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Abstract

The aim of this dissertation was the investigation of the interplay of the inner struc-
ture and dynamics of differently cross-linked soft matter systems (microgels, polymer
brushes). The thesis focuses on the influence of a solid, planar interface on the dy-
namics of those systems. First, the influence of the polymerization method (batch
vs. continuous monomer feed) and the cross-linker content on the swelling of Poly(N-
isopropylacrylamide) (PNIPAM)-based microgels was studied with dynamic light scat-
tering (DLS). Moreover, adsorbed microgel particles were imaged with atomic force
microscopy (AFM) to identify a suitable system for further neutron scattering experi-
ments. Hence, the inner structure of highly cross-linked PNIPAM microgels (10 mol%
cross-linker) was investigated with small angle neutron scattering (SANS). The inner
dynamics was investigated with neutron spin echo spectroscopy (NSE) in transmission
mode and the collective and Zimm-type diffusion constants of the chain segments were
determined on different lengths. The inner dynamics of adsorbed microgel particles
was investigated with NSE under grazing incidence (GINSES). This method generates
an evanescent field and by variation of the angle of incidence the investigated thick-
ness can be varied. It was shown that the inner dynamics of feeding-microgels was
highly suppressed in proximity to the solid-liquid interface. Additional nanoindenta-
tion measurements showed the relation of this fact to the soft nature of those particles.
In contrast, the inner dynamics of the conventional batch microgel was not influenced
by the interface. Furthermore, PNIPAM-based polymer brushes were synthesized by
surface-initiated atom transfer radical polymerization (SI ATRP). The polymer volume
profile was determined with neutron reflectometry (NR) and resulted in a parabolic
brush profile. GINSES measurements showed that the dynamics varies over the brush
height. The calculated correlation lengths indicate that the excluded volume increases
with increasing distance to the interface. This is explained by the increased flexibility
of the chains with increasing distance from the interface. In general, the results are

interesting for the design of soft matter systems, e.g. in functional coatings.
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Zusammenfassung

Das Ziel der vorliegenden Dissertation war die Untersuchung des Zusammenspiels von
innerer Struktur und Dynamik in verschiedentlich quervernetzten Systemen weicher Ma-
terie (Mikrogele, Polymerbiirsten). Der Hauptfokus lag hierbei auf dem Einfluss einer
festen, planen Grenzfliche auf die Dynamik solcher Systeme. Zunéchst wurde der Ein-
fluss der Polymerisationsmethode (Batch vs. Kontinuierliche Methode) und dem einge-
setzten Gehalt an Quervernetzer auf das Schwellverhalten von Poly(N-isopropylacrylamid)
(PNIPAM)-basierten Mikrogelen mittels Dynamischer Lichtstreuung (DLS) untersucht.
Des Weiteren wurden die adsorbierten Mikrogelpartikel mittels Rasterkraftmikroskopie
(AFM) untersucht, um ein geeignetes System zur weiteren Untersuchung mittels Neutro-
nenstreumethoden zu ermitteln. Daraus folgend wurde die innere Struktur hochquerver-
netzter PNIPAM-Mikrogele (10 mol% Quervernetzer) aus Batch- und kontinuierlicher
Polymerisation mittels Neutronenkleinwinkelstreuung (SANS) untersucht. Weiterhin
wurde die innere Dynamik mittels Neutronenspinecho-Spektroskopie (NSE) in Trans-
mission iiber einen weiten Langenbereich untersucht. Hieraus konnten kollektive Dif-
fusionskonstanten, sowie die Diffusionskonstante der Zimm-artigen Dynamik der Ket-
tensegmente bestimmt werden. Die Dynamik im Inneren der adsorbierten PNIPAM-
Mikrogelpartikel wurde mittels NSE unter streifendem Einfall (GINSES) untersucht.
Diese Methode erzeugt ein evaneszentes Feld, und erlaubt durch Variation des Ein-
fallwinkels die Einstellung der untersuchten Schichtdicke. Hierbei zeigte sich, dass die
Dynamik der Mikrogele aus dem kontinuierlichen Prozess in Ndhe der Grenzflache stark
gehemmt ist. Durch ergidnzende Nanoindentationsmessungen konnte dies in Zusam-
menhang mit der weichen Natur dieser Mikrogele gebracht werden. Im Gegensatz hi-
erzu wurde die Dynamik der klassischen Batch Mikrogele kaum durch die Grenzflache
beeinflusst. Im Weiteren wurden PNIPAM-basierte Polymerbiirsten unterschiedlicher
Ankerdichten durch oberflachen-initiierte radikalische Atomtransfer Polymerisation (SI
ATRP) erzeugt. Das Polymervolumenprofil der Polymerbiirsten wurde mittels Neutro-
nenreflektometrie (NR) ermittelt und ergab ein parabolisches Biirstenprofil. GINSES
Messungen zeigten, dass die Dynamik iiber die Dicke der Polymerbiirste variiert. Die
hieraus berechneten Korrelationslangen zeigen, dass das ,excluded volume* mit Abstand
zur Grenzflache grofer wird. Dies wurde mit der verédnderten Beweglichkeit der Ketten
iiber die Polymerbiirstendicke erklart. Insgesamt ergeben sich aus den Experimenten in-
teressante Anhaltspunkte fiir das Design von Systemen weicher Materie an Grenzflichen,

