dropwise to the nanoparticle solution under vigorous
stirring and the reaction was continued over night. The Pt@Ni@QPSS solution was cen-
trifuged at 8000 rpm (Centricon T-1080 with rotor Surespin 630, Sorvall)for 30 minutes
and the precipitate redispersed in 5 ml of MilliQ) water.

An aqueous solution of PAH (2 g/l, 6 mM NaCl) was sonicated for 30 minutes and
than 5 ml of this solution were added dropwise to Pt@Ni@PSS under vigorous stirring.
The stirring was continued over night, the Pt@NiQPSSQPAH solution was centrifuged at
8000 rpm for 30 minutes and redispersed in 5 ml of MilliQ) water.

5 ml of the Pt@NiQPSS@PAH solution was mixed with 5 ml of PVP aqueous solution
(Mw 10000, 4 g/1) and stirred overnight. The resulting Pt@NiQPSSQPAHQPVP was
centrifuged 30 minutes at 8000 rpm and the precipitate was redispersed in 0.2 ml wa-
ter. Under vigorous stirring the PtQNiQPSSQPAHQPVP solution was added dropwise
to 1 ml of isopropanol.

For the silica coating at first an ammonia solution in isopropanol (3.84 vol.% ammonia
(33 wt% in water) in isopropanol) was prepared. The Pt@QNi@PSSQ@PAHQPVP (1.2 ml)
was added under vigorous stirring to 0.46 ml of water and subsequently an addition of
1.43 ml of the pre-prepared ammonia solution followed. Finally, 0.40 ml of a solution of
TEOS in isopropanol (0.97 vol% of TEOS) was added under gentle stirring. The reaction
mixture was allowed to react for 2 hours and two further additions of TEOS were carried

out to grow the silica shells.
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3.2.4.3 Nickel nanoparticles coated with polystyrene

5 ml of the original Pt@Ni nanoparticle solution was separated from the solvent using
a magnet. The residue was redispersed in 30 ml MilliQQ water using ultrasonification.
The Pt@QNi solution was then heated to 30°C (in an ultrasonic bath; DT 103H, Bandelin;
140W), followed by the addition of destabilized styrene (4 pl) and destabilized DVB (4 pul)
under stirring and ultrasonification. After 15 minutes, the temperature was increased to
70°C and the polymerization was initiated by adding 4 pul KPS solution (0.1 M in water).
The polymerization was allowed to proceed for 2 hours, than cooled down to RT and the

Pt@Ni@PS particles were separated with a magnet.

3.3 Characterization Methods

3.3.1 DLS mesurements

The dynamic light scattering (DLS) measurements were performed using an ALV go-
niometer setup (ALV-Laservertriebsgesellschaft, Langen, Germany) with an argon ion
laser as light source (A = 514,5 nm, Spectra Physics 2017), operating with a variable out-
put power (10-400 mW). The correlation function was generated using an ALV-5000/E
multiple-7 digital correlator and subsequently analysed by inverse Laplace transforma-
tion (CONTIN®'). Decaline served as an index matching bath. Measurements for each
angle and temperature were repeated three times and averaged afterwards. The microgel
swelling curves were recorded at a constant scattering angle of 60° and over a tempera-
ture range between 10-44°C. A microgel particle concentration of about 0.01 wt% (dry
polymer particles) was employed and to avoid aggregation. The pH value was adjusted

to 2-3 using dropwise addition of hydrochloric acid (HCI).

3.3.2 Small angle neutron scattering

The SANS experiments for the poly(NIPAM-co-NtBAM) microgels, were carried out us-
ing the KWS2 instrument of the JCNS outstation at the FRM II (Garching, Germany).
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For details of the setup, see the respective publications of the JCNS.'® The neutron
wavelength was 7 A for all experiments and the sample-to-detector distances were chosen
to be 2 m and 8 m, covering a g-range from 0.007 to 0.2 A ~!. The microgel particle
concentration employed for these measurements was 2 wt% in D,O and standard Hellma
quartz cells (1 x 20 mm) were used. The scattering intensity data were collected using a
two-dimensional multi-detector. The experimental data obtained using the two sample-
to-detector distances were corrected for electronic background and empty cell scattering.
Detector sensitivity corrections and transformation to absolute scattering cross sections
d/dQ were made with a secondary Plexiglass® standard according to a standard pro-

cedure. 116,117

After this procedure the data obtained from the two different detector
positions overlapped within the experimental error and no further adjustment was neces-

sary.

3.3.3 Neutron spin-echo experiment

The NSE experiments presented here, were done using the IN11-A instrument at the Insti-
tute Laue-Langevin (Grenoble, France).!'® To generate scattering contrast the macrogels
have been synthesized in DO as mentioned before. The microgels were freeze dried in
the last step of the purification and were redispersed in D,O for the measurements. To
adjust the pH of the gels to a value of 2, deuterated hydrochloric acid was used.

To obtain different g-values (0.05 < g < 0.2) the wavelength of the neutrons (A = 5.5, 8.5
and 10.0 A) as well as the scattering angle (4.6° to 15.5°) was changed. The resolution
function of the instrument was determined for the different experimental conditions using
the elastic scattering of graphite. More details related to the setup can be found in the

literature. 197,109

3.3.4 Electron microscopy

The transmission electron micrographs were taken using a LEO 922 O microscope (Zeiss,
acceleration voltage of 200 kV) and the specimen for the room temperature (RT) images

were prepared on copper-grids (Science services, carbon only, 200 mesh). The scanning
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electron microscopy (SEM) experiments were performed with a Zeiss LEO 1530 GEMINI
FE-SEM (acceleration voltage of 3 kV) and the samples were prepared on silicon wavers.
For the microgels the freeze-dried samples were re-dispersed in water to obtain a highly
diluted dispersion. The nanoparticle solutions were used as synthesized or in some cases
diluted with the respective solvent.

For the standard transmission electron microscopy (TEM) measurements 3 pl of the
diluted solution were dropped on the copper-grid and after one minute the residual solvent
was blotted off with a filter paper. The SEM sample was prepared by putting one drop
of the solution on a silicon wafer, which was allowed to dry overnight. Afterwards, the
specimen were coated with a 1 nm layer of platinum or carbon.

The cryogenic transmission electron microscopy (cryo-TEM) preparation was also done
using highly dilute samples. A few microlitres of diluted dispersion were placed on a
bare copper grid and the excess liquid was removed with filter paper. This sample was
cryo-fixed by rapid dipping into liquid ethane at ~ 170°C in a cryo-box (Carl Zeiss NT'S
GmbH, Germany). Afterwards, the specimen was transferred into a cryo-transfer holder

(CT 3500, Gatan, Germany) and placed in the microscope.

3.3.5 Macrogel swelling kinetics via image prosessing

For the determination of the swelling curves and the swelling ratio o of the macrogels with
a crosslinker gradient the image analysis software 'ITmageTool’ (UTHSCSA ImageTool,
Version 3.01'%) was used. Therefore, the scale bar of the digital pictures and of the video
sequence was transferred to the corresponding amount of pixels, which allowes a more
precise evaluation of the gel dimensions. The temperature induced changes in width and
length of the gel were analyzed at a high magnification by measuring the width or length

in pixel and hence, the swelling ratio was calculated.






4 Marcogels with an internal

crosslinker gradient

Although, macro- and microgels consist of the same components including monomers,
crosslinker and initiator, they might differ in their internal network structure. As already
mentioned in the introduction, this is due to the formation process of the gels. Hence,
macroscopic gels show a rather homogeneous crosslinker distribution inside the network
compared to microgels, it would be interesting to see how a macroscopic network with
the dimensions of some centimeters and an artificial crosslinker gradient may react on an
external stimulus.

A suitable thermoresponsive polymer for such studies is poly(NIPAM) crosslinked with
BIS. It has been shown in literature that colloidal poly(NIPAM) microgel particles exhibit
a non-uniform crosslinker distribution.??%2%% Additionally, homogeneous poly(NIPAM)
macrogels have been subject of various studies by Shibayama and Tanaka’ 2120121 i the
nineties.

In the following chapter the influence of the crosslinker density on the swelling behaviour
of poly(NIPAM) macrogels is studied. Therefore, different techniques for the preparation
of a crosslinker gradient inside the gel have been developed and an attempt was made
to quantify the kinetics of the volume phase transition of such a gradient macrogel as a

function of the scrutinized position inside the gel.
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4.1 General aspects of macroscopic gels based on

NIPAM and BIS

As a first step, it was important to determine in which way the different components,
here the monomers NIPAM and BIS, homopolymerize. As already known from literature,
poly(NIPAM) exhibits a phase transition at a temperature of 32° C, in contrast to this a
homopolymer only made of the crosslinker agent BIS does not exhibit temperature sensi-
tivity.

Both monomers were independently mixed with an equal amount of photoinitiator
(5 mol%) and polymerized under identical conditions using UV-irradiation at RT. The
obtained homopolymers are shown in figure 4.1. The image clearly illustrates, that
poly(NIPAM) shows no apparent turbidity below the VPTT (here at RT) and forms
a transparent semi-viscous solution. Here, the viscosity of the poly(NIPAM) solution is
caused by entanglements and by so-called self-crosslinking of the polymer chains. In the
case of poly(NIPAM), this effect of self-crosslinking has been reported in the literature
before by Gao et al.!?2123 These authors assume that due to chain transfer reactions, the
hydrogen atom on the tert-C atom of the isopropyl group as well as the tert-C atom of the
polymer backbone can be attacked by a free radical. Subsequently, the free tert-C radical
can react with a vinyl group or with another active hydrogen to create junction points.
The homopolymer obtained from the polymerization of BIS shows a real gel-like struc-
ture and a strong turbidity. Usually, the monomer BIS, due to its two polymerizable end
groups, is used as crosslinking agent. Here, the homopolymerization of BIS finally results
in a strongly crosslinked network, which exhibits no flow in the steady-state.

By heating up both homopolymers,; poly(BIS) shows no visually observable change
in turbidity as expected, while poly(NIPAM) changes significantly above 32° C. This
temperature-induced effect is based on the LCST of linear poly(NIPAM). Below 32° C,
the polymer chains are more or less in a stretched form, since water is a good solvent for
the polymer. Above a temperature of 32° C the hydrophobic interactions between the

polymer and the solvent increase, while the solubility in water decreases and the polymer
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Figure 4.1: Photographs of a pure poly(NIPAM) solution and a poly(BIS) gel prepared by
UV initiated polymerization below the LCST of NIPAM at room temperature

chains start to coil. This aggregation of the chains leads to an increase of the turbidity
of the poly(NIPAM) solution.

In order to prepare macroscopic gels based on poly(NIPAM) with a density gradient of
crosslinker, different preparation techniques have been applied. The aim of the experi-
ments was to synthesize a gel network that is already in the totally swollen state during
the preparation (at RT) and shows a temperature induced collapse. Due to the produced
crosslinker gradient it is likely that different zones of the gel exhibit different swelling
capacities. Moreover, areas with a high crosslinker content should only decrease slightly
in volume, while lower amounts of BIS should result in a more flexible network with a

high swelling capacity.

4.2 Macroscopic gels with a crosslinker gradient

Recently, a new approach to describe the swelling behaviour of gels with a crosslinker

1.%6 This approach is based on a modification

gradient was introduced by Fernandes et a
of the Flory-Rehner theory and divides the gel in discrete layers of different crosslinker
densities. Doing so, a crosslinker gradient as observed for example in microgels can
be approximated. For microgels this approach leads to a satisfying description of the

swelling behaviour. However, macrogels are usually homogeneous and only exhibit

heterogenities on a very local scale. Therefore, the aim of this section was to produce
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Figure 4.2: Temperature dependent turbidity of a non-crosslinked poly(NIPAM) solu-
tion; with increasing temperature above the VPTT the sample shows a white

colouration.

macroscopic gels, which exhibit exactly the gradient structure used in the new model.
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For the preparation of the crosslinker-gradient macrogels the following three different

methods have been used:

* A NIPAM solution is sub-layered by a concentrated BIS solution.

