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Abstract

Stimuli-responsive microgels are a unique class of polymer structures which can undergo
a fast response to an external trigger such as light, temperature or pH. It provides a
wide potential application spectrum in optical devices, smart surface coatings, emulsion
stabilisation etc. The most prominent example of these microgels are poly(N — isopropy-
lacrylamide) (PNIPAM) microgels.

During the last decades PNIPAM-based microgels were widely studied and serve nowa-
days as model systems for the investigation of the basic properties of microgels and the
principles of supported transport of active substances, e.g. drug delivery. The respon-
sive behaviour of the microgels is governed by the polymer network structure, i.e. the
crosslinking of the polymer chains has a considerable influence on the physico-chemical
and mechanical properties of the microgels. Especially the amount and the crosslinker
distribution within a single microgel have a high relevance for the application as well as
for the understanding of the microgel nature.

This thesis focuses on a detailed analysis of microgels in solution and at interfaces with
scattering experiments. Neutron and X-ray scattering provide a unique insight into the
structure and dynamics of microgels, especially at the interface with grazing incidence small
angle neutron scattering and neutron spin-echo spectroscopy (GISANS and GINSES).
New insights into the inner structure and dynamics have been gained with improved
experimental conditions and data analysis.

This thesis is divided into the two main parts. In order to characterise the internal
structure and dynamics of the PNIPAM microgels with respect to the crosslinker (N,N’ —
methylenebis(acrylamide), BIS) distribution, sophisticated analysis of the internal microgel
(domain-like) structure and studies of its influence on the polymer dynamics in nanometer
and nanosecond scales are presented in the first part of the thesis. In the context of smart
polymer coatings, the influence of the confinement to the solid surface on the internal
architecture and the thermoresponsiveness of the adsorbed PNIPAM microgels is investi-
gated. It is shown that in contrast to the atomic force microscopy, the inhomogeneities of
the polymer network of the adsorbed soft microgels can be achieved with surface sensitive
neutron reflectometry and GISANS.

The second part of the thesis aims at the peculiarities of the scattering experiments
of thin polymer layers under grazing incidence conditions. Simulation of the scattering
signal within the Distorted Wave Born Approximation is presented in order to improve
the analysis of the GINSES data and to simplify the initial planing and performance of
the grazing incidence experiments.

The main impacts of this thesis are (i) an extended description of the complex internal
structure, dynamics and the thermoresponsiveness of the PNIPAM microgel before and after

adsorption onto a solid surface and (ii) demonstration the advantages of the investigation



of the polymer systems at grazing incidence conditions in combination with numerical

simulations.



Zusammenfassung

Stimuli-responsive Mikrogele gehoéren zu der einzigartigen Klasse von Polymerstrukturen,
die schnell auf externe Ausloser wie Licht, Temperatur oder pH-Wert reagieren. Es
bietet breite potenzielle Anwendungsméglichkeiten fiir optische Geréte, intelligente Ober-
flachenbeschichtungen mit schaltbaren optischen Eigenschaften, Emulsionsstabilisierung etc.
Der bekannteste Vertreter dieser Mikrogele sind Poly(N-isopropylacrylamid)(PNIPAM)-
basierte Mikrogele.

In den letzten Jahrzehnten wurden PNIPAM-Mikrogele umfassend untersucht und dienen
heute als Modellsysteme zur Untersuchung der Mikrogeleigenschaften und beispielsweise
der Prinzipien des unterstiitzten Transports von Wirkstoffen, z.B. der Wirkstoffabgabe.
Das responsive Verhalten der Mikrogelen ist durch die Polymernetzstruktur bestimmt,
d.h. die Vernetzung der Polymerketten hat einen erheblichen Einfluss auf die physikalisch-
chemischen und mechanischen Eigenschaften der Mikrogele. Insbesondere die Menge und
die Vernetzerverteilung innerhalb eines einzelnen Mikrogels haben eine hohe Relevanz fiir
die Anwendung sowie fiir das Verstandnis der Eigenschaften des Mikrogels.