welche fiir funktionelle Beschichtungen eine wichtige Rolle spielen.
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1. Introduction

Polymeric materials have become indispensable in modern life. Their advent in the mid-
19th century with the production of products based on cellulose and casein was followed
by a steady development and extensive research throughout the 20th century. Mainly,
this was due to their advantages to other materials such as low weight, reduced stiffness,
corrosion resistance and improved processability.

The growing interest in micro- and nanomaterials sparked a lot of research and techno-
logical advances in the field. Among others the development of analytical instruments
to resolve small structures such as the invention of the atomic force microscope (AFM)
by Binning and Rohrer in 1986 were a direct result. Furthermore, new fields such as
nanomedicine, nano-pharmaceuticals and nano-oncology were created.

The field of soft condensed matter subsumes multiple systems with unique properties
such as liquid crystals, colloids, foams, suspensions and polymers. Those systems possess
a low elastic modulus and are organized “on a mesoscopic scale into entities much larger
than an atom, but much smaller than the overall size of the material.”! Therefore, the
field includes polymeric materials with dimensions in the micro- and nano-range. Soft
matter can be used in surface coatings to alter the surface properties of materials, e.g.
wettability, fouling, proneness to corrosion, or even to make surfaces icephobic. The
constant development of new soft matter systems calls for experimental and computer-
based methods to further their fundamental understanding.

In this thesis, N-isopropylacrylamide (NIPAM)-based soft matter systems (Figure 1.1)
were investigated, specifically in the context of surface coatings. The focus lays on
the relationship of structure and dynamics in systems below the volume phase transi-
tion temperature. Here, NIPAM serves as a suitable model system for an uncharged
polymer. In the literature studies on NIPAM-based macro- and microgels and polymer
brushes have already sparked wide interest. This interest is in part due to the responsive
character of NIPAM with a lower critical solution temperature of approximately 32 °C.
Soft matter systems based on the polymer NIPAM retain this property.

Chapters 4 and 5 deal with microgels based on NIPAM. Microgels are colloidal particles
with typical diameters between 100 nm and 1 pgm. Their gel network is suited to load
a cargo and hence stimuli responsive microgels are discussed in the context of (drug)

delivery applications.
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a) b)

Figure 1.1.: Scheme of cross-linked and non-cross-linked polymer architectures at solid
planar surfaces. a) adsorbed microgel particle and b) polymer brush.

Chapter 4 is inspired by the development of continuous methods for the preparation
of NIPAM-based microgels. Within the field, it is a well-known fact that the prepara-
tion by a batch method leads to PNIPAM microgel particles with an inhomogeneous
internal structure. Hence, in Chapter 4 PNIPAM microgels with varying amounts of
cross-linker were prepared by a batch and a continuous method. Their optical proper-
ties and swelling behavior in water are compared. Further, adsorbed microgel particles
are studied with the AFM to characterize their surface structure and their ability to
reswell in water after adsorption.

In Chapter 5 the internal structure and internal dynamics of highly cross-linked PNI-
PAM batch- and feeding-microgels (10 mol% cross-linker) are investigated in more detail.
First, in bulk (SANS, NSE) and later in the adsorbed state (AFM, GINSES). In bulk
the correlation length in the polymer network, the fuzziness parameter and the collec-
tive diffusion coefficient are compared for both types. In the adsorbed state, fast force
mapping on the AFM is used to determine the lateral distribution of the elastic modulus
of individual microgel particles. Afterwards, monolayers of PNIPAM microgels on flat
silicon substrates are investigated with neutron spin echo spectroscopy under grazing
incidence (GINSES). GINSES is a relatively young technique and has not been used
extensively in the study of adsorbed soft matter samples. The method enables the res-
olution of dynamics perpendicular to the interface. Therefore, the collective diffusion
coefficient in near-surface layers and averaged over the entire particle could be measured
and compared. This allows the estimation of the influence of the interface on the dy-