* Four different solutions with varying NIPAM/BIS ratio are prepared and filled layer-

wise into the reaction tube.

* Build-up of a crosslinker gradient using a commercial peristaltic pump.

It has been shown in various experiments, that using the sub-layer technique, the forma-
tion of a BIS gradient in the macrogel is limited in some way. The distribution of the
crosslinker in the initial NIPAM /initiator solution is diffusion controlled and a long time
period (more than 24 hours) is required to build up the gradient. After the UV-light
induced polymerization, a macroscopic gel was obtained, but only with a low degree of
crosslinking and thus no good form stability.

The second preparation method is based on the fact that four solutions with different
ratios of NIPAM/BIS have been prepared and gradually layered. The concentration of
UV initiator AIBA was kept constant for all four stock solutions. To ensure that the
polymerization of poly(NIPAM) occurs below the VPTT, the reaction vessel is cooled
with ice water and the exposure time was 14 minutes at maximum. A schematic drawing
as well as a result of preparation method 2 is shown in figure 4.3.

Using this preparation method macroscopic gels with an optically visible crosslinker

~20cm i
. . ice wat.er
~——] for cooling
_v_
sample

\El\ rotating plate

Figure 4.3: Sketch of the UV-induced polymerization setup and a photograph of a macro-

Power supply

gel polymerized this way

gradient could be obtained. On the photograph given in figure 4.4 it is obvious that the
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gel has well-separated areas. On the right side a higher turbidity is observable, compared
to areas with lower turbidity (left). Taking into account the previous experiments on the
homopolymerization of NIPAM (clear gel) and BIS (white gels), the more turbid areas
can be identified as highly crosslinked polymer, while the more transparent gel contains a
lower amount of crosslinker. In addition, the upper part of the gel was peeled away dur-
ing extraction out of the reaction tube. This indicates that the top layer of the macrogel
consist of a very weakly crosslinked network.

The last and most successful method for the crosslinker gradient preparation was carried

high
crosslinker
content
low (high turbidity)
crosslinker
content
(low turbidity)
very low
crosslinker

content

Figure 4.4: Photograph of a macrogel prepared by the layer-technique using four solutions
with different NIPAM /BIS ratios; the areas with a high turbidity consist of a
high crosslinked network (right side), while a low BIS content is represented

by a low turbidity of the gel (left side)

out using a commercially available peristaltic pump (Heidolph Pumpdrive 5201). For this
experiment, two solutions with the same amount of initiator, but different NIPAM /BIS
ratios are prepared (5 mol% and 20 mol% respective to the total monomer amount). Using
this peristaltic pump technique it was possible to synthesize a mechanically stable macro-
scopic gel with a continuously changing crosslinker gradient. In contrast to this, the gels
obtained by the layer technique with the four different mixing solutions of NIPAM /BIS
showed well-defined and separable areas of varying crosslinker content, but no continuous
BIS gradient.

The schematic structure of the setup for the gel synthesis using a peristaltic pump is
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depicted in Figure 4.5. Caused by the construction of the setup, the solution with a
low concentration of BIS (right glass tube) is first pumped through the peristaltic pump
into the reaction vessel. Followed by a continuous addition of the solution with high BIS
amount to the low-BIS solution, a gradient is created in the reaction vessel (top: low
BIS content; bottom: high BIS content). After the UV light induced polymerization,
a macroscopic gel with a continuous crosslinker gradient was obtained. Its macroscopic
structure is shown in figure 4.5 on the right hand side. From the different areas of the gel
with varying turbidity it is clear, that the crosslinker content changes continuously from
high to low.

For fundamental studies on the temperature-dependent swelling behaviour the 4-zone

D polymerization
per:jsr:illtlc vessel cooling
pump tube

high crosslinker
crosslinker . content
content 4l (low turbidity)
(high turbidity)

NIPAM
+

(5:::%) 1.0 ml/min

Figure 4.5: Schematic drawing of the used peristaltic pump setup to generate macrogels

with a continuous crosslinker gradient (left) and a photograph of a macrogel
with a visible crosslinker gradient obtained by the preparation method with a

commercial peristaltic pump

gels were used. In the following chapters, only the results of the swelling of macrogels
with a continuous BIS gradient are shown, since here, swelling curves with well-defined

heating rate and additionally kinetic studies are performed.
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4.3 Swelling curves determined with a constant heating

rate

Due to the dimensions of the network, macroscopic gels based on NIPAM show a much
slower response upon changes of temperature compared to microgels. With respect to
this, for the determination of the swelling curves under equilibrium conditions, a heating
rate of 1°C per 30 minutes was chosen. Thus, it is assumed that the macrogel reaches its
equilibrium state within 30 minutes after an increase in temperature. For the experiment
described here, a setup consisting of a computer-controlled thermostat, a temperature-
controlled vessel with a thermometer, a timer and digital camera is used (see figure 4.6).
It should be mentioned that the temperature of the thermostat differs slightly from the
measured temperature in a water bath. Therefore, in the following discussion the water
bath temperature is used. The images for the swelling analysis of the macrogel were taken
after the equilibration phase, just before the next temperature step. To determine the
swelling ratio « the image analysis software 'ImageTool’ (UTHSCSA ImageTool, Version
3.0M9) was used.

In figure 4.7 different snapshots of the macrogel with a continuous BIS gradient during

thermometer

K camera

thermostat

Figure 4.6: Schematic drawing and picture of the used self-constructed setup for the

swelling curve measurement with a constant heating rate of 1°C/30 min

the determination of the swelling curve with a constant heating rate are shown. From

the pictures it is clear that below the volume phase transition temperature (VPTT) of
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crosslinked poly(NIPAM) (~32°C) the macrogel does not change in its dimensions within
the experimental errors. At temperatures above the VPTT a visible deswelling of the
gel was observed. In this case the areas with a low crosslinker content exhibit a strong
deswelling behaviour, while the network areas with a high BIS content decrease only
sightly in volume.

Based on a detailed image analysis of the pictures obtained from the deswelling measure-

Figure 4.7: Images of the poly(NIPAM) macrogel during the determination of the swelling

curve with a constant heating rate of 1°C per 30 minutes

ment and a calculation of the swelling ratio « according to equation 4.1, it was possible
to represent the swelling behaviour graphically (see figure 4.8). Ly is the width/length
of the gel at a certain temperature and Ly is the width/length at initial measurement
conditions.

-5 (4.1)

«

The swelling ratio was determined at four different positions of the macrogel, once in the
length and three times in width at a high, medium and low crosslinker density. Here, the
area with the highest crosslinking density shows the lowest deswelling behaviour (black
curve), as expected. With decreasing content of the crosslinker BIS the swelling behaviour
of the macrogel increases (see green and blue curve in figure 4.8). Furthermore, only a

slight change in length of the gel could be observed. Beside this, the investigation of the
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height of the macrogel was not possible due to the experimental setup and the image
processing technique.

In addition, it has to be mentioned that some of the differently crosslinked zones of the
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Figure 4.8: Swelling curves obtained from different areas of a macrogel with a continuous

crosslinker gradient via image processing

macroscopic gel do not seem to be completely collapsed. This is manifested by the fact
that the swelling curves of these regions (green and blue curve in figure 4.8) do not decay
to a constant final value at temperatures above the VPTT of poly(NIPAM) (~ 32°C).
Consequently, an equilibration time of 30 minutes after a temperature change of 1°C
seems to be too short to bring the macrogel in a state of equilibrium. It was therefore of
great interest to study the kinetics of the gel network collapse. The results obtained by

these experiments are presented in the following section.

4.4 Deswelling kinetics of a crosslinker-gradient macrogel

For a kinetic study of the shrinking process, the gel was cut in a rectangle after the
synthesis and equilibrated at room temperature for 24 hours. It was found that after the
equilibration time a subsequent change in volume of the gel occurs (see figure 4.9). This
change is due to the fact that the less crosslinked regions (left side of the gel) showed an

additional swelling. For the following image analysis to determine the swelling behaviour
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of the macrogel, this change in the gel dimensions has to be kept in mind.

For the investigation of the swelling behaviour, the gel was suddenly plunged into a

low high
crosslinker crosslinker
content content
length with
medium crosslinker
crosslinker gradient
content

Figure 4.9: Poly(NIPAM) macrogel with BIS gradient after a equilibrium time of 24 hours
at RT. The gel is used for the determination of the swelling kinetics.

preheated water bath at 40°C and the collapse of the polymer network was recorded
within the first 15 minutes using a video camera. The further observation of deswelling
was done by an automatic imaging process, which took a picture every hour. However,
during this measurement the evaporation of the solvent at 40°C could not be prevented.
If the solvent is refilled again, a decrease in the water bath temperature occurs and
consequently swelling of the gel results. For this reason, the hourly photographs taken
after the video sequence were finally not used for the determination of the swelling
curves. To offer the possibility to measure the shrinking process of the macrogels for a
long time, it is hence necessary to prevent the evaporation of the solvent. A solution for
this problem could be to construct a closed measurement setup with a water-saturated
atmosphere and a possibility to picture the temperature induced collapse of the gel.

To calculate the swelling ratio o according to equation 4.1, every 10 seconds a picture
was taken out of the video sequence and analyzed with the image processing software
(Image Tool). Therefore, comparable to the previous experiment, the scale of the graph
paper was transferred to a number of pixels and by means of this the calculation of «

was done. However, the use of the graph paper and distortion effects of the water bath
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result here in a certain inaccuracy of the image interpretation. This inaccuracy has a
stronger influence on small changes in the swelling ratio. The influence is rather small at
high changes in the a value (see following evaluation of the swelling curves).

Figure 4.10 shows the changes in the gel dimensions (once in the length and three
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Figure 4.10: The swelling ratio « from different position of the macrogels as a function of

temperature obtained from the kinetic measurements.

times in the width) during the collapse of the poly(NIPAM) network with a continuous
crosslinker gradient at 40°C. During the first ten minutes of the deswelling process, the
swelling ratio a of the length (red curve) decreases to a nearly constant value within
the experimental errors. Comparing the width measurements at three different areas
of the macrogel (that means at three different crosslinking densities), it is obvious that
the domain with the highest BIS amount only shows a small change in the a-value
(black curve). The strong fluctuation of the data points is cause by the error of the
measurement. As mentioned before, due to the image processing of the video sequence,
small changes in the a-value are afflicted with a higher error. Nevertheless, from
figure 4.10 it is easy to see that during the first 400 seconds of the measurement, the
swelling curve decreases slightly and the swelling ratio drops to a constant value.

Looking at the swelling curves of the macrogel regions with a medium (green curve)
and a high (blue curve) crosslinker content, so a strong decrease of « is obvious. Both

swelling curves show approximately the same temporal decay and drop at the end of
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the measurement nearly to a constant value. An explanation for this similar swelling
behaviour could be, that indeed during the synthesis of this macrogel a crosslinking
gradient is formed, but the difference of the BIS amount in the medium and high
crosslinker region is not as big as expected. The removing of the capillary after the
preparation of the BIS gradient, with which the reaction tube was filled, could also
induce a mixing of the crosslinking agent. By an averaging of the width from the three
different zones of the gel, a swelling curve was obtained, which is comparable to that of
the length. Such behaviour was expected since the change in length reflects the overall
swelling of the crosslinker gradient macrogel.