Neutronen- und Roéntgenstreuung bieten hierbei Einblicke in die Struktur und Dynamik
von Mikrogelen. Insbesondere an Grenzflachen sind es die Kleinwinkel-Neutronenstreuung
und Neutronen Spin-Echo Spektroskopie unter streifendem Einfall (GISANS und GINSES).
In dieser Arbeit sind Mikrogele in Losung und an Grenzflichen mit Streuexperimenten
detailliert untersucht und durch verbesserte experimentelle Bedingungen und Datenanalyse
neue Einblicke in die interne Struktur und Dynamik gewonnen worden.

Diese Dissertationsarbeit ist in zwei wichtige Teilen aufgeteilt. Um die interne Struktur
und Dynamik der PNIPAM-Mikrogele in Bezug auf die Verteilung des Quervernetzer (N, N’-
Methylenebisacrylamide, BIS) zu charakterisieren, wurde im ersten Teil dieser Arbeit eine
Analyse der internen Inhomogenitat des Mikrogels und Untersuchungen ihres Einflusses auf
die Polymerdynamik im Nanometer- und Nanosekundenbereich durchgefithrt. Fir zweidi-
mensionale Polymer-Beschichtungen wird der Einfluss der harten Grenzflache auf die innere
Struktur und die Thermoresponsivitit der adsorbierten PNIPAM Mikrogele dargestellt.
Es wird gezeigt, dass im Gegensatz zum AFM die internen Strukturparameter der adsor-
bierten weichen Mikrogele mit oberflichenempfindlichen Neutronenstreuungstechniken wie
Neutronenreflektometrie und GISANS ermittelt werden koénnen.

Der zweite Teil der Arbeit zielt auf die Besonderheiten der Streuexperimente diinner
Polymerschichten unter streifenden Einfallsbedingungen. Die Simulation des Streusignals
innerhalb der Distorted Wave Born Approximation wird in Bezug auf die Verbesserung
der Analyse der GINSES-Daten und die Vereinfachung der anfanglichen Planung und
Durchfithrung der Experimente in Geometrie unter streifendem Einfall vorgestellt.

Die wichtigste Auswirkung dieser Arbeit ist eine erweiterte Beschreibung der kom-

plexen internen Struktur, Dynamik und der Thermoresponsivitit des PNIPAM-Mikrogels



vor und nach der Adsorption an feste Oberflichen und die Demonstration der Vorteile
der Untersuchung der Polymersysteme mit grenzflichenempfindlichen Streumethoden in

Kombination mit numerischen Simulationen.
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Chapter 1

Introduction

More than half of the century environmentally sensitive polymer structures attract a high
scientific attention due to their unique ability to respond to an external stimulus, such as
temperature, pH, light or solvent quality. The sensitivity of their swelling ability in three-
or two-dimensional arrays inspired a fulfil discussion of their application as bio-sensors,
protection coating or controlled drug-release.

One prominent representative of a stimuli-responsive system are microgels based on the
poly(N-isopropylacrylamide) (PNIPAM). Below the volume phase transition temperature
(VPTT) the PNIPAM polymer chains are swollen in water, while at higher temperatures
(above the VPTT) the polymer partially releases water molecules and a decrease of the
microgel size due to the chain collapse occurs. Due to its VPTT that is close to the
physiological temperature (~32 °C), the PNIPAM serves as a model system for bio-relevant
research.

The physical and chemical properties (and further applications) of the microgel directly
depend on its macro- and micro parameters. Therefore, a thorough characterization of
the internal structure and dynamics of the microgels on different length- and time-scales
is of high importance. A clear understanding of the stimuli-sensitive microgel properties
in bulk as well as in adsorbed state is demanded. However, the access to the nanoscale
properties becomes the most challenging task, especially at the presence of a solid surface.
At this point, scattering techniques with neutron and X-ray come into play, providing the
right length- and time-scales with suitable contrast conditions.

(Classical transmission geometry is not suitable for the structure and dynamics investi-
gation of the adsorbed polymer films due to the low scattering volume, and the grazing
incidence geometry becomes more suitable. While the grazing incidence small-angle
neutron and X-ray scattering are commonly used for structure investigations, grazing
incidence neutron spin-echo spectroscopy is a novel technique for the study of dynamics
of microgels, microemulsions, membranes close to the rigid interface. Combining grazing
incidence geometry as well as neutron properties, GINSES is a unique tool accessing
internal thermally driven dynamics of polymer and bio-systems. However, experiment
performance as well as further data analysis are the challenging tasks nowadays.