namics of a soft matter sample.
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In Chapter 6 polymer brushes based on NIPAM were investigated. Polymer brushes
are an example of a non-crosslinked soft matter system. The structure of a polymer
brush can be tuned by the variation of the grafting density. Here, care must be taken to
remain within the brush regime of grafted polymers (other regimes are the mushroom
and pancake regime). The grafting density was experimentally determined by degraft-
ing of the polymer brush and subsequent size exclusion chromatography. It is discussed
which pitfalls this technique entails. Furthermore, polymer volume fraction profiles were
measured with neutron reflectometry (NR) and the brush structure in relation to the
grafting density was discussed. Finally, GINSES was applied to PNIPAM brushes with
differing grafting densities. This study allows a comparison of the correlation length
(related to the blob size) in near-surface layers and the correlation length averaged over
the entire brush. Further, the influence of the grafting density on the correlation length
is shown.

In summary, this thesis presents GINSES as a valuable addition to the toolbox for the
investigation of soft matter coatings. GINSES helps to understand the influence of a
solid planar surface on the system’s dynamics in near-surface layers on small time and

length scales, hardly accessible with other methods.






2. Scientific Background

This chapter provides an overview of the scientific background relevant for this thesis.
The investigated systems, namely microgel particles and neutral polymer brushes, are
based on polymer chains. Therefore, common concepts for the description of ideal and
real polymer chains are introduced. A brief discussion of the synthesis and structure
of microgel particles and polymer brushes follows. The chapter is concluded with an

introduction of the basic principles of neutron scattering.

2.1. ldeal and Real Polymer Chains

Ideal chains The following section introduces the most important concepts used for
the description of ideal polymer chains. This facilitates the understanding of the subse-
quent descriptions of the freely jointed and equivalent freely jointed chain model. The
description of ideal chains neglects interactions between monomers that are separated

by many bonds along the polymer chain.

Polymers are flexible chains consisting of a sequence of monomer units. Their flex-
ibility results from the variation of torsion angles along the chain. In Figure 2.1a the
carbon atoms C;_», C;_1 and C; span a plane. The bonds between the carbon atoms
are described by the bond vectors r;_1, 7; and 7;,;. The bond vector 7; is the axis of
rotation for 75,1. As 7,1 rotates along 7; the torsion angle ¢ varies between 0 and 360°.
If p equals 0, 7;_; and 75,1 are colinear. This is called the trans conformation. In Fig-
ure 2.1b the energy is displayed against the torsion angle ¢. It is shown that the energy
changes with the variation of the distance between the CH, groups bonded to C;,; and
C;. The trans conformation is the state with the lowest energy. Another low energy
state is the so-called gauche conformation. The gauche conformation is assumed at ¢
= -+ 120° (gauchey) and ¢ = - 120° (gauche_). The magnitude of the energy difference
between the trans and gauche state Ae determines the probability of finding a gauge
state in thermal equilibrium. The two gauge states and the trans state are separated by
the energy barrier AE. This energy barrier determines the dynamics of conformational

rearrangement.
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Figure 2.1.: Torsion angle ¢; in a polymer. The energy depends on the torsion angle.
Reproduced from Ref. 2.

The contour length R,,,, of a polymer chain is the largest end-to-end distance which

would result if all torsion angles within a chain were in the trans state. It is defined as

0
Roe = 71100557 (2.1)

with n the number of skeleton bonds and lcos(6/2) their projected length along the
contour. After a number of consecutive trans states (rod-like section) a gauge state
breaks up the rod-like all-trans zig zag. Therefore, on small length scales the chain is

rod-like, but on longer length scales flexible.

The end-to-end vector of an ideal chain with n+1 atoms is defined as

R, =) 7 (2.2)
and in an isotropic collection of chains with n backbone atoms the ensemble average

of the end-to-end vector is

(R,) = 0. (2.3)

A simple model for the description of ideal chains is the freely jointed chain model. It

assumes a constant bond length [ = |r;| and neglects correlations between the direction
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of different bond vectors. Therefore, (cosf;;) = 0 for i # j and cosf;; = 1 for ¢ = j.
This means that there are exactly n non-zero terms and the mean square end-to-end

distance is

(R?) = nl*. (2.4)

The sum over all other bond vectors j for one bond vector ¢ converges to a finite
number C};, which is defined by

Cl= Zcos@j (2.5)

and yields the mean-square end-to-end distance
(R?) =123 (costy) =1*Y_ C} = Cynl®. (2.6)

C, is Flory’s characteristic ratio, which is characteristic for each polymer. This ratio

always has a value larger than 1 and approaches a value C, for long chains.