In summary, from the measured collapse of the macrogel network it was possible
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Figure 4.11: The swelling ratio o from the length and the averaged width of the macrogels

as a function of temperature obtained from the kinetic measurements.

to identify areas with a different crosslinking density. These areas showed a different
deswelling behaviour related to the incorporated BIS amount. Hence, the regions with a
high crosslinking density shrink only slightly, while the gel network containing a medium
to a low amount of BIS showed a significant decrease in volume.

The aim of this kinetic measurement was to determine how long a macroscopic gel
network with the dimension of some cubic centimeters needs to reach its equilibrium
state after a spontaneous change in temperature above the VPTT. From the swelling

curves in figure 4.10 it seems, that the a-values of the four analyzed regions with different
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crosslinker density drop within the measurement time to a constant value. This would
mean, that within a time of 15 minutes the gel network completely collapses to this
equilibrium state at 40°C. But from comparison with the swelling curves of figure 4.8 a
different behaviour was expected. These contrary results can be caused by the fact, that
directly before the kinetic measurement the macrogel was equilibrated at RT for 24 hours
and for the determination of the swelling curve with a constant heating rate, the gel was
used as received from the synthesis. A second reason for the discrepancy could be that for
both measurements of the swelling behaviour, gels from different synthesis have been used.
Tanaka and coworkers studied the swelling kinetics of macroscopic gels in detail.?%-124
For example, they showed that the swelling or shrinking of a macroscopic gel with a
non-spherical shape is not only based on pure diffusion processes.!?* In the case of a long
cylindrical gel (diameter 1.35 mm; length/diameter = 30) they established that a change
in diameter is directly related to a change in length. To describe the swelling kinetics,
they developed a two-process approach based on the total energy of the gel, which can
be divided into a bulk energy term and a shear energy term. A change in the bulk
energy describes the swelling of the cylindrical gel to a certain diameter. This volume
change is a pure diffusional process. Hence, the shear energy of the system increases
and to compensate this energy, the gel tries to relax by an increase in length and a
decrease in diameter (volume stays constant). For the swelling studies, they synthesized
poly(NIPAM) gels in a micropipette and determined the swelling in radius and length
when the gel was plunged into water directly after the synthesis. The fitting procedure

of the swelling curves was done by the first three terms of the following equations:

udiameter(aa t) =A Z Bn exp[_t/Tn]a (42)

z
ulength(za t) :Aa Z Bn exp[_t/Tn}' (43)

Here, u(a,t) and u(z,t) is the displacement vector in the direction of the diameter and

the length, A is the total change of the gel radius, a and z are the initial radius and
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length of the gel and 7 the relaxation time. Further, Li et al. defined the relaxation time

of cylindrical gels as:'?*

2
2
¢ with D, = ~Du, (4.4)

with D, as the apparent collective diffusion constant, «,, as the eigenvalue and D, as
the collective diffusion constant. The theory developed by Li and Tanaka predicts that
the first eigenvalue a; for a cylindrical macrogel is in the range between 0 and 2.74 and
that B ranges from 0.573 to a value of 1'?* (for spherical gels: a;: 0 - 7, By: 0.608 - 1).
Plotting du/a vs. time, Li et al. obtained for a long cylindrical gel that the relaxation time
for a change in length and diameter is nearly the same (71 gigmeter ~ 66 min; 71 jengen ~
65 min). In contrast to this, the relaxation time of a short cylinder (length = diameter)
is in the range of 7 ~ 39 min, what is nearly the same as for a spherical gel, as the
authors mentioned.'?* Moreover, the collective diffusion constant D, was determined
from the experimental values of By and 7; in combination with a theoretical calculation
of 71 depending on the shear modulus R. Consequently, a value of Dy = 2.9-1077 cm?/s

was found, which is comparable to the diffusion constant measured by dynamic light
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scattering by Tanaka''® and Peters.!
For a quantitative description of the data obtained from the kinetic measurements of the
crosslinker gradient macrogel, a first approach was made to fit the decay of the swelling

ratio o with a single exponential function.
a=ay+b-exp(—t/T) (4.5)

As presented in figure 4.12, the single exponential fit leads to a good description of the
swelling curves. The obtained values for the relaxation time are 7 = 369 s for the change
in length, 7 = 517 s for the width with a medium crosslinker content and 7 = 434 s for
the parts of the gel with a low crosslinker concentration.

Additionally, we tried to fit the swelling curves with a sum of three exponential functions,
similar to the approach of Li et al. (see equation 4.2 and 4.3). For the fitting procedure

we used equation 4.6. Here, we obtained for 71 nearly the same values as for 7 from the
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Figure 4.12: Experimental swelling curves from different position of the macrogels fitted

with a single exponential function

fitting with a single exponential function (see equation 4.5).
a=ag+b-exp(—t/m1) +c-exp(—t/m) +d - exp(—t/73). (4.6)

To determine the diffusion constant from the swelling curves of the different areas of
the crosslinker gradient macrogel, we used the value for the shear modulus R from the
publication of Li'** (R = 0.35), determined from this the first eigenvalue a; (a; ~ 2.2)
and calculated the collective diffusion constant Dy according to equation 4.4 (used values
are listed in table 4.1). This results in values of Dy ~ 2.92 - 10* c¢m?/s for the area
of the gels with a medium crosslinker content, Dy ~ 2.02 - 107 c¢cm?/s for the area of
the gels with a low crosslinker content (results also listed in table 4.1). These values
derivate strongly from Tanaka’s results and therefore further investigations are needed to

understand this differences.

Nevertheless, within the basic experiments on preparing a macroscopic gel with a
crosslinker gradient, the use of a commercially available peristaltic pump allows the
synthesis of stable macrogels. With this technique it was possible to build up a crosslinker
gradient from 5 mol% to 20 mol% BIS in the network. But with this preparation method
it is also possible to synthesize gels with a higher crosslinking density.

The determination of the swelling ratio o from the photographs or the video sequence is

connected to a certain inaccuracy caused by the use of the graph paper as scaling bar
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Table 4.1: Experimental results for the relaxation rate I' and the collective diffusion con-

stant Dy of the different zones of the macrogel. Additionally, the values used

from the literature for the calculation of D, are listed.'?*
gel area relaxation rate a R | o Dy
low BIS content 434 s 0.64 cm | 0.35 | 2.2 | 2.92 -107* cm?/s
medium BIS content 517 s 0.58 cm | 0.35 | 2.2 | 2.02 -107* cm?/s
length 367 s 334 cm | / / /

and due to distortion effects of the water bath. Nevertheless, it was shown within this
work that inside the synthesized macrogels, regions with different crosslinker density can
be identified. The decrease of the swelling ratio of these gel regions with an increasing
temperature reflects the thermosensitive behaviour of BIS crosslinked poly(NIPAM)
gels. Depending on the area, where a has been determined, the macrogel shows different
degrees of deswelling. The regions with a high crosslinking density show only a smaller
decrease in «, as expected, while the low crosslinked regions decrease strongly in volume.
This phenomenon still remains to be understood.

From previous studies a similar behaviour was found for microgel particles based on
poly(NIPAM) crosslinked with BIS.?2 The swelling curves obtained by DLS, for the
colloidal particles with a lower crosslinker content show a stronger deswelling behaviour.
In contrast to this, the degree of deswelling was much lower if the microgel network is

highly crosslinked.






5 Internal network dynamics of micro-

and macrogels based on

poly(NIPAM)

In the previous chapter, the swelling behaviour of macroscopic gels was followed by a
change in the overall dimensions of the network structure using an image processing tech-
nique. In contrast, this chapter focuses on the internal network dynamics of crosslinked
gels. Generally, to obtain a homogeneous distribution of the crosslinker in a gel, the way
in which the gel has been formed is very important. In the case of NIPAM based microgels
the synthesis is normally done by an emulsion polymerization at temperatures above the
VPTT and hence, the crosslinker BIS is consumed faster than the NIPAM monomer.??
In contrast to this, macrogels mainly show a statistical distribution of the monomer and
crosslinker?* and therefore a higher homogeneity of the network structure.

In this work, micro- and macrogels consisting of NIPAM and butenoic acid (BAc) with
BIS as crosslinking agent are used and due to the incorporation of the COOH-groups into
the gel network an additional sensitivity to pH can be achieved.??33:3%52126 Ag already
mentioned, due to the different synthesis conditions during preparation of the micro- and
macrogels a different local network structure and consequently, differences in the local net-
work motion are expected. To study such local motions on a lenghtscale of nanometers,

neutron spin-echo (NSE) is a well suited scattering technique.
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5.1 Characterization of the microgel particles and their

VPT

In the left graph of figure 5.1 a typical intensity time autocorrelation function is shown.
The PCS experiments reveal the low polydispersity of the microgel synthesized in this
study. This is obvious from the narrow relaxation rate distribution G(I') as shown in the
right graph of figure 5.1.

In the case of only translational diffusion, a plot of the maximum of the relaxation rate
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Figure 5.1: Obtained autocorrelation function (left) and relaxation rate distribution
(right) of the poly(NIPAM-co-BAc) microgel at 20°C, scattering angel of 60°
and a pH value of 5.5

[ vs. ¢* results in a linear dependence according to eq. 2.9. The microgel poly(NIPAM-
co-BAc) at a pH of 2 and also 5.5 perfectly follows the prediction of eq. 2.9. Therefore it
is straightforward to calculate the translational diffusion coefficient D” and the hydrody-
namic radius R, can be subsequently computed using the Stokes-Einstein equation. The
results are shown in table 5.1.

In Fig. 5.2 the hydrodynamic radius of the microgel poly(NIPAM-co-BAc) at a pH of 5.5
and 2.0 as a function of temperature is shown. The VPTT of poly(NIPAM-co-BAc) at pH
of 5.5 is taken as the point of inflection of the swelling curve (dashed line). The swelling
curve of the microgel at a pH value of 2.0 could not be fully measured, since the colloidal

particles aggregate at the beginning of the volume phase transition (see figure 5.2 blue



29

Table 5.1: Summary of the PCS results for the poly(NIPAM-co-BAc) microgels at two

different pH values

sample name pH DT R,(20°C") | VPTT
poly(NIPAM-co-BAc) | 5.5 | 1.59-107"2 m?/s | 134 nm | ~ 40 °C
poly(NIPAM-co-BAc) | 2.0 | 2.12:107'2 m?/s | 101 nm /

dots). However, the part of the curve which was accessible at pH 2.0 is in good approx-
imation identical with the swelling curve of the respective poly(NIPAM) homopolymer
particle (VPTT at 32°C). The squares in figure 5.2 represent the inverse of the swelling

ratio o, which was calculated as mentioned in earlier studies®'2” by using equation 2.12.
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Figure 5.2: Swelling curve of the poly(NIPAM-co-BAc) microgel at pH 5.5 and 2.0; in

1

addition also the inverse swelling ratio o= at pH 5.5 is given

5.2 A comparative NSE study

The focus of the NSE experiment presented here, is on the internal dynamics of chemically
similar micro- and macrogels. In this context, the ensemble averaged intermediate scat-
tering functions (S(g,t)) g for a copolymer micro- and macrogel at two different pH values

at several different g-values is measured. It should be noted, that all measurements were
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done at a temperature of 293.1 +£0.1 K. Hence, the NIPAM based gels are in the swollen
state. The obtained scattering functions are shown in fig. 5.3.