Therefore, this thesis is dedicated to two main tasks. The first one aims at the
fundamental understanding of the complex internal structure of the individual PNIPAM
microgel and its influence on the polymer dynamics in dependence on (i) the preparation
process, (ii) microgel composition (ratio of the chemical components) and (iii) space
confinement: in bulk and adsorbed state (Chapter 4-5). The second task of the thesis is



the solution of the problems emerging during the investigations of the polymer systems at
the grazing incidence conditions (Chapter 6-7).

In particular, Chapter 4 of this thesis deals with the PNIPAM microgels prepared via
batch- and feeding approaches in bulk state. Application of the different preparation
processes permits the variation of the internal structure and thus the properties of the
microgels. Structure and dynamics of the microgels were studied by means of dynamic light
scattering, small-/very small-angle neutron and X-ray scattering and neutron spin-echo
spectroscopy. The combination of such methods allows a detailed structure description
within a single microgel at different temperature conditions, namely in swollen and collapsed
state. Moreover, the influence of the amount and the distribution of the crosslinker within
the microgel network on its internal structure and dynamics is studied.

With respect to the possible application of the adsorbed polymer microgels as protect
coating or sensoric devices, the low- and medium crosslinked PNIPAM microgels prepared
via batch synthesis and adsorbed onto a silicon block were studied in Chapter 5. To
reach information about structural arrangement of the microgels in the vicinity to the
solid surface, surface-sensitive neutron scattering methods were applied. Namely, with
neutron reflectometry the polymer density profile of the adsorbed microgels was probed
in direction normal to surface when microgels are in the swollen state. The influence of
the solid surface and temperature variation on the internal structure of the PNIPAM
films was investigated with grazing incidence small-angle neutron scattering (GISANS).
Complementary information on the shape of the microgels was obtained with atomic force
microscopy (AFM).

In Chapter 6 it is shown, how computer simulations in the frame of the Distorted Wave
Born Approximation can improve the GISANS and GINSES data treatment and help to
understand the polymer dynamics in the vicinity to the solid surface. The peculiarities
and pitfalls of modelling continuous density changes by a surface roughness parameters
are demonstrated.

Chapter 7 aims at solving the problems of low intensity scattering signal under grazing
incidence conditions. A test of a simple 3-layer resonator is presented. The influence
of the resonating structure positioned between solid surface and polymer system on the
scattering intensity is demonstrated.

The basic theory which is essential for the understanding of the characteristic process
inhered to the microgels and principles of the scattering methods applied for the microgel
characterisation and theoretical models used for the experimental data treatment are
presented in Chapter 2. Microgel preparation process as well as instrumental setups and

experiment configuration are introduced in Chapter 3.



Chapter 2

Theoretical background

Within scope of this chapter the broad scientific background corresponding to the objects
and experimental methods of the current thesis are presented. The first part is dedicated
to the PNIPAM microgels. Current state of the investigations and open questions are
discussed. In the second part of the chapter the main principles of the used experimental

techniques and applied theoretical models are described.

2.1 Stimuli responsive microgels

Microgels are colloidal particles consisting of a three-dimensional chemically or physically
cross-linked network structure. When dispersed in a good solvent, these particles are
highly swollen with sizes ranging from 100 to 1000 nm.

The main feature of the stimuli-responsive or intelligent microgels is the ability to alter
their swelling degree due to the change of the external variables such as temperature,
pH, light or solvent quality' 2. Tanaka'® showed, that the radius of the gel (R) and its
diffusion coefficient (D) determine the characteristic time (7) of the gel volume changes as
presented in Eq. 2.1. Thus, microgels possess similar properties to a gel with the same

content, but due to size exhibit faster respond on the changes of the environment .