The equivalent freely jointed chain model describes a polymer chain as N freely-
joined effective bonds with a length b, called the Kuhn length. N is also called the
degree of polymerization.

In the framework of this model the contour length is defined as

Rz = Nb (2.7)

and the mean-square end-to-end distance as

(R?) = Nb* = bRpap = Coonl?, (2.8)
from which follows
R? <R2> Coonl?
N — _lmaz . b — — _ 2.9
Conl?’ Ry  Rmoax (2.9)

The root-mean-square end-to-end distance is defined as

Ry = \/(R?) = bN'/?, (2.10)

where the index 0 refers to the ideal chain.
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Examples for more complex models that describe ideal chains are the freely rotating
chain model, the worm-like chain model (often called Kratky-Porod model), the hin-
dered rotation model and the rotational isomeric state model. An in depth description

of these models exceeds the scope of this thesis, but can be found elsewhere.?

The radius of gyration R, is another convenient parameter to describe the dimen-
sion of an ideal polymer chain. It is especially useful to describe the dimension of a
polymer chain with a non-linear architecture. For example in the case of branched poly-

mers the end-to-end distance is not suited to describe the polymer dimension.

The square radius of gyration is

gzNZ (R; — Rew)?, (2.11)

where ]3% is the position vector of a monomer ¢ and Rcm the position vector of the center
of mass of the polymer. After substituting R and considering that for fluctuating
objects, such as polymers, the ensemble average of all allowed conformations has to be

considered, we obtain

LY - Ry (2.12)

Real chains In contrast to ideal chains, the description of reals chains takes into con-
sideration the interactions between monomers that are separated by many bonds along
the contour length. This is important, because in 3-dimensional space, for long chains
the probability of monomer-monomer contacts is large.?

The effective interaction between a pair of monomers results from the difference between
the monomer’s direct interaction with another monomer and with other surrounding
molecules (e.g. solvent molecules). Two phenomena that need to be considered in this

context are the excluded volume and self-avoiding walks.

In order to explain the excluded volume, a description of the Mayer f-function is
necessary. The Mayer f-function is the difference between the Boltzmann-factor for two
monomers at a distance r and that for the case of no interaction (the Boltzmann-factor

equals 1 at infinite distances).
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Figure 2.2.: Mayer f-function. Lines represent the integration of the Mayer f-function
to determine the excluded volume.

f(r) = exp[=U(r)/(kT)] — 1 (2.13)

with U(r) the potential at the distance r and kT the thermal energy.

Figure 2.2 shows that the Mayer f-function has negative values at short distances,
because the probability of finding monomers at that distance from each other is reduced
due to hard core repulsion. However, in the attractive well of the potential between two
monomers, the Mayer f-function is positive and the probability of finding monomers is

increased.

The excluded volume v is the minus integral of the Mayer f-function over the whole

space:

v — / Fr)dPr — / (1 — eap[—U(r)/(kT)))d*r (2.14)

The excluded volume summarizes the net two-body interactions between monomers.

An excluded volume v > 0 describes net attraction, while v < 0 means net repulsion.

It is important to note that the description above is only valid for spherical monomers.

Most monomers, however, are better described as cylinders with a Kuhn length b and a

10
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smaller radius d. The aspect ratio of most flexible polymers is 2 < b/d < 3, with larger
values for stiffer polymers. Depending on the solvent the excluded volume varies and is

0 < v < b?d in a good solvent.

To describe the conformation of a real chain in a good solvent the Flory theory
takes into consideration the balance between the effective repulsion between monomers,
which swells the chain, and the entropy loss due to that deformation. The theory makes a

rough estimate of the energetic and entropic contributions to the free energy of the chain.

It considers a chain with N monomers that is swollen to R > Ry, = bN'2. The
monomers are uniformly distributed within the volume R? with no correlations between
them. The probability to find a second monomer within the excluded volume of another
monomer is (vN)/R? and the energetic cost of being excluded is kT per exclusion or
kTvN/R? per monomer. For all N monomers we obtain the energy of the excluded

volume interaction as

N2
The entropic contribution to the free energy is the energy required to stretch an ideal
chain to its end-to-end distance
R2
Fent ~ k’TW (216)

The total free energy of the chain is the sum of the energetic and entropic contribution

L ) (2.17)

F=F Fou~ Kkl v—=— 4+ —
int + ent k (U R3 + Nb2
The optimum size of a real chain Rp, called the Flory radius, can be calculated by

assuming dF'/0R = 0, which yields
Rp = v5p?PN3/5, (2.18)