It is obvious that at low g-values (¢ = 0.05 - 0.11 A‘l) the measurable Fourier time
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at IN11 is too small to obtain the complete decay of (S(g,
than 0.14 A~' the scattering functions decay to zero. This is similar compared to our

previous experiments,3!
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5.5 and 2.0 and for the macrogel (c)(d) at the same pH values.

but was different in a study by Koizumi et al.'?® This issue will

t)/S(q,t = 0) at dif-
ferent g-values, obtained for the poly(NIPAM-co-BAc) microgel (a)(b) at pH

t))g. But at g-values larger
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be discussed later.
The simplest way to analyse the S(q,t) is, to assume that the gels behave ergodically.

29,110 and the decay of

In this case, the S(q,t) should not show a ¢-dependent baseline
the scattering function could be easily fitted by a single exponential function (see equa-
tion 2.29). It was already shown by our group®! that the internal motion of microgels can
be resolved by NSE and that on the very short length scale probed in this experiment the
fluctuations seem to decay totally, at least within the experimental precession. Hence,
also in the present case it is straightforward to fit the data for the poly(NIPAM-co-BAc)
microgels at pH 5.5 and pH 2.0 with a single exponential function. The results are shown
in figure 5.3.

However, in a combined NSE/SANS experiment of Koizumi et al. a different behaviour
of a macroscopic poly(NIPAM) gel is reported.'?® Using a poly(NIPAM) gel (crosslinked
with about 0.26 mol%) and two different NSE setups (IN15 in Grenoble, France, and
FRM2 in Jiilich, Germany) they achieved to measure S(q,t)/S(gq,t = 0) in a Fourier time
window up to 190 ns and in a g-range from 0.035 A= to 0.16 A~" (see figure 5.4).

Koizumi and coworkers found out, that the decay of the NSE scattering function at
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Figure 5.4: NSE decay curves S(q,t)/S(q,t = 0) at ¢=0.035, 0.076 and 0.16 A~*, obtained
for the swollen poly(NIPAM) gel and solution at 28°C (redrawn based on the

publication of Koizumi'?®).
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lower ¢ (< 0.05 A1) could be described by a ¢*dependency, corresponding to a col-
lective diffusion. Whereas for higher ¢-values (> 0.05 Afl) the curve decays according
~ @3, corresponding to a Zimm type internal chain motion. Due to the low amount of
crosslinker used by Koizumi et al. the chains move like free polymer chains in a good

solvent. Therefore, the normalized intermediate scattering function is given by

S(a.1)/S(q.t = 0) ~ eap[~(T't)’] (5.1)

with the exponent 3 is 2/3 for Zimm single chain motion and 1 for collective diffusion.!?®

Here, the use of a exponential function without a ¢-dependent baseline is comparable to
our results and indicates a pseudo-ergodic behaviour of the gels on the length scale of the
NSE experiment. However, in contrast to the work of Koizumi we obtained in equation
5.1a value of 1 for 3 and the relaxation rates follow a ~ ¢ for a diffusional mode. A
reason for this contrary behaviour could be the crosslinking density in the gels. We used
a crosslinker content of 5 mol%, which results in a rather rigid gel network. Using only
0.26 mol%, as Koizumi did, a relatively soft and fluid like gel is obtained. Obviously, using
such a low crosslinking density in the poly(NIPAM) gel, the polymer chains between the
junction points behave like chains in solution would do.

Due to the fact, that the NSE scattering curves of our poly(NIPAM-co-BAc) macrogel are
phenomenologically very similar to those of the corresponding microgel, we also tried to
fit these S(g,t) with a single exponential function. This led to a good description of the
measured S(q,t) (results are shown in figure 5.3). Apparently, also the macroscopic gel
shows the pseudo-ergodic behaviour on the length scale of the NSE experiment, despite
of the fact that in DLS experiments on these systems the non-ergodicity has a strong
impact.?? Hence, at least in our experiment also for the macrogel ¢ - £ > 1 holds.

A contrary behaviour for poly(fluorosilicone) (PFS) gels was obtained by Hecht and
Geissler.'? They compared the decay of the intermediate scattering function of a un-
crosslinked PFS solution and the corresponding crosslinked gel. It has to be mentioned
here, that from the details of the gel preparation it was not possible to determine the
crosslinking density.!'®® For the polymer solution they found out, that the NSE curves

relax to zero, while for the gel the intermediate scattering functions decay to a constant
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value that increases with decreasing ¢. In this case, the baseline dependent decay was

described by
At = 0) = As(q) + Ag(q) - exp(=T1) (5.2)

with A(0) = 1, A(q) is the constant baseline and Af(q) is the relative amplitude of

the fluctuating component.'?® From the relaxation rate I' they determined the diffusion

1.0|||||||||||||||||||

0))?

(S(a,t) / S(at

0||||||||||||||||||
0 50 100 150 200

Fourier time [ns]

Figure 5.5: Neutron spin-echo decay from a poly(fluorosilicone) gel swollen in acetone for

the different wavevectors (redrawn based on the publication of Hecht!??).

coefficient D¢; of the crosslinked PFS gel according to I' = Dgg? and obtained a value
of (2.5 + 0.4) -107'% m?/s. Further dynamic light scattering experiments of the PFS gel
were done. The analysis of the intensity correlation functions using a heterodyne model!3!
results in similar values of Dy as obtained in the NSE measurement. This is why we also
tried to fit the data of the present study using equation 5.2. However, this does not lead
to a satisfying description of the poly(NIPAM-co-BAc) NSE curves. Beside this, the value
of Dg obtained from Geissler et al. is an order of magnitude higher than our values for
D¢ of the micro- and macrogel (see results in the later discussion). A calculation of the
correlation length ¢ with the data from Geissler results in £ = 2.8 nm. With regard to
the fact, that our macroscopic poly(NIPAM-co-BAc) gels show pseudo-ergodic behaviour
on the length scale of the NSE experiment, it is possible for larger g-values (¢ = 0.05 - 0.5
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A‘l) to resolve faster dynamic processes, such as chain segment movements between the
crosslinkers. Figure 5.6 summarises all NSE relaxation rates for the poly(NIPAM-co-BAc)
microgel at pH 5.5 and 2.0 and for the corresponding macrogel at the same two pH values.
The I' values are plotted as a function of ¢%. According to equation 2.29 for a diffusional

mode a linear dependence is expected.

Looking at figure 5.6, first of all it is obvious that the frequencies for the microgels
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Figure 5.6: Plot of the relaxation rates I' vs. ¢* for the micro- and macrogel at two

different pH values

and the homologous macrogel do not differ very much. This was surprising because we
expected larger differences related to the higher inhomogeneity of the microgel network.
Nevertheless, the differences are of the order of 10%, only. Within the experimental
precision the data for all experiments follow the prediction and the linear fits go through
zero taking the error into account.

From the slope, the network diffusion coefficients Dg were calculated. The values are
given in table 5.2. All values are of the same order of magnitude. The values for the
poly(NIPAM-co-BAc) macrogel are about 10-20% higher compared to the microgel. All
the computed diffusion coefficients are similar compared to previously published data

for poly(NIPAM) based micro-*! and macrogels. For the microgel with a crosslinker
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density of 5 mol% investigated by Kratz et al. a value for the diffusion coefficient Dg of
3.16 -10~"'m? /s was found.

Another point, which should be noted is the fact that a change in pH seems to have a
significant influence on the microgel, whereas for the macrogel within the experimental
precision no change in D¢ can be evidenced. This is due to the much stronger mechanical
constraints in the macrogel, which prevent the macrogel from shrinking upon the decrease
in pH from 5.5 to 2.0.

D¢ represents the dynamics of the collective diffusion of the network in the micro- as

Table 5.2: Summary of the NSE results for the poly(NIPAM-co-BAc) macro- and micro-

gels

sample name pH Dq Eeoll
poly(NIPAM-co-BAc) microgel | 5.5 | 3.92 -107" m?/s | 4.4 nm
poly(NIPAM-co-BAc) microgel | 2.0 | 4.45 -107* m?/s | 3.9 nm
poly(NIPAM-co-BAc) macrogel | 5.5 | 4.97 -107* m?/s | 3.5 nm
poly(NIPAM-co-BAc) macrogel | 2.0 | 4.83 -107* m?/s | 3.6 nm

)
)

well as in the respective homologous macrogel. The dynamic correlation length & of this

network motion can be estimated from D¢ by.0?

kT
~ 6mDg

§ (5.3)

where k is the Boltzmann constant, 7" the temperature (here 293.2 £ 0.1 K) and 75
the viscosity of the solvent (DO (20°C) = 1.25 mPa-s). The obtained values for £ are
summarized in table 5.2. Similar results were obtained by Shibayama'?’ using DLS
experiments on macrogels. In this case the crosslinker density was about 1.2 mol% and
acrylic acid was used as a comonomer. This might allow to compare these data to our
systems containing butenoic acid. In a light scattering experiment the non-ergodicity
of gels has to be taken into account. This is why the theory of Pusey and van Megen?
was used by Shibayama to analyse the DLS data. The value of the apparent diffusion

coefficient D4 obtained in this way is about 2.7-107'! m?/s, which is in the same range
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as the Dg of our micro- and macrogels. Therefore, it could be shown that the results
from DLS experiments of gels (non-ergodic behaviour) are in good agreement with the
results of NSE measurements, where gels behave pseudo-ergodically on the length scale

probed by the neutrons.



6 NIPAM-co-NtBAM Copolymer

Microgels

It is well known, that thermosensitive microgels based on poly(NIPAM) undergo a re-
versible volume phase transition at a temperature of ~ 32°C. By the copolymerization of
NIPAM with other monomers, it is possible to influence this phase transition and an ad-
ditional sensitivity to pH or ionic strength can be created. Many researchers reported the
preparations of NIPAM based copolymer microgels containing comonomers with charged

d?6:3234 or methacrylic acid.?* 30 Using such hydrophilic monomers,

groups, like acrylic aci
the phase transition temperature is shifted to higher values. In contrast to this, with the
addition of hydrophobic comonomers to poly(NIPAM), the transition temperature can be
decreased. '3

In the following chapter the volume phase transition of poly(NIPAM-co-N-tert-
butylacrylamide) copolymer microgels as a function of the comonomer content is studied
in detail applying different scattering techniques (light and neutron scattering). It is ex-
pected, that due to the copolymerization of NIPAM with the more hydrophobic monomer
NtBAM the transition temperature can be shifted to lower values. Further, the swelling

curves obtained on the basis of DLS measurements are analyzed using the theoretical

model of Flory and Rehner.

6.1 Overall size and shape of the microgel particles

The microgel particles presented here consist of NIPAM with different contents of the
comonomer, N-tert-butylacrylamide (NtBAM), to create microgels with a VPTT differing
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from that of pure NIPAM. To get information about the size and the polydispersity of
the obtained particles, DLS was used. First, the intensity autocorrelation functions for
all copolymer microgels were recorded as a function of ¢ and subsequently analyzed with

CONTIN 8485

In Fig. 6.2, typical relaxation rate distributions for the microgels at a scattering angle
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Figure 6.1: Distribution of the relaxation rates as computed by a CONTIN analysis for
the different poly(NIPAM-co-NtBAM) microgels

of 45° are given; these show a narrow distribution corresponding to a low polydispersity
of the particles. The maximum of G(I") shifts towards higher values of I' with increasing
content of the comonomer NtBAM. According to Eq. 2.9, a plot of I' vs. ¢? should result
in a linear dependence (see Fig. 6.2) if the particles show only translational diffusion. The
data for all prepared samples perfectly fulfill Eq. 2.9, and all linear fits go through the
origin within the experimental precision. Hence, no non-diffusive modes contribute to the
decay of the intermediate scattering functions.