RQ
T=5ph (2.1)

Such unique ability raises a huge interest during the last half a century and open a wide
opportunity for the practical application: for drug delivery, sensors, biotechnological
application, etc. 1524,

In current work thermoresponsive microgels based on the poly(N-isopropylacrylamide)
(PNIPAM) polymer are in sight. Due to a reversible temperature induced volume phase
transition, that is close to the physiological temperature, PNIPAM microgels serve as a
model systems for the basic research and have been studied intensively! 72> 28,

At first thermoresponsiveness of PNIPAM was investigated in 1960s by Heskin and
Guillet?. The lower critical solution temperature (LCST) of the monomer (NIPAM) leads
to a reversible volume phase transition (VPT) at a typical temperature of around 32°C in
water. The change of the temperature allows to tune polymer properties. At temperature
below the LCST the amide groups of the polymer interact strongly with the water through
the hydrogen bonding. At higher temperature the hydrogen bonding is broken and intra-

or inter-molecular hydrogen bonds are formed. Water becomes a poor solvent and the
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phase separation occurs. A crosslinked PNIPAM undergoes a sharp transition from highly

swollen to shrunken network by crossing the VPTT (conformational from coil-to-globule

) 30,31

transition . The schematic illustration of the PNIPAM microgel swelling/deswelling

due to the temperature change is presented in Figure 2.1A.

A B

A 2 phases
i d
S Q VPTT >
-E; -E‘ [L@ST 1 phase -
— - e
o o s
o Q.
: 5
— —

2 phases

a—-—
Concentration

Figure 2.1: A: Temperature transition of the PNIPAM microgel. B: Polymer phase diagram
with upper (UCST) or lower (LCST) critical solution temperature (reproduced according
to Ref.??).

In Figure 2.1B the general phase diagram of a thermoresponsive polymer system with
lower (LCST) or upper (UCST) critical solution temperature is presented. According
to this diagram they can exhibit two phase or one phase structure depending on the
temperature and polymer concentration in solution.

From the diagram, LCST is the minimum of the binodal and thus for a polymer solution
exhibiting a LCST such as PNIPAM. The polymer and solvent mix at all concentrations
at the temperature below LCST?33.

2.1.1 Influence of the crosslinker on microgels

To prevent dissolving of the polymer in water crosslinking comonomer is used?’. N,N’-
methylenebisacrylamide (BIS) is commonly used as a crosslinker in PNIPAM microgels.
W et al.®* showed that the crosslinker BIS possesses faster consumption compared to
NIPAM. It leads to a uniform internal microgel composition. Due to the distribution and
incorporation of the crosslinker molecules during the preparation process, different types

of polymer inhomogeneities in the microgel can be formed?3®.
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According to Bastide and Leibler3®, the microgel network in swollen state could be
described in the framework of the mesh model. In this model, the microgel is considered
as a combination of blobs and their connection with each other corresponding to the
crosslinkers and PNIPAM chains respectively (Figure 2.2). A decrease of temperature and
swelling process lead to an inhomogeneous polymer chain conformations in the microgels.
There the formation of the domains with frozen neighbour-junctions which do not swell

homogeneously occurs (Figure 2.2B).

A

Figure 2.2: Illustration of the mesh model: A) a two-dimensional reaction bath well
above the chain gelation threshold, B) a swollen gel by the addition of solvent. The
blue dots represent interchain cross-links. Dashed-circles depict domains with frozen
neighbour-junctions which do not swell. Reproduced according to Ref.?.

In the frame of the mesh model, internal concentration fluctuations can be described as
a sum of the thermal fluctuations and static inhomogeneities. Thermal fluctuation is time-
dependent, while the static inhomogeneities are time-independent and appears because of
the inhomogeneous crosslinking density of the polymer network®®. The combination of
both fluctuation types are presented in Fig. 2.3.

A sophisticated statistic theory of the polymer gels proposed by Panyukov and Rabin®
allows quantitative description of the internal inhomogeneities. According to the Panyukov-
Rabin theory the concentration fluctuation can be presented as a sum of the thermal and

frozen concentration fluctuation, that reads:

p(r) = p™"(r) + p*(r) (2.2)

where p'(r) is the thermal concentration fluctuation and p®(r) is the static or equilibrium
inhomogeneities introduced by the crosslinking reaction.