The swelling ratio shows that long real chains are larger in size than ideal chains with

the same number of monomers:

RF 1%
N (b—3N1/2)1/5. (2.19)

However, excluded volume interactions only swell a chain when the chain interaction

11
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Figure 2.3.: Self-avoiding walk of a real chain on a 2-dimensional lattice.?

parameter z is sufficiently large:

3\**v Fui(Ro)  N? v
=(2) NP2V oy~ N2 2.20
: (zw) = 'R B (2.20)

Although the Flory theory is criticized for overestimating the interaction energy and
the elastic energy, it offers predictions that agree well with experiments and other more
elaborate theories. The Flory theory leads to a universal power law, in which the polymer

size R depends on the number of monomers N according to

R ~ NV, (2.21)
with the exponent v being 3/5 for a swollen linear polymer and 1/2 for an ideal linear

chain.

Furthermore, real chains display a self-avoiding walk, which can be described as a ran-
dom walk on a lattice that never visits the same site more than once. This is illustrated

in Figure 2.3.

12
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2.2. Thermodynamics of Mixing

2.2.1. Flory-Huggins Theory

The Flory-Huggins theory describes the thermodynamics of mixing. A polymer solution
in a good solvent can be considered a homogeneous mixture, since it is uniform and all

components of the mixture are intermixed on a molecular scale.

First, we will look at the entropy of binary mixing. If we consider the species A and B
with volumes V4 and Vjp, the mixture volume will be assumed as V4 + Vg (s. Figure 2.4)

and the volume fractions of the components are

Va
__ A 2.22
ST T (2.22)
and
Vs
- B 2.23
o= T, (2.23)

For polymer solutions, with A the polymer chains and B the solvent molecules, the
lattice site volume vy is determined by the smaller units, namely the solvent molecules.

The polymer occupies multiple connected lattice sites and the molecular volumes are

va = Nyvp; vg = Npuvg, (2.24)

with /V; the number of lattice sites occupied by the species.

The number of lattice sites in the system is

Va Vg VatVg

Figure 2.4.: The mixing of two species does not result in a volume change.?

13
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noYatVs (2.25)
Vo
where species A occupies
v
A = noy (2.26)
Vo
lattice sites, and species B
v
L = nop. (2.27)
Vo
The entropy of the system is
S = kinf2, (2.28)

with k& the Boltzmann constant and {2 the number of ways in which the molecules can

be arranged on the lattice.
Before mixing 24 = n¢ . The change of entropy for a single molecule upon mixing is
Qup 1
ASA = kinQap — kinQy = kin| —— | = kin| — | = —king,. (2.29)
Qu QA

As ¢4 is always larger than 1, the entropy change of mixing is always positive and

therefore promotes mixing.

The total entropy change of mixing is a sum of the entropy contributions of each

molecule in the system

ASpiz = naASy +npASg = —k(nalnoa + nglneg). (2.30)

There are ng = noa/N4 molecules of species A and ng = n¢p/Np molecules of
species B in the mixture. The entropy of mixing per lattice site AS,,iz = ASpiz/n 1S
an intrinsic thermodynamic quantity

Pa ¢B

For a polymer solution N4 = N for the polymer and Ng = 1 for the solvent. Therefore,

the equation becomes

14
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Pa

For polymer solutions the entropy of mixing is lower than for regular solutions, but it

always remains positive.

In addition to the entropic contribution, we need to consider the energetic contribution
to the thermodynamics of mixing. The Flory interaction parameter y characterizes

the difference of interaction energies in the mixture

z (Q’LLAB —UAA — UBB)
X

2 kT

. (2.33)

where u is the pairwise interaction energy and z the coordination number in the lattice
(z = 4 for a square lattice, and z = 6 for a cubic lattice).

The energy of mixing per lattice site is

which is the mean-field description of all binary regular mixtures.
Combining the energy of mixing with the entropy of mixing gives the Helmholtz free

energy

AF s = AUpiz — TAS i = kT { ]f Ing + 1—-¢

A B

In(1—¢)+ xo(1 — qb)} . (2.35)
For polymer solutions it is simplified to the Flory-Huggins equation:

¢

AF,, = kT [ngb + (1= @)in(l — ) + xo(l — gb)] . (2.36)

The last term is of energetic origin and can obtain positive values, a zero value or
negative values. Positive values oppose mixing, at zero it is an ideal mixture and nega-
tive values promote mixing. The sign of the Flory interaction parameter y determines
the sign of the entire last term. If there is a net attraction between species the inter-
action parameter is negative and mixing is always favored. In the more likely case of
net repulsion between the species, the interaction parameter has a positive value and
the equilibrium state of the mixture depends on the functional dependence of the free

energy of mixing on the composition ¢ for the whole range of compositions AF,,;.(¢).