The hydrodynamic radii of the copolymer microgel particles were calculated from the
translational diffusion coefficient DT according to the Stokes-Einstein equation (Eq. 2.11).
A summary of the obtained radii is given in Table 6.1. From these data, it is clear that
under the same experimental conditions during the synthesis the particle size decrease with
increasing amount of NtBAM in the copolymer microgel. The same trend was observed

by Bae and Lyon.’"%? However, the microgel particles synthesized here by performing
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Figure 6.2: Relaxation rates of poly(NIPAM-co-NtBAM) microgels with different
comonomer content as a function of ¢? (the dotted point were not included in
the linear regression because of aggregation of the particles) The slope of the

linear fits is used to calculate DT

a surfactant-free emulsion polymerization are generally bigger than those studied in the
previous works.’1'%? As already mentioned, the microgels prepared in the present work
exhibit hydrodynamic radii at room temperature in the range from 315 nm for sample
CM-9901 to 200 nm for sample CM-8515. For a direct comparison, the DLS measurements
of the poly(NIPAM-co-NtBAM) copolymer with approximately 10 mol% NtBAM from
Bea et al. can be used. They plotted the particle diameter distribution of the copolymer
at four different temperatures to give an overview of the polydispersity and the particle
dimensions. At a temperature of 29.9°C, the graph shows a sharp peak at a diameter of
113 nm, which is significantly smaller than the microgels prepared in this work, which
exhibit a hydrodynamic diameter of about 287 nm (see Fig. 6.5, triangle curve at 29.9°C).
Hence, it is straightforward to conclude that the particle size is strongly influenced by the
interfacial tension during the synthesis.

The samples were also investigated by SEM and TEM at room temperature. These
imaging techniques provide additional information about the homogeneity of the microgel
particles in the totally collapsed state. In Fig. 6.3, some characteristic SEM and TEM

images for the four copolymer microgels are shown. The micrographs from all samples
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Table 6.1: Composition of the synthesized copolymer microgels and summary of the DLS

results
sample name | NIPAM | NtBAM | R, | VPTT
100 | (0 | ()| [C]
CM-9901 | 99 mol% | 1 mol% | 315 32
CM-9505 | 95 mol% | 5 mol% | 274 30
CM-9010 | 90 mol% | 10 mol% | 235 26
CM-8515 | 85 mol% | 15 mol% | 200 24

show apparently spherical particles with a narrow size distribution.

The previously mentioned microscopy methods show the microgel particles in the dried
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Figure 6.3: TEM and SEM pictures of PNIPAM with different comonomer content. (a)
and (b): 1 mol%; (c): 5 mol%; (d): 10 mol%; (e) and (f): 15 mol%.

and hence, almost the fully collapsed state. Cryo-TEM can be employed to image the
particles in the swollen state. A typical cryo-TEM image of sample CM-9010 is shown in
Fig. 6.4. Using an image processing and analysis software (Image J, V.1.42), it is possible
to determine the size distributions of the different copolymer microgel particles in the

swollen state. Hence, the resulting particle radius can be directly compared with the
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hydrodynamic radius of the DLS measurements. The experimentally obtained particle
size distribution can be fitted using a Gaussian radius distribution function leading to
a diameter of 240 nm. This is in very good agreement with the DLS results for the

respective sample (237 nm).

"0 460 480 500 520
particle diameter [nm]

Figure 6.4: Cryo-TEM image of poly(NIPAM-co-NtBAM) with 10 mol% comonomer and
corresponding particle size distribution (sample CM-9010).

6.2 Swelling behaviour

The extent of the temperature-induced particle swelling was characterized by DLS. Using
this technique, the hydrodynamic radius , Ry, of the copolymer microgel particles was
determined within a temperature range from T = 10°C to 44°C and plotted against the
temperature. To compare the swelling capacity for the different copolymer microgels, the
swelling ratio a according to Eq. 2.12 has also been calculated.

Figure 6.5 (a) shows the differences of the swelling behaviour for the poly(NIPAM-co-
NtBAM) microgels dispersed in water. It is well documented in the literature’ that pure
poly(NIPAM) microgels exhibit a VPTT at 32°C. To exclude an influence of the crosslinker
density on the volume phase transition,?133 the concentration of BIS was constant in all

feed solutions (5 mol% respective to total monomer concentration).
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The copolymer microgel CM-9901 shows nearly the same transition temperature as
poly(NIPAM) homopolymer microgels, but already a comonomer amount of 5 mol% shifts
the VPTT to lower temperatures, in this case to 30°C. A much higher effect is achieved
using NtBAM contents of 10 mol% (VPTT ~ 26°C) and 15 mol% (VPTT ~ 24°C). This
effect is most likely caused by the higher hydrophobicity of NtBAM compared to NIPAM.
At the phase transition temperature, pure PNIPAM microgels change abruptly from being
hydrophilic to a more hydrophobic state. This is due to the presence of the hydrophilic
amide groups and the hydrophobic isopropyl group on the side chain. With the introduc-
tion of higher amounts of NtBAM, the hydrophobicity of the polymer network increases.
Such a decrease in VPTT upon incorporation of hydrophobic comonomers was already
observed previously for tert-butylacrylate.!32

Furthermore, the swelling curves as well as the swelling ratios in Fig. 6.5(b) suggest that
the size of the microgel particles does not strongly influence the swelling behaviour. The
decrease of the swelling ratio o from a value of 0.8 to values significantly below 0.1 in
Fig. 6.5(b) reveals the high swelling capacity of these microgels. If the microgels are not
in the totally collapsed state at temperatures above the volume phase transition temper-
ature, the swelling ratio would not exhibit such a drastic decrease.

In the study of Bea et al., it is mentioned that from a NtBAM-content of 60 wt%, the vol-
ume phase transition does not occur. In connection with this, they determined the phase
behaviour of several poly(NIPAM-co-NtBAM) particles in a temperature range between
0°C and 40°C. For the copolymer with approximately 10 mol% NtBAM, they measured a
transition temperature around 32°C; in contrast to this, we determined the VPTT for a
sample with 10 mol% NtBAM (CM-9010) to be 26°C. A reason for this discrepancy could
be the definition of the transition temperature. In the literature, often the inflexion point
of the swelling curve (second derivative = 0) is described as the VPTT and is at 32°C.3¢
Bea et al. probably defined the transition temperature for pure poly(NIPAM) at the
O-temperature at 35°C. The ©-temperature is the temperature at which hydrodynamic
radius approaches to its minimum.

To compare our results with that of Lyon and co-workers, we have to take into account
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Figure 6.5: Swelling curves (a) and swelling ratio « (b) with corresponding Flory-Rehner
fits of the copolymer microgels with NtBAM content of 1 mol% (square),
5 mol% (diamond), 10 mol% (triangle) and 15 mol% (circle).

that they synthesized poly(NIPAM-co-NtBAM) microgels with 5 mol% acrylic acid. The
swelling curves of their NIPAm/TBAm/AAc copolymers at pH 3.5 are partly comparable
to our obtained data, which is shown in Fig. 6.5(a). Basically, the overall profiles of the
swelling curves and the VPTT are similar, but it is noticeable that the volume phase
transition obtained in the present contribution is broader than mentioned in literature.

For a more detailed consideration of the swelling behaviour of the copolymer microgels,
the swelling ratio «, determined by Eq. 2.12, can be fitted in terms of the Flory-Rehner
theory (FRT).®® A comparison of the different fitting parameters allows to test the suit-
ability of the FRT for uncharged copolymer microgels. In addition, we want to point out
that there is a modified FRT used by Wu et al.,'*!35 which was originally developed
by Prausnitz et al.'3® to describe the swelling behaviour for heterogeneous PNIPAM or
PAM gels in water. The modification was done by taking into account that in the feed
solution of the synthesis, two different monomer concentrations (cross-linker/monomer
and total monomer/water) influence the segments length between the junction points of
the network. This number of segments is directly incorporated in the elastic contribution
to the chemical potential. Due to the effect that in our systems three different poly-

merizable units are present and that the cross-linker/total monomer ratio as well as the
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concentration of monomer in water in the feed solution was constant for all four copoly-
mer microgels, we decided to analyse the swelling behaviour by the simple FRT.

Eq. 2.19 was used to model the temperature/a-diagrams, and the obtained fits are pre-
sented in Fig. 6.5(b). The resulting fitting parameters are summarized in the table 6.2.
The a-values for each temperature/a-diagram have been multiplied by 0.8 to take into
account, that the totally collapsed microgel particles still contain about 20 wt% water.
This value is incorporated in Eq. 2.19 by ¢ and is kept constant for all systems. A similar
1.90

approach was already used by Crassous et a

In the case of the sample CM-8515, the observed a-values could not be fitted satisfy-

Table 6.2: Results of the Flory-Rehner analysis of the swelling curves

sample name | NtBAM | &g | Nyet | X2 A © [K] | VPTT [K]
CM-9901 1mol% | 0.8 | 220 | 0.205 | -14.104 | 305 305
CM-9505 5mol% | 0.8 | 209 | 0.423 | -10.718 | 306 303
CM-9010 10mol% | 0.8 | 80 | 0.745 | -7.009 | 307 299
CM-8515 15mol% [ 0.8 | J/ / J/ 297

ingly using the FRT. For the other curves, the agreement was much better. Hence, in the
following, the data set of the copolymer microgel with 15 mol% NtBAM is not included
in the analysis. This already indicates that the validity of Eq. 2.19 for a description of
copolymer particles is limited to lower comonomer content. The additional mixing con-
tribution to the free energy is neglected. Therefore the treatment most likely fails for the
highest NtBAM content. However, for the lower comonomer contents, the rather simple
FRT still seems to work reasonably well.

The first variable fit parameter discussed here is Ny, which is the average degree of poly-
merization of the polymer chain between the crosslinks. A high N, value stands for a
weakly cross-linked polymer network, while low values reveal a high cross-linker density.
Since the total amount of monomer (NIPAM and NtBAM together) in relation to the
cross-linker amount was constant for all synthesized microgels, it is expected that the

value for Ny is nearly constant for the copolymers. These considerations nicely agree
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with the values of the copolymers with 1 mol% and 5 mol% NtBAM (N, = 220 and 200),
but for CM-9010 Ny differs significantly (Nye; = 80). A possible reason could be the ac-
tual amount of incorporated comonomer in the microgel. Assuming that the originally
used content of NtBAM is not totally copolymerized in the microgel, the monomer/BIS
ratio changes much more with increasing comonomer content. Consequently, the value
for Ny changes, namely to low values with increasing content of NtBAM.

As mentioned in literature, a change in the cross-linker density can result either in a slight
increase®!3% or in a not noticeable effect on the VPTT.25 137 However, a visible shift of
the VPTT to higher temperatures in the swelling curves (see Fig. 6.5(a)) resulting from
a change in the cross-linker density can not be reached here, because at high NtBAM
amounts the influence of the comonomer on the transition temperature dominates. An-
other explanation is of course the beginning break down of the validity of the FRT due
to already too high comonomer content.

Additionally, we tried to fit the temperature-dependent swelling ratios with a constant
value for Ny in the FRT. This leads only to a good description of a for the copolymer
microgels with 1 mol% and 5 mol% NtBAM and is a further indication for a change in
the monomer/BIS ratio.

A central fit parameter in Eq. 2.19 is the temperature dependent part of the interac-
tion parameter yo,'*® which is connected with the volume fraction of the polymer ¢ in
Eq. 2.17. As shown in Table 6.2 the value for ys changes from 0.2 to 0.7 with increasing
content of NtBAM in the copolymer microgel. This trend in x» can be explained by an
increase of the interactions between the polymer and the solvent. By incorporation of
the comonomer NtBAM, the whole microgel becomes more and more hydrophobic, and
hence, the interaction between the polymer network and the surrounding solvent becomes
increasingly unfavourable.