Variation of the crosslinker distribution. The different internal crosslinker distribution
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A p"(r)

Thermal fluctuation

Mooty

r

B p%(r) Static fluctuation

,
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é“gf WW

Figure 2.3: Thermal (A) and static (B) fluctuations together with their combination (C)
along the space coordinate r. Reproduced according to Ref.?.

within microgels can be achieved via different synthesis routes. In this thesis PNIPAM
microgels prepared via batch and feeding synthesis are studied (details of microgel prepa-
ration are presented in Section 3.1.1). Microgel preparation via classical precipitation
polymerization (batch synthesis) leads to the microgels with a crosslinker-rich core and a
fluffy shell®®39. Microgel preparation via continuous monomer feeding approach (feeding
synthesis) is assumed to lead to a more homogeneous crosslinker distribution 6174041 Tt
was observed by a homogeneous elastic modulus and a homogeneous distribution of the
embedded nanoparticles within the microgel.

Structure of the PNIPAM-based microgels prepared via classical precipitation polymer-
ization in different solvents were extensively studied by means of atomic force microscopy
(AFM), dynamic light scattering (DLS) and small-angle X-ray or neutron scattering
(SAXS/SANS)223:35,42-44,

It was shown, that such microgels synthesited by the batch method form a core-shell
structure with a homogeneous core and a uniform crosslinker distribution and a less dense

shell with a polymer density gradient from the core to the outer surface??:3843:4547 The
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core-shell model as well as polymer density (¢) as a function of the distance from centre

to outer particle part (r) is presented in Figure 2.4.

core . shell r

Figure 2.4: Core-shell microgel structure. Graphic represents distribution of the polymer
within the microgel according to the core-shell model.

However, Ikkai et al.*® showed, that depending on the microgel size crossing the VPTT
can lead to a phase separation. Due to a competition of the hydrophobic and electrostatic
interactions at temperature increase, a strong concentration fluctuation appears when
the microgel size becomes larger than the wavelength of the concentration fluctuation A
(see Fig. 2.5). At microgel sizes of a few tens of nanometer, concentration fluctuations
are deteriorated by wave-propagation through its surface. Contribution of the microgel

surface to the scattering spectra was commonly observed %%,

A .. p )
o*e" A /
O r

p

B ° »

9 NANN,

Figure 2.5: Phase separation at temperature above VPTT according to the size of microgel
(A —larger than the wavelength of the concentration fluctuation A, B — smaller than A).
Graphs show density (p) fluctuation. Reproduced according to Ref. 8.

Studies of more complex microgels composed of polymers with different VPTT with

neutron scattering techniques allows more detailed description of the structure within a
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single microgel. Keerl et al.? propose a "dirty snowball" form factor for the description
of the nanophase separated internal structure. In a copolymer microgel consisting of
PNIPAM and PNIPMAM (N-isopropylmethacrylamide) at transition temperature (30°C)
the PNIPAM domains ("'dirt") are collapsed and the PNIPMAM ("snowball") is still
in the swollen state. Wellert et al.®® used a model with two correlation lengths to
describe the evolution of the internal structure of the PEG-microgels during synthesis.

1.2 reported about a formation of flower-like micelles below VPTT

Papagiannopoulos et a
for triblock PS-PNIPAM-PS polymer microgels.

Very recently, the first attempt to demonstrate a clusters-like internal structure of the
PNIPAM microgels was performed with super-resolution fluorescence microscopy®*°4. By
means of fluorophore tagged crosslinker, Karanastasis et al.>® reveal the presence of higher
cross-link density clusters embedded in a lower cross-link density matrix within the core
of individual microgel. Siemens at al.>* demonstrate a different dependency of polymer
and crosslinker density in the PNIPAM/BIS microgel (from center to the outer region).
They observed that decrease of the polymer density does not lead directly to the decrease
of the crosslinker density and visa versa. However, by means of scattering techniques a
detailed information about the internal core structure has never been obtained.