15
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Figure 2.5.: Phase diagram displaying lower and upper critical solution temperature and
corresponding binodal and spindodal demixing.

The interaction parameter y is often written as

X(T) ~ A+ ?, (2.37)

with A the "entropic" and B the "enthalpic" parameter. In this way the Flory param-
eter accounts for dependences on composition, chain length and temperature that are
not trivial. It can be measured by light scattering and values for many polymer blends

are listed.?

2.2.2. Lower Critical Solution Temperature of Polymers

The phase diagram of a thermoresponsive polymer with a lower critical solution
temperature (LCST) and an upper critical solution temperature (UCST) is
displayed in Figure 2.5.

In the following, the LCST will be explained. In the phase diagram, the single phase
and two phase region are separated by two binodals. When the first binodal is crossed by
an increase in temperature, the metastabil region is entered. In this region, the system is

stable against small changes and demixing via nucleation and growth occurs. The second

16
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binodal is called a spinodal. Crossing the spinodal leads to spinodal decomposition and
demixing of the single phase into two separate phases. This region of the phase diagram
is called the miscibility gap. The binodal and spinodal cross at one point in the phase
diagram. This point is called a critical point and depending on whether it is the
minimum or the maximum of the binodals is called the lower or upper critical solution
temperature. If the system enters the miscibility gap through a critical temperature,
spontaneuos demixing occurs. Critical solution temperatures make systems based on
thermoresponsive polymers interesting for many applications such as sensors or delivery
applications. A detailed description of the phase behaviour of PNIPAM is given by

Halperin et al..?

2.3. Polymer Dynamics

2.3.1. Rouse and Zimm Dynamics

The Rouse and Zimm model describe unentangled polymer dynamics. The Rouse model
neglects hydrodynamic interactions and should only be applied to polymer melts. In

contrast, the Zimm model is suited to describe the dynamics in polymer solutions.?

The Rouse model 1In 1953 Rouse published the first successful molecular description
of unentangled polymer dynamics.* In the Rouse model a polymer chain is described by
an arrangement of N beads, connected via springs of a root-mean square size b.

Each bead possesses its own friction coefficient { with solvent freely draining through

the chains. The friction coefficient for the entire Rouse chain is

Crouse = NC. (2.38)
The diffusion coefficient of a Rouse chain is described using the Stokes-Einstein
relation
kT kT
Droyse = —— = —. 2.39
f CRouse Ng ( )

The characteristic time during which the polymer diffuses a distance of the order of its

size is called the Rouse time.

17
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Figure 2.6.: Depiction of a polymer chain as a Rouse chain, where N monomers are
represented by N beads connected by springs.?

R? R? ¢
ouse ~ ~ - _NR2 2.40
T Drowse  KTJ(NC) — kT (2.40)

For times shorter than the Rouse time viscoelastic modes of the polymer chain are ob-

served, while times longer than the Rouse time mean simple diffusive chain motion.

The size of the Rouse chain can be described as

R~ bN?, (2.41)

where v is the reciprocal of the fractal dimension of the polymer. For ab ideal chain v

equals 1/2.

The Rouse time can further be described as a product of the Kuhn monomer relax-
ation time and a power law in the number of the monomer units in the chain. The Kuhn

monomer relaxation time 7y describes the time scale for a motion of the individual beads

bQ
Ty A2 i—T (2.42)
For the Rouse time this yields
b2
TRouse ~ %N}F - i_TNH_QV ~ 7—0]\]1—"_21/- (243)

For an ideal chain, where v = 1/2, the Rouse time is proportional to the square of the

18
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number of monomers in the chain

TRouse ~ 7—0]\]’2- (244)

Taking into account the coefficient of 1/(67%), as published by Rouse, the Rouse time

for an ideal chain equals

_ N? (2.45)
TRouse — 67T2]€T . .

If we further take into consideration the viscosity of the polymer solution this yields

¢ ~ b’ (2.46)

for the friction coefficient of each monomer, with 7y the solvent viscosity. Since 7y de-
scribes the time scale at which a monomer would diffuse a distance of its own size b

without being connected to the chain, this results in

sb°
To & ZT (2.47)
and
sb°
TRouse & ZT N2, (2.48)

Therefore, no movement of the polymer is observed for time scales lower than 7.

Observation of viscoelastic properties therefore is possible for 7y <t < 75.
However, the Rouse model is mostly reasonable for polymer melts, since it assumes
that beads only interact with each other via connecting springs. In contrast, the Zimm
model, which will be introduced in the next section, takes into account hydrodynamic

interactions.