Another parameter which should be discussed is ©. © is the spinodal temperature
of the microgel particles, and the collapse is complete at this temperature. For pure
poly(NIPAM) microgels, the ©-temperature with a value of 35°C®! is about three degree
higher than the VPTT?0 defined via the point of inflection of the swelling curve. The
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values observed for © for the copolymer microgels CM-9901, CM-9505 and CM-9010 dif-
fer strongly with increasing content of NtBAM (see Table 6.2) and the values obtained
from the FRT fit increase with growing content of the comonomer. This is the opposite
behaviour of the VPTT which is found to decrease in all samples. At present, no expla-

nation for this observation can be given, but it might also be an artifact caused by the

limits of the FRT.

6.3 Internal structure of the NIPAM-co-NtBAM

copolymer microgels

SANS measurements are a good way to study the changes in the internal structure in
poly(NIPAM) microgels across the volume phase transition. The obtained spectra of
the four different poly(NIPAM-co-NtBAM) copolymers below and above the VPTT are
presented in fig. 6.6. Similar scattering curves for slightly different microgels were already
observed before. 625,127

The scattering profiles of the poly(NIPAM-co-NtBAM) microgels in the swollen state
(at 15.0°C) were fitted with eq. 2.26. The solid lines in fig. 6.6 show the best fits. A
satisfying representation of the experimental SANS data is obtained. From these fits
the correlation length & of the copolymer microgel network can be directly calculated,

which is considered to be related to the blob size!??

and describes the ensemble average
correlation of the polymer network. The obtained values for £ are summarized in tab. 6.3
and are between 2.6 nm and 3.7 nm for the swollen poly(NIPAM-co-NtBAM) microgels.
A dependence of the network correlation length on the increasing comonomer content
of the poly(NIPAM-co-NtBAM) microgels could not be observed. Similar values for the
correlation length were found for pure PNIPAM microgel particles with varying cross-
linker content (1.47 to 7.33% BIS).?* At a temperature of 15.9 °C values of 2.3 to 3.6 nm
for ¢ were obtained for the homopolymer microgels. The correlation lengths obtained

for PNIPAM macrogels by Shibayama et al.” are in the same range as our data for the

copolymer microgels. The SANS experiments at a temperature of 23 °C showed £ values
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Figure 6.6: SANS profiles of the poly(NIPAM-co-NtBAM) microgels with different
comonomer content at 15.0°C and 39.2°C; (a) CM-9901, (b) CM-9505, (c)
CM-9010, (d) CM-8515.

for the macrogel form 0.78 to about 4 nm.

As shown in fig. 6.6 the scattering behaviour of the copolymer microgels above the

Table 6.3: Network correlation length £ of the four investigated copolymer microgels at a

temperature of 15°C

sample name | comonomer content | I(q) [em™!] | € [nm)]

CM-9901 1 mol% 0.2 2.6
CM-9505 5 mol% 0.3 3.1
CM-9010 10 mol% 0.7 3.7

CM-8515 15 mol% 0.2 2.6
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VPTT (squares) differs strongly from that at lower temperatures (circles). As mentioned
before, the particles are totally collapsed at these temperatures, and the intermediate
g-region can normally be described by eq. 2.27. The scattering profile of poly (NIPAM-co-
NtBAM) with 5 mol% comonomer at a temperature of 39.2°C and the corresponding fit
with 7(q) oc ¢~* are shown in fig. 6.7 (fit: blue curve). Looking at the graphs, it becomes
clear that the decrease of the scattering intensity /(q) could not be successfully described
by a simple ¢~* decay. Here, we observed a g-dependence that differs slightly from the
ideal Porod behaviour. A linear fit of log I(q) vs. log ¢ with SASfit'3? results in o < —4.4
for the scattering intensity I(q) oc ¢ (see fig. 6.7, triangle curve).

This is in agreement with previous results for pure poly(NIPAM) microgels with different
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Figure 6.7: SANS profile of poly(NIPAM-co-NtBAM) with 5 mol% comonomer and the
obtained fits by a ideal and a modified Porod behaviour.

cross-linker densities?® and also similar to findings by Barbero et al.®® The deviation from
the ¢~* dependence in the Porod region results from a certain surface roughness of the
microgel particles and the more complex theoretical model by Wong!® can be applied to
fit the SANS data. In this model, Wong assumes that a two-component inhomogeneous
system (here in this context the microgel particles in the totally collapsed state as the
one component and the solvent water as the second) consists of areas with rough walls
instead of smooth. For this three-dimensional system, the scattering intensity in the

Porod region is modified by an additional term (see eq. 6.1), including x as the parameter
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which characterizes the roughness.

a b
_4.

I(gq) o = (6.1)

If the roughness of the scattering interface is unimportant up to the length scale of 1/¢
the first term of eq. 6.1 can be omitted and I(q) oc ¢~4.1%

Hence, also in the following, the SANS profiles of the poly(NIPAM-co-NtBAM) microgels
at temperatures above the VPTT were fitted using eq. 6.1. From these fits, we obtained
a value for x which is 1.4 for all SANS profiles.

The surface roughness of the particles is independent from the comonomer content in
the microgels. One possible reason for a more or less rough interface between the totally
collapsed microgel particles and the surrounding solvent might be flexible terminal

polymer chains at the particle surface. These chains additionally stabilize the colloidal

microgel solutions unter good solvent conditions.






7 Microgels and magnetic particles

Screening the literature, several works treating the incorporation of iron oxide based
magnetic nanoparticles can be found.*6:'9142 However, less is known about cobalt or
nickel containing smart microgels. In order to obtain core-shell hybrid microgels, different
approaches have been employed in the present work. At first cobalt nanoparticles have
been coated with silica (see section 7.1) and then modified to build up the microgel shell.
Furthermore Ni nanoparticles have been synthesized and coated with silica or polystyrene
(see section 7.2). In addition, in a different approach nickel particles have also been

synthesized directly inside a microgel network.

7.1 Co-Nanoparticles

The magnetic Co@SiO, nanoparticles were prepared by a two step synthesis. The re-
placement of air by Ny gas during the first step of the preparation prevented oxidation of
the cobalt core in aqueous solution. Directly afterwards, APTMS and TEOS was added
to grow a silica shell on the cobalt seed particles via the well known Stober synthesis.
In this case, the silica shell offers two important functions. On the one hand it prevents
the magnetic particles from aggregation and on the other hand it protects the oxidation
sensitive cobalt core. By changing the ratio between citric acid and Co?* we observed
similar results as Kobayashi et al.''® and Salgueirifio-Maceira et al.!4> The obtained par-
ticles with different molar ratios of citrate/Co®" (from 0.005 to 0.5) are characterized by
TEM and the pictures are shown in figure 7.1. The cobalt core shows a good contrast in
the TEM images due a high electron density of cobalt. Hence a clear boundary between

the core and the SiOs shell is visible.
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In the case of the particles with a thin SiOy shell and a large Co core ([citric
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Figure 7.1: TEM images of Co@SiO, nanoparticles with varying molar ratio of
[citrate] /[Co*T]: (a) 0.005, (b) 0.01, (c) 0.05, (d) 0.1, (e) 0.5 and averaged

core and particle diameter

acid]/[Co*"] = 0.005) (see figure 7.1(a)) it was unfortunately not possible to produce
well separated particles.'*3 Most times worm-like structures are formed. This indicates
that the Co particles aggregate during the first step of the synthesis due to magnetic
interactions and the silica shell is then created around the worms. Without the addition
of APTMS during the shell synthesis as a connecting agent between the metallic core and
the growing SiO,, well separated particles could be obtained, but with a non uniform
SiOq shell (see figure 7.2).

Using higher molar ratios of citric acid/Co®" a wide variety of experiments was done to
study the influence of the two components. It should be noted, that core-shell particles
with a nearly monodisperse size distribution independent of the citrate/Co?" ratio could
be obtained. With an increase of the molar ratio, the particle diameter and also the
core diameter decrease. Only at ratio of citric acid/Co*" = 0.5 the diameter of the silica
shell increases strongly, while the size of the core stayed constant (see figure 7.1 (e)). A

possible reason for this might be the used amount of TEOS during the synthesis. It is,
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200 nm
—

Figure 7.2: Comparison of Co@SiO, nanoparticles synthesized without (left) and with
APTMS (right)

however, necessary that during all syntheses only the citric acid/Co?" ratio is changed
and the APTMS/TEOS ratio is held constant. Nevertheless, a slightly higher amount of
TEOS would strongly affect the thickness of the SiOs layer. In this context it should be
also mentioned that by a secondary addition of ammonia and TEOS a further growth of
the SiOy shell can be achieved.

The Co@SiOs, particles shown in figure 7.3 have been functionalized with 3-
(Trimethoxysilyl)propyl methacrylate (MPS) and were used as core material for the poly-
merization of crosslinked NIPAM. These images reveal that the magnetic particles show
the same structure as the original particles after the modification with MPS. An attempt
to identify the presence of the MPS layer by IR spectroscopy or elemental analysis failed
due to resolution limits of these techniques and the very low amount of MPS on the
Co@Si0, surface.

To build core-shell particles the polymerization of NIPAM and BIS on the surface of the
MPS-modified magnetic particles was done analogously to a microgel synthesis in water
and at a temperature of 70°C. Afterwards, TEM images (also cryo-TEM) were used to
study the incorporation of the Co@SiO, particles into the microgel. Figure 7.4 (a) is a
snapshot of the sample of polymer modified magnetic particles and reveals the presence
of different kinds of species: original Co@SiO, particles, hollow spheres and particles with

a non-uniform surface. In addition, it has to be mentioned, that the main part of the
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(a) 200mm. (D)

Figure 7.3: TEM images of Co@SiO, nanoparticles with a citrate/Co** ratio of 0.1 before
(a) and after the coating with MPS (b)

sample shows Co@SiO, particles without any poly(NIPAM) shell. Moreover, apparently
the original Co@SiO, particles have a larger diameter compared to those having a non-
uniform shell. This would be only possible if the SiO, layer is partially reduced during
the polymerization of NIPAM.

In order to answer the question whether the non-uniform shell in the TEM image consists
of a collapsed poly(NIPAM) shell or not, cryo-TEM measurements have been made. But
within this experiment it was unfortunately not possible to determine a microgel shell
in the swollen state and generally the presence of poly(NIPAM) around the Co@SiO,
particles. Beside this, the cryo-TEM image (figure 7.4 (b)) also prove the formation of
hollow particles and some additional crystalline structures. Similar structures have been
investigated by Zhang et. al.!** They synthesized cobalt flowerlike architectures using hy-
drothermal reduction of cobalt chloride hexahydrate. An important intermediate in this
synthesis is Co(OH),, which subsequently controls the transformation of cobalt nanoplates
into flowers. Therefore, it could be that at a reaction temperature of 70°C during the
polymerization of NIPAM the cobalt core is washed out. Due to the aqueous reaction
medium and residual oxygen in the water, the cobalt could be oxidized and rearranges as
Co(OH)3 in the form of flowers. That would mean, however, that the SiO5 layer around
the core is too porous to form a suitable protection shell for the cobalt against oxidation.