Studies of the internal structure of microgels prepared via continuous monomer feeding
approach are very limited. Recent publications focused on studies of the microgels
properties by means of optical microscopy or light scattering to prove the homogeneous
crosslinker distribution in PNIPAM microgels®57. Such approaches do not give direct
access to the internal structure and crosslinker distribution inside of the microgel. Therefore,
in this thesis neutron scattering methods, which provide insight into the internal structure,
were used for detailed investigation of the internal microgel structure in dependence
on the preparation process and crosslinker concentration. Due to the key advantage of
the neutrons, namely adjustable scattering contrast by using D,O as a solvent, and the
variation of the g-range, studies of the microgel structures in nm to um size range were
performed (see Chapter 4).

The amount of the crosslinker influences viscoelastic properties and swelling ability
of the microgels. Increasing of the crosslinker amount leads to an increase of the solid-
like properties and decrease of the swelling capacity3®°%°°. Moreover, properties of the
microgel are closely related to their internal structure. More homogeneous distribution of
the crosslinker leads to significantly higher swelling degree*!. The variation of the mesh
size, which depends on the crosslinker distribution, plays a crucial role in the ability of the
microgels to control drug delivery, i.e. the microgel matrix is used for a loading of drugs

into the polymer network®. Therefore, detailed insight into the microgel and investigation
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of the internal arrangement within a single microgel is of high importance.

2.1.2 Adsorption of the microgel onto solid surface

Transition of the microgels from 3D to 2D due to their adsorption onto a solid surface
allows to use their unique physical properties and results in large variety of potential
applications. The possibility to arrange microgels of various compositions into one- and
two-dimensional arrays inspires a series of technological applications in the field of soft
nanotechnology utilizing their stimuli-responsive behaviour. Some examples aim at the
use of the adsorbed microgels in biotechnological and medical applications'®?!. Here, the
search for stimuli-responsive and biocompatible host and carrier media for a dedicated
and controlled drug release on demand is underway. Such coatings could also improve
performance of implants such as neural electrodes®. Surfaces coated with PNIPAM are
promising for the controlled adjustment of cell adhesion. It allows cell growth with high
cell densities and prevents a post-transplantation inflammation®. Such surfaces permit
the adhesion/detachment of the cell culture by a simple temperature switch% 5. Microgels
in combination with metal nanoparticles are explored as building blocks for optical devices
in nanooptics 15:23:46.66.67,

One pathway for the preparation of such surface structures is a controlled lateral
arrangement of the PNIPAM microgels at solid surfaces. The lateral arrangement of the
microgels in a surface layer depends on substrate properties, particle deposition technique,
solvent quality and microgel properties®%. The deposition of the microgels onto a solid

7071 " In this case the coating

surface can be realised in different ways, e.g. spin-coating
density can be tailored with variation of the rotation speed. An other way is the coating
from the oil /water interface when microgels initially are dropped onto oil/water interface
and then transferred on solid surface via submergence of the latter ™. In this case initial
application of the lateral pressure to the microgels on the oil/water interface allows to
alter the coating density as well as microgel size.

The structure and the shape of the adsorbed microgel results from the competition
between the entropy loss due to the confinement of the chains at the surface and the
energy gain of the adsorbed monomers™. The maximal gain would be achieved if all free
chains are adsorbed, but this would lead to the high penalty in elasticity*”. Therefore,
commonly adsorbed microgels show the typical fried-egg structure™.

According to Vilgis et al.™, the competition between capillarity characterized by a
spreading parameter S, and elasticity characterized by the bulk shear modulus G defines

a typical length scale of the gel deformation as:
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[ x S/G (2.3)

Positive values of the spreading parameter S allows spreading of the polymer gel on
surface. Further deformation to some extent and formation of the foot of extension (1)

occur (Figure 2.6).

Figure 2.6: Deformation of the microgel shape due to adsorption: blue half-sphere — in
contact with a non-adsorbing surface and solid line — in contact with well-adsorbing surface.
The change in height and length is related to the scale [. Insert: The deformed region in
the circle of radius [ determines a microscopic extension for the local deformation in foot.
Reproduced according to Ref.™.

Gels larger than [ deform mostly at their edges. Microgels smaller than [ show deforma-
tion despite the elastic stresses. In this case strong adsorption overcomes the elasticity.
Such behaviour was observed for the ultra-low crosslinked microgels?’.