19
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The Zimm model The Zimm model was first described by Bruno H. Zimm in 1956.°
It takes into account hydrodynamic interactions. These are long-ranging forces acting
on solvent molecules and other particles from the motion of a particle. Therefore, the
Zimm model is considered more appropriate for dilute polymer solutions.

In the Zimm model the polymer drags solvent with it within its pervaded volume. There-
fore, the pervaded volume of a chain is described as a solid object that is moving through

the surrounding solvent. The chain size is

R ~ bN" (2.49)

and the friction coefficient

CZimm ~ nsR (250)

Here all numerical coefficients from Stokes’ law are dropped, since chains are not spher-
ical objects, for which these numerical coefficients are valid. From eqs. 2.49 and 2.50 we

obtain the Stokes-Einstein relation for a polymer in dilute solution as

kT kT kT

Dgim = =~ =~ ) 2.51
7 CZimm nsR nsbNV ( )
where again 7, is the solvent viscosity.
The full calculation for an ideal chain, as published by Zimm in 1956, is
8 kT ET
Dzipm = —— =~ 0.196—. (2.52)
3V nsR nsR

The Zimm time is, similar to the Rouse time, the characteristic time during which the
polymer diffuses a distance of the order of its size
RE s gy 0sb”

; ~ ~ ~ S N¥ & g N¥ 2.
TZimm DZimm kT kT To ) ( 53)

with the full calculation for an ideal chain being

I ns 3 Ms 3
" N A (2:54)
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Table 2.1.: Comparison of description of properties by the Rouse and the Zimm model.

Property Rouse Zimm
Diffusion e 0.196 55
Characteristic time TRouse = % TZimm = 0'3257}12_};2
Mean square displacement 2a2(%)1/ 2 s (@t}z/ 3
Physical parameter g—g -

Comparing the Rouse and Zimm time the two major differences are (1) the Zimm time
has a weaker dependence on the chain dimensions as 3v < 2v 4 1 for v < 1 and (2) the
Zimm motion is a faster process, since there is less frictional resistance as the solvent

within the pervaded volume is hydrodynamically coupled to the chain.
Table 2.1 compares the description of properties in the Rouse and the Zimm model.

In Chapters 5 and 6 of this thesis, Zimm-type dynamics will be used to described the

segmental polymer dynamics in microgel particles and polymer brushes in a good solvent.
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2.4. Cross-Linked and Non-Cross-Linked Polymer

Architectures

2.4.1. Microgel Particles

Microgels are submicron particles that consist of 3-dimensional chemically cross-linked
polymer networks. The network is swollen by solvent molecules. In contrast to solid
particles, microgel particles show viscoelastic behavior. This means that they have prop-
erties of both solids and liquids. They are elastic, because under mild deformation they
retain their shape. Still, smaller molecules can diffuse into the microgel network, if they
are smaller than the microgel’s mesh size.® The elasticity of microgel particles allows
for overpacking through deformation, interpenetration and compression® !’ Microgels
can further model hard sphere behavior up to a certain effective volume fraction, above

which their behavior differs from hard spheres.!t 13

A popular microgel system is based on N-isopropylacrylamide (NIPAM), cross-linked
with N, N’-methylenebisacrylamide (BIS, often MBA). Those microgels respond to tem-
perature changes, because PNIPAM has an LCST of approximately 32 °C. Therefore,
water molecules are expelled from the polymer network above the so-called volume
phase transition temperature (VPTT) and the microgel volume decreases.!!5 This is
displayed in Figure 2.7. Here you can see how water molecules are ordered around the
isopropyl and acrylamide groups of the PNIPAM network.'® As the temperature in-
creases the interactions between the polymer chains are favored over the interactions

between polymer and water and the volume of the microgel particles decreases.

Microgels can be synthesized in many different ways. The mechanism of a surfactant-
free precipitation polymerization is displayed in Figure 2.8. First, an initiator radical
is produced by thermal decomposition in solution. The initiator radical initiates the
homogeneous polymerization of monomer and crosslinker, which leads to the growth
of charged oligomer radicals. Here, the charge depends on the charge of the thermal
initiator. When the oligomer radical, which is not soluble under the reaction conditions,
reaches a certain size, it collapses and becomes a precursor particle that is not colloidally
stable. As precursor particles coalesce, the charges concentrate at the water interface
and colloidally stable primary particles are formed. Newly formed precursor particles

are later deposited onto stable primary particles until the polymerization is quenched
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Figure 2.7.: Structure of water molecules surrounding PNIPAM chains below and above
the volume phase transition temperature.
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Figure 2.8.: Reaction scheme of surfactant-free precipitation polymerization. Repro-
duced from 8

and the final particle size reached.