Further repetitions of the NIPAM-coating with other Co@SiO, particles as core mate-
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(c) . 500 nm

Figure 7.4: Co@SiO, particles after the synthesis of the poly(NIPAM) shell; the images
show no formation of core-shell particles, but new flower-like structures are

created

rial showed similar results (figure 7.4(c) and (d)), but no formation of core-shell particles
as mentioned in literature with iron oxide@poly(NIPAM),'*5 Au@poly(NIPAM)*? or sil-
ica@poly(NIPAM).%8

To prove the formation of Co(OH), flowerlike structures by oxidation of the metallic
cobalt from the core, wide angle x-ray scattering measurement (WAXS) of the nanopar-
ticle solution have to be done. Unfortunately, it was not possible to do such experiments
at our institute during the time of this work. Therefore, we will address this problem in

the future.
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7.2 Ni-Nanoparticles

In order to prepare hybrid microgels with a magnetic component, an attempt was made
to use nickel as the magnetic material instead of cobalt. For the synthesis of the initial
nickel nanoparticles, a well working method of Grzelczak et al.'*® was used. Afterwards
different approaches have been employed to prevent the particles from oxidation and to

incorporate them into microgels.

7.2.1 Magnetic nickel nanoparticle

As already mentioned in section 3.2.4.1, the synthesis starts with the preparation of plat-
inum seeds. After the synthesis of the platinum seeds, different molar ratios of the seed
particles were mixed with a nickel/hydrazine solution. An immediate change in colour of
these six different solutions indicates the formation of the nickel nanoparticles, grown on
the platinum seeds. A photograph of the solutions is shown in figure 7.5. The varying
coloration of the solutions from brown (molar ratio of ~ 10) to grey (molar ratio of ~
100) suggests that Ni particles of different sizes have been formed. This fact was con-
firmed by transmission electron microscopy (TEM) and the results are similar to those of
Grzelczak et al.t46

Using this Pt seed particle based technique, it was possible to synthesize relatively
uniform nickel nanoparticles with different sizes. The average particle diameter of the
Pt@Ni nanoparticles obtained with different molar ratios of Ni?*/Pt® was determined
by analysing the TEM images with an image processing and analysis software (Image J,
V.1.42). As a result, the average particle diameter was found to vary from ~ 20 nm
(Ni?*/Pt? ~ 10) to ~ 41 nm (Ni**/Pt° ~ 100). Due to their ferromagnetic behaviour the
particles are not well separated in the TEM images and arrange in groups or form chains
(see figure 7.6).

Beside this, a long-time experiment of nearly a year showed that the Pt@QNi nanoparti-
cles stabilized with hexadecyltrimethylammonium bromide (CTAB) in solution undergo
an aging process. Comparing the TEM images of freshly synthesized particles with older

ones, it is clear that the morphology of the nanoparticles changes (see figure 7.7). A pos-
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Figure 7.5: Nickel nanoparticles in solution with different particle diameters from 20 nm

(left) to 41 nm (right)
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Figure 7.6: TEM images of Pt@QNi nanoparticles prepared using different ratios of plat-
inum seeds to nickel solution (Ni**/Pt? ~ 10, 12, 20, 40, 80, 100)

sible reason could be oxidation of the metallic nickel to nickel oxides (NiO,) and nickel
hydroxide (Ni(OH),).

Because of the strong binding of CTAB on the nanoparticle surface™ and the loss of
colloidal stability after removing the surfactant, it was tried to synthesize the Pt@Ni par-
ticles using a different stabilizing agent. As described in literature, the formation of Pt
nanoparticles in presence of polyvinyl pyrrolidone (PVP) is possible.'*” After reduction
of hexachloroplatinic acid hexahydrate (HoPtClg- H,O) in a PVP solution, the solution
went gray, what indicates the formation of Pt nanoparticles. By further addition of a

nickel /hydrazine solution, no significant change in colour could be observed. An anal-
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50 nm '

Figure 7.7: Aging process of the Pt@Ni nanoparticles; left: freshly made particles; right:

particles after one year of storage

ysis of TEM images before and after the reduction of nickel showed that polydisperse
Pt nanoparticles have been formed, but no growth of nickel on these seeds was achieved

1.,'46 which consider the

(figure 7.8). These results confirm the results of Grzelczak et a
presence of CTAB molecules for the deposition of nickel on the Pt seed particles a neces-

sary pre-requisite.

GG i

I‘zoo nm . ‘ (a) 50 nm (b)

Figure 7.8: TEM images of Pt nanoparticles synthesized with PVP as surfactant (a) and
Ni growth on Pt seed particles (b)
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7.2.2 Coating techniques of Pt@Ni nanoparticles

To build up core-shell hybrid microgels, it is necessary to modify the precursor Pt@QNi
nanoparticles with an additional shell, because a direct synthesis of poly(NIPAM) on
Pt@Ni is not possible. This shell should not only protect the magnetic particles from
aggregation and further oxidation, but should mainly allow a grafting-from polymerization
of NIPAM around them. In this context, two different approaches were used. First, an
attempt was made to surround the Pt@QNi particles with a silica layer and the second

way to synthesize the shell is based on a coating technique with crosslinked polystyrene

(PS).22

7.2.2.1 Silica-coating

Since the above mentioned Pt@Ni particles have a high (-potential (+53 mV), a direct
coating with silica using the well known Stober method is not possible, because the trans-

fer of the particles into ethanol would be not successful.™

Reducing the surface potential
of the magnetic particles by exchange of CTAB with another adequate component would
allow the transfer to ethanol and subsequently the controlled hydrolysis of TEOS to form
a silica shell. For a stabilization of nanoparticles and a further coating with silica the
amphiphilic, nonionic polymer PVP was already successfully used.'*® To replace CTAB
from the Pt@Ni surface with poly(vinylpyrrolidone) (PVP) a layer-by-layer technique was

1.7 1In this process differently charged polyelectrolyte

invented by Pastoriza-Santos et a
layers (poly(styrene sulphonate) (PSS), poly(allylamine hydrochloride) (PAH) and PVP)
are stepwise precipitated on the nanoparticle surface (see figure 7.9). After removing an
excess of surfactant, the particles can be transferred to an alcohol/water mixture and
subsequently coated with silica.

Figure 7.10 shows as a result an uncontrolled deposition of silica around the
Pt@QNiQ@QPSS@QPAHQ@QPVP nanoparticles obtained by this layer-by-layer technique. Big
aggregates of pure silica are formed and only partially nanoparticles are incorporated in

a silica shell. In the enlarged section of the TEM image (right picture) the magnetic par-

ticles are easily identified, but always several particles are arranged in groups and coated
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Figure 7.9: Scheme of the different preparation steps of the silica coating of Pt@Ni

nanoparticles using a layer-by-layer technique

by a continuous silica layer. This might be related to the strong magnetic moment of the
Pt@Ni, which favours the formation of nanoparticle groups. A controlled condensation
of TEOS around separated particles as described in literature could not be achieved.™
Also the deposition of a silica shells with a well defined thickness was unfortunately not
possible within these experiments. Also by several experiments, no comparable or better
result as described above could be obtained. This fact clearly shows, how sensitive this
layer-by-layer technique is. In addition to the initially selected concentration of Pt@Ni
particles, the reaction conditions of each individual polyelectrolyte coating step influence

the complete following coating process. This includes:

* duration and frequency of the ultrasonic treatment of the polyelectrolytes and the
magnetic nanoparticles
* addition rate of the polyelectrolyte solutions

* removing the excess of surfactant by centrifugation
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Figure 7.10: Magnetic nickel nanoparticles coated with silica using a layer-by-layer tech-

nique with oppositely charged polyelectrolytes

* transfer to the alcohol/water mixture; is the remaining surface charge too positive,

aggregation occurs

* amount of TEOS to obtain well separated particles

7.2.2.2 PS-coating

The modification of Pt@QNi nanoparticles with styrene was carried out in two separate
experiments differing in the amount of used styrene and divinyl benzene (DVB) using
a method investigated by Contreras-Céaceres et al. for the coating of CTAB stabilized
gold nanoparticles.*? Figure 7.11(a) and (b) show the TEM images of the Pt@Ni
particles before and after the coating with a low amount of crosslinked polystyrene. The
formation of a PS-shell around the particles can not be clearly verified by TEM. The
shape of the modified particles shows a slightly less squared structure than the precursor
nanoparticles, which could be an indication for the formation of a PS-shell. However,
within the accuracy of the TEM it was not possible to determine an increase of the
particle diameter. For this reason the coating procedure was repeated with a ten times
higher amount of PS and DVB. Again, a comparison of the TEM images before and after
the modification did not indicate the formation of a PS layer (see figure 7.11(c)). Beside
this, a non-negligible amount of free PS latices was produced.

Assuming that in the first experiment a thin shell of PS/DVB has been formed around
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() (c)

Figure 7.11: Coating of Pt@Ni nanoparticles with crosslinked polystyrene; (a) pure Pt@Ni
nanoparticles, (b) Pt@Ni coated with a low amount of PS/DVB, (¢) magnetic
particles coated with a high amount PS/DVB

the Pt@Ni core, it has been tried to create a shell of crosslinked NIPAM around these
magnetic precursor particles.*? After the polymerization of NIPAM/BIS a white reaction
mixture was obtained. Attaching a magnet to the outside of the reaction vessel results
in a slightly gray precipitate at the glass, while the remaining microgel solution stayed
white. This fact suggests that a high amount of free poly(NIPAM) microgel particles
without a Pt@QNi core was build. To investigate a possible formation of magnetic
core-shell particles TEM was used. Figure 7.12(a) shows an image of the magnetic
precipitate, which was separated by a magnet from the residual microgel solution. Due
to the high scattering contrast of the nickel, the microgel particles are hardly identified,
but the TEM image clearly shows that the magnetic particles have not been incorporated
into the microgel. A micrograph of the residual poly(NIPAM) solution (figure 7.12(b))
also proves the formation of Pt@Ni-free microgel particles. This might be traced back
to the strong magnetic moment of the nanoparticles, which favours the formation of

aggregates, but also indicates an incomplete or even not existing modification of the

Pt@Ni surface with crosslinked PS.
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Figure 7.12: Modification of Pt@QNiQPS/DVB particles with a shell based on
poly(NIPAM); the images show no incorporation of the magnetic particles

into the microgel

7.2.3 Direct synthesis of Ni-nanoparticles in microgels

To synthesize the platinum seed particles directly in a microgel network, a weakly
positively charged microgel is necessary due to the negatively charged PtCl;? ions.
For the later coating of the Pt seeds with nickel, the surfactant CTAB is essential.
Hence, a poly(NIPAM) microgel using an emulsion polymerization with CTAB and
V50 as initiator (also positively charged) was prepared. In the next step, the Pt salt
was dissolved in the microgel solution and reduced with NaBHy. After ten minutes
reaction time, the solution turns slightly grey, which could indicate the formation of Pt
nanoparticles. To confirm the formation of the Pt seeds in the microgel network, TEM
images were taken. The results are shown in figure 7.13.
Due to the high scattering contrast of the Pt nanoparticles in TEM, the poly(NIPAM)
particles are difficult to identify. So at a low magnification (7.13(a)) the colloidal particles
of the microgel can be identified as spherical dark gray shadows in the background and
the nanoparticles are hard to see, because of their size. The TEM image with a higher
magnification (7.13(b)) shows that the Pt particles have not been incorporated into the
microgels and big groups of free nanoparticles are found.

To test how far it is possible to coat the Pt cores with nickel in the presence of CTAB

stabilized microgel particles, a nickel salt solution was added and reduced with hydrazine.
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Figure 7.13: Synthesis of Pt seed particles in presence of a weakly positively charged

microgel

The TEM images demonstrate that this way to synthesize Pt@Ni magnetic particles was

not successful.