The presence of the confining surface influences also the structure of the adsorbed
poly(NIPAM-co-AAc) microgels™. The microgel volume decreases by about one order of
magnitude during adsorption. An attractive interactions between network and surface
leading to deformation and compression of the polymer network inside the adsorbed
microgels were discussed as possible reasons for the stiffening in the adsorbed state™.

For such investigations AFM or ellipsometry methods were used. They allow studies of
the swelling behaviour, stiffens of the microgel and care only averaged (or any) information
about internal polymer network structure of the adsorbed microgels. By Schutle et al.?®
the internal inhomogeneity inside adsorbed PNIPAM microgels by comparing core-shell
and hollow microgels have been investigated by scanning force microscopy (SFM). However,
sharp tips used in SFM technique can penetrate either deform the microgel, that leads
to the incorrect characterisation of the microgel internal structure. The first try to

demonstrate the inhomogeneous internal structure of the adsorbed PNIPAM microgel
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was performed by Matsui et al.”® by means of high-speed AFM. During the temperature
increase, they observed a presence of domains of several tens of nanometer in size within
the microgels.

The particular description of the scattering techniques is presented in Section 2.5, how-
ever, here should be noted, that scattering under grazing incidence conditions in contrast
to the more classical transmission geometry overcomes the sample volume limitation and
allows investigation of the small volume of the adsorbed sample. Combination of the
grazing incidence geometry and the neutron scattering with the contrast variation using
mixtures of DoO and HyO opens additional opportunities for the detailed investigation of
the internal properties of the bio- and polymer structures’” . Moreover, an illumination
of the whole sample surface with a neutron beam yields a better statistical information
compared to imaging techniques such as AFM, SFM etc.

Magerl et al.3° investigated the influence of geometrical confinement on the chain
conformation of cyclic PNIPAM in silicon-supported films by means of GISANS. They
observed a preferential selection of stretched PNIPAM ring conformations in thin films
and a preferential orientation of macromolecules parallel to the film interfaces with the
substrate and air.

The temperature dependences of the correlation length of network fluctuations in
weakly negatively charged poly-(NIPAM-co-AAc) microgels adsorbed onto positively
charged silicon substrate surface were studied by Wellert et al.”™. The analysis of the
temperature-dependent GISANS measurements shows a decrease in the specular peak
intensity which corresponds to the volume phase transition in the adsorbed state, while
the lateral correlation length does not change with temperature. Comparison of results
in the bulk and adsorbed state revealed that the solid substrate significantly effects the
temperature-dependent behaviour and leads to the suppression of the divergence of internal

fluctuations in the adsorbed microgels.

2.1.3 Polymer dynamics

Dynamics of the polymers covers a wide time and length scale. In Figure 2.7 the possible
type of polymer dynamics is presented. The associated length scale varies from the bond
length of angstroms to the inter-chain distances of tens of angstroms. The plateau regime
corresponds to the distances of 50 — 100 A. In the flow regime the proper chain dimensions
determine scale length?s.

Below the glass transition temperature (7,) only small amplitude motions like vibrations
and short rang rotations may be observed. At the 7; a-relaxation allowing the system

flow becomes active. The time range of such relaxations covers more than ten orders of
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Figure 2.7: Variety of the polymer dynamics depending on the temperature. From Ref.?.

magnitude. The length scale of the a-relaxation corresponds to the inter-chain distance of
two polymer chains.

At the rubbery plateau the large scale motions within a polymer chain occur. Due to
the mutually interpenetrated chains, the relaxation in this range is confined. In this case,
the confinement effect is described in terms of a tube following the coarse grained chain
profile. Motion is only allowed along the tube profile, therefore snake-like motions of the
polymer or reptation process occurs.

When chains loss the memory of their initial state, the rubbery flow is observed. The
rubbery flow passes over liquid flow, which is characterised by the chain translational
diffusion coefficient?.

Crosslinker distribution and internal microgel structure strongly influence the dynamics
properties of the microgels 9284381

Hellweg et al. reported on investigations of the dynamics of the macro- and microgels
with low and medium crosslinker concentration. On a local scale differences in the
network dynamics between microgels and macrogels prepared via surfactant-free emulsion
polymerisation were found®2. Moreover, it was shown, that the crosslinker concentration
increase leads to the decrease of the collective diffusion coefficient of the microgels®.

Richtering et al.*® probed the dynamics of the responsive poly(N-isopropylacrylamide)
(PNIPAM) and poly(N, N-diethylacrylamide) (PDEAAM) microgels in respect to their

architecture and cononsolvency. It was found that in the collapsed state microgels behave
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as solid diffusing objects with only very small additional contributions from the internal
motions. In the swollen state PDEAAM microgels dynamics combines two regimes, namely
Zimm segmental dynamics at the high momentum transfer and a collective diffusive motion
for the smaller g-values were found.

The investigation of the internal dynamics of the feeding-microgels is still limited.

Zimm dynamics in polymer solution

The first successful model for the description of the conformational dynamics of an ideal
chain was proposed by Prince E. Rouse in 1953%% (known as Rouse model). Within the
Rouse model polymer chains are considered as N beads connected by harmonic springs
and committed to Brownian motion (Figure 2.8). The springs correspond to the entropic
forces between the beads and the distance between the beads corresponds to the segment

length of the polymer®?,

Figure 2.8: Polymer chain in the Rouse model: beads and springs correspond to the
monomers connected via bonds. R, correspond to the end-to-end distance, R; is the
segmental length

Significant observables of a polymer are the center of mass

1 N
R= - SR, 2.4
N 22::1 (2.4)
the radius of gyration
1
2 2
= e (R - RP) 25)
and the end to end distance®’
Rg = (Rn - Ri)2 (26)

The thermally activated motion of the Rouse model can be described with a Langevin
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equation in terms of a stochastic force (thermal fluctuations f,(t) with < f,(¢t) > = 0), a
friction force with friction coefficient ¢ and the entropic force determine the relaxation of

polymer chains as:

iR,  3ksT
o T

where kp is the Boltzmann constant and 7' is the temperature.

(Rot1 — 2R, + R,1) = fiu(t) (2.7)

Solution of the Langevin equation® leads to an expression for the mean square displace-

ment as:

(R(t) —R(0))*) = 6t (2.8)
From the mean square displacement the diffusion coefficient can be computed as:

D = limt—>oo(;125<(R(t> - R(O))2>

 ksT

- (2.9)

The Rouse model takes into account an interaction of the beads through the connecting
springs only. Therefore, the dynamics of the short polymer chains in the melt can be
described with the Rouse model, while for the polymer solution, where hydrodynamic
interaction is important, the Rouse model needs to be extended. The hydrodynamic
interaction forces are a long-range and act on solvent via the particles motion in the
solvent®®. To consider a hydrodynamic interaction between monomers in polymer chain
and between monomers and solvent, Zimm model was proposed®”. This model accounts
for the forces exerted on other chain segments by a moving segment of the same chain via
the induced motion of the surrounding fluid.

Analogous to the Rouse model, the Langevin equation for the Zimm model can be
presented as®*:

gdzn => Hnmkffgiﬁ + £.(t) (2.10)

m

The hydrodynamic interaction is presented here by Oseen tensor H,,,.
After solution of Eq. 2.10 the expression for the diffusion coefficient becomes:
kgT

D= (2.11)

The exponent v is called Flory exponent, 7, is solvent viscosity.
Comparison of the Zimm and the Rouse models reveals the difference in the accounted
motions. While in Rouse model the chain in dilute solution can move a distance of

the order of its size and diffusion coefficient is proportional to N~!, in Zimm model
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the hydrodynamic interactions is taken into account by means of the Oseen matrix, the
diffusion coefficient depends on solvent viscosity and scales with D oc N7, where v<1
depends on the boundary conditions®®. In dilute solution the Zimm motion has less friction
than the Rouse motion, and thus Zimm motion is faster®*.

The long time limits of Eq. 2.11 represents the global diffusion of a Gaussian polymer
chain in the Zimm model. At shorter times, segmental (internal) motion is described by
Eq. 2.10. The correlation function as measured with NSE and GINSES for this regime is
descri