8 Summary and future perspectives

Crosslinker gradient macrogels and deswelling kinetics

After the development of a well-suited technique to prepare macroscopic gels with a
crosslinker gradient, the swelling behaviour of the gels was studied by means of image
analysis and the swelling ratio a could be determined for different zones of the gel. Kinetic
measurements showed that the areas with a low and medium crosslinker content, as well
as the length of the gel, exhibit strong and rather fast changes of the volume. The highly
crosslinked areas undergo only limited swelling. Within the accessible measurement time,
the swelling curves decayed finally to a constant value and it was possible to fit the

124 in order to

decrease in the swelling ratio with functions proposed by Li and Tanaka
obtain the relaxation time of the shrinking process. The obtained values for 7 from the
zones with a low and a medium BIS content, as well as from the length, were in a range of
some hundreds seconds. The following calculation of the collective diffusion constant D,
is based on assumptions from the literature'®* and yields values of Dy ~ 2.92 -10™* cm?/s
for the area with a low BIS content and Dy ~ 2.02 -10™* ¢cm? /s for the area with a medium
BIS content. However, these values differ strongly from Tanaka’s results and thus further

detailed studies are necessary to explain these considerable difference for the collective

diffusion constant.

Internal dynamics of macro- and microgels

The internal network motion in a macrogel and a homologous microgel based on
poly(NIPAM-co-BAc) are compared by neutron spin-echo experiments. The microgel

was synthesized by a surfactant supported emulsion polymerization. Hence, the network
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is created nearly under bulk conditions. The preparation of the macrogel was made
under good solvent conditions. Due to this, it was expected to have a significantly higher
network inhomogeneity in the microgel compared to the macrogel, which was supposed
to cause strong differences in the local network motion.

However, the found differences in the network dynamics between micro- and macrogels
were only in the range of 10-20%. This was surprisingly low, indicating that the
morphology and the coupling of the chain motion does not differ too much between
homologous micro- and macrogels. The absolute values of the diffusion coefficient for
both poly(NIPAM-co-BAc) systems are in the same range compared to previous works
on similarly crosslinked gels. Changes of the pH seem to have a stronger influence on the
copolymer microgel. For the macrogel no significant change in the local network motion
was found upon a decrease of pH.

In the future we wish to extend these experiments to different crosslinker concentrations
in poly(NIPAM) homopolymer as well as in copolymer systems. Furthermore, the
temperature dependence of the internal dynamics during the phase transition will be
studied for responsive micro- and homologous macrogels. Another interesting point for
future work will be the comparison of DLS results with NSE experiments. In DLS the
non-ergodicity has to be taken into account, whereas in NSE up to a certain point the

systems behave ergodically on a local scale.

Poly(NIPAM-co-NtBAM) copolymer microgels

In this part of the thesis, copolymer microgels based on the thermoresponsive
poly(NIPAM) in combination with the comonomer NtBAM were prepared. The colloidal
particles obtained by the use of a surfactant-free emulsion polymerization exhibit a
narrow particle size distribution and a swelling behaviour depending on the comonomer
content. For all poly(NIPAM-co-NtBAM) microgels the volume phase transition temper-
ature is lower compared to that of pure poly(NIPAM) (VPTT ~ 32°C) and the particle

size decreases with increasing N-tert-butylacrylamide content.
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Furthermore, the swelling behaviour of the particles with a comonomer content of up
to 10 mol% could be described using the Flory-Rehner theory. However, some of the
obtained parameters show a comonomer dependence, which is difficult to rationalise.
For the highest NtBAM content the model fails. However, for low contents (up to
10 mol%) of an uncharged comonomer the theory is still applicable and gives a satisfying
description of the swelling behaviour.

The local structure of the colloidal microgel particles was investigated by small angle
neutron scattering. The network correlation length £ is found to be approximately 3 nm
for all synthesized copolymer systems. This suggests that the NtBAM comonomer has
no significant influence on the network morphology, since this value is similar as the
values found for homopolymer microgels.

A first approximation of the scattering intensity I(q) of the totally collapsed particles
(T > VPTT) by an ideal Porod low (I(q) oc ¢=*) does not lead to a satisfying repre-
sentation of the SANS profiles. Taking into account, that the poly(NIPAM-co-NtBAM)
microgels exhibit dangling polymer chains at the microgel /water interface, the scattering
of the surface roughness has to be added to the ideal Porod behaviour. Finally, this
modification of the Porod law leads to a good description of the scattering profiles of the
investigated copolymer systems and hence, it seems that the microgel particles exhibit a
slightly higher roughness compared to previously studied pure poly(NIPAM) particles.
This chapter of the work has shown that the phase transition behaviour of poly(NIPAM)
can easily modified by copolymerization of NIPAM with different comonomers. The
approach to describe the phase transition of the uncharged poly(NIPAM-co-NtBAM)
systems using the Flory-Rehner theory resulted in a satisfying description only for low
comonomer contents (up to 10 mol%). Hence, the Flory-Rehner approach should be
modified to include the case of uncharged comonomers properly. Furthermore, the distri-
bution of the comonomer NtBAM inside the microgel network is still unknown and would
be of great interest. Here, contrast variation neutron scattering allows to study whether
the monomers in the copolymer are randomly distributed or if the polymerization of

one component is favoured and consequently a gradient copolymer is formed. Generally,
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this technique is based on the fact that one monomer of the system is deuterated and
with certain solvent mixtures of HoO/DyO the scattering from one component will be
equal to that of the solvent. Thus, the so-called "matched” component in solution is

invisible for the neutrons and the distribution of the second component can be determined.

Magnetic microgel hybrid systems

In order to prepare hybrid microgel particles with a magnetic component, an approach
was made to combine cobalt or nickel nanoparticles with NIPAM based microgels. In
the case of cobalt, it was possible to prepare well-defined Co nanoparticles covered
with a silica shell using a simple two-step synthesis. Both, the size of the core, as
well as the silica shell thickness can be controlled by the synthetic procedure. For
the poly(NIPAM) shell synthesis, the surface of the particles has been functionalized
by 3-(Trimethoxysilyl)propyl methacrylate (MPS) and subsequently, the synthesis of
the crosslinked poly(NIPAM) shell around the Co@SiO, particles was done using a
simple emulsion polymerization. TEM images and also cryo-TEM images unfortunately
showed that the formation of Co@SiO,@poly(NIPAM) was not successful. Beside this,
the formation of hollow particles and some additional flowerlike structures was shown.
Therefore, it is assumed that the SiO, layer around the cobalt core is too porous to form
a suitable protection shell against oxidation and consequently during the polymerization
reaction at 70°C the cobalt is washed out.

To prove this assumption, further investigations on the hollow particles and the flowerlike
structures are necessary. Here, the problem arises that it is not possible to separate
the different obtained structures (original Co@SiO,, hollow particles and flowerlike
structures). Therefore, they can not be characterized independently. Using for example
wide-angle X-ray scattering for solutions, this could provide an indication if the flowerlike
particles exhibit a crystalline structure and if this consists of cobalt hydroxide.
Furthermore, to protect the cobalt core against oxidation during the synthesis of the

microgel shell, an approach could be made to create an additional shell around the
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Co@SiOy particles, which is impermeable for oxygen. Here, for example, a thin shell of
polystyrene could be used, since the protection of nanoparticles with crosslinked styrene

has already been reported in the literature.*?

In the case of hybrid materials based on nickel nanoparticles and poly(NIPAM) as
thermosensitive microgel, different approaches have been pursued. First of all, the
preparation of CTAB stabilized nickel nanoparticles with different sizes analogous to a

146 was successful and the obtained particles could be well

synthesis of Grzelczak et al.
characterized with TEM. It was shown that the particles stored in CTAB solution undergo
an aging process due to oxidation and consequently, the morphology of the nanoparticles
changes. To prevent the sensitive magnetic nickel nanoparticles from oxidation and to
modify them for the polymerization of NIPAM, different coating techniques have been
applied. We first tried to construct Ni@SiO, particles using a layer-by-layer technique
with various polyelectrolytes (PSS, PAH and PVP). Here, the surfactant CTAB is
replaced by oppositely charged polyelectrolytes and with this surface modification, the
nickel particles are prepared for a controlled condensation of TEOS around particles.
Unfortunately, this coating procedure leads to an uncontrolled deposition of silica around
the PtQNi@QPSSQPAH@PVP nanoparticles and big aggregates of pure silica are formed.
Furthermore, several experiments demonstrated the sensitivity of the LbL technique with
respect to reaction conditions and therefore, it was not possible to obtain well-separated
Ni@SiOq core-shell particles during the time of this work. Moreover, an attempt was
made to cover the nickel nanoparticles surface with polystyrene and to synthesize a
poly(NIPAM) shell around these modified particles. However, with this method only
nickel-free microgel particles and aggregates of pure nickel particles could be obtained.

Nevertheless, in order to prepare magnetic nickel hybrid microgels, we tried to synthesize
the particles directly inside the microgel network. Therefore, poly(NIPAM) particles with
CTAB as surfactant have been synthesized, followed by the reduction of PtCl;? inside
the microgel network to create the seed particles for the subsequently formation of the

nickel particles. The TEM images unfortunately showed that the Pt particles have not
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been incorporated into the microgel and aggregates of free Pt nanoparticles are found.

One possible approach for a successful synthesis of Pt@QNi in poly(NIPAM) would be to
use a nearly surfactant free microgel. Therefore, the CTAB has to be removed from the
microgel by ultrafiltration. The formation of the platinum seed particles outside of the
microgel could than be prevented, since only the positive charges in the gel network can
interact with the PtCl;? ions. However, it is questionable whether a nickel growth on

the Pt seed particles is possible without any CTAB stabilization.
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Abbreviations

Q swelling ratio

n viscosity

A wavelength

v molar volume of solvent

19 correlation length

T Fourier time

[0) polymer volume fraction

X polymer-solvent interaction parameter
r relaxation rate

© theta temperature

II osmotic pressure

AAc acrylic acid

AFM atomic force microscopy

AIBA 2,2’-azobis(2-methylbutyronitrile)
APS ammonium peroxodisulfate

APTMS (3-aminopropyl)trimethoxysilane

BAc butenoic acid

BIS N,N’-methylenebisacrylamide

CTAB hexadecyltrimethylammonium bromide
DLS dynamic light scattering

Dy translational diffusion coefficient

DVB divinylbenzene

e.g. exempli gratia

et al. et altera

FRM II Forschungs-Neutronenquelle Heinz Maier-Leibnitz
FRT Flory-Rehner theory

ICF intensity correlation function



ILL Institute Laue-Langevin

JCNS Jlich centre for neutron science

kg Boltzmann constant

KPS potassium peroxodisulfate

LbL layer-by-layer

LCST lower critical solution temperature
M molar

MPS 3-(Trimethoxysilyl)propyl methacrylate
M molecular weight

n refractive index

Ny Avogadros number,

Nger average degree of polymerization between junction points,
NIPAM N-isopropylacrylamide

NSE Neutron spin echo

NtBAM N-tert-butylacrylamide

0% Ornstein-Zernike

P(q) particle form factor

PAH poly(allylamine hydrochloride)
poly(NIPAM) poly(N-isopropylacrylamide)

PS polystyrene

PSS poly(styrene sulphonate)

PVP poly(vinylpyrrolidone)

q scattering vector

R, radius of gyration

Ry hydrodynamic radius

RT room temperature

S(q) interparticle structure factor
SANS small angle neutron scattering

SDS sodium dodecyl sulfate



SEM
SERS
SLS
TEM
TEOS
TMEDA

VPT
VPTT

scanning electron microscopy

Surface enhanced Raman spectroscopy
static light scattering

transmission electron microscopy
tetraethyl orthosilicate

N,N,N’ N’-Tetramethylethylenediamine
particle volume

volume phase transition

volume phase transition temperature
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