The formation of spheres over a bulk gel is favored by the elevated reaction temper-
atures during the polymerization. At higher temperatures water and oligomer radicals,
precursor and primary particles are phase separated. A sphere is the optimal shape to
reduce the interface between water and polymer.®
Microgels that are synthesized from NIPAM and BIS in a batch synthesis have an inho-
mogeneous radial distribution of crosslinker molecules (s. Figure 2.9). BIS is incorpo-
rated into the polymer network faster than NIPAM, which leads to decreasing polymer

density from the center of the sphere towards its edge. Wu et al. first proposed this

23



2. Scientific Background

Batch Method Continuous Method

Figure 2.9.: Schematic comparison of the internal structure of microgels prepared by the
batch and continuous method.

property when they investigated the reaction kinetics of PNIPAM latex formation.!”
Later, Stieger et al.'® developed a fuzzy sphere model to describe the small angle scat-

tering of those PNIPAM-based microgels particles.

The inhomogeneous distribution of crosslinks influences another important parameter
that describes the internal microgel structure: the mesh size. The mesh size measures
the distance between two crosslinks in the polymer network.!® Due to the reaction ki-
netics described above, the mesh size is not constant throughout the entire network but

should on average increase with distance from the particle’s center.?%-2!

In recent years, many polymerization methods have been developed to reach a more
even distribution of polymer throughout the microgel network. Instead of a batch ap-
proach, semi-batch?? and continuous feeding methods?*2* have been used. In a semi-
batch polymerization parts of the monomer and crosslinker are in the reaction vessel
prior to initiation, and the remaining monomer and crosslinker are fed into the system
during polymerization. In the feeding method, either only the monomer or no reactant
is present in the reaction vessel prior to initiation. After addition of the initiator, the
crosslinker (and monomer) is fed into the reaction vessel. Different approaches vary
in the initially present amount of monomer and crosslinker, the feeding rate and the
duration of the feed. Many more parameters influence the outcome of a precipitation
polymerization, such as reaction temperature, crosslinker, monomer and initiator con-

centration, speed of stirring, polymerization time, and the chosen solvent.
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Chapters 4 and 5 investigate and compare the internal structure and dynamics of
PNIPAM-based microgels prepared by the conventional batch and a continuous monomer

feeding method.

2.4.2. Polymer Brushes

The term polymer brush describes polymer chains end-tethered to a solid substrate,
such as Au, Si, Ti or polymeric surfaces. These brushes are used to either functionalize

28,29 or friction.39 32

a surface or to change its properties, e.g. wettability,?®27 fouling
The chain composition (charge, functional groups, copolymers, mixed chains) and chain
properties (chain length, dispersity) can be varied to a wide degree, which makes these
surface coatings very versatile. Furthermore, polymer brushes can be coated onto sub-
strates of different shapes, curvatures and sizes, such as nanoparticles, nanorods, silicon
wafers and others. In most cases, polymer brushes are an example of non-cross-linked

polymer architectures.?34

The distance between tethering sites determines the system’s tethering regime (s.
Figure 2.10). At a distance between the polymer chains of D > 2R, there are no inter-
actions between the tethered chains and they act as single free chains. Depending on the
interactions with the substrate there are two subregimes: the mushroom and the pan-
cake regime. The mushroom regime results from weak or repulsive interactions with

the surface, whereas the pancake regime results from strong attractive interactions.

For moderate and low distances between the tethering sites, where D < 2R,, the
chains begin to interact with each other. The steric repulsion between the chains leads
to a stretching away from the surface. This, however, reduces the entropy of the system,
which is unfavorable. The polymer chains desire to find a balance between the random
walk (more coiled) and the stretching due to steric repulsion. This regime is called the

brush regime.?
The reduced tethered density Y is used to further describe the tethering regime.

Y. represents the number of chains occupying the area, which under the same conditions

would be occupied by a free non-overlapping polymer chain. It is defined as

Y =onR, (2.55)
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Figure 2.10.: Tethering regimes of polymer brushes.?

where o is the grafting density.

At 3 < 1 the tethered chains are in the mushroom regime, at > ~ 1 the crossover to
the brush regime is reached, > > 1 describes the highly stretched regime and at > >> 1
the brush regime is fully established.??

Atom transfer radical polymerization

Controlled radical polymerization (CRP) techniques allow the synthesis of poly-
mers with a defined molecular weight and a narrow molecular weight distribution. The
advantage over conventional radical polymerization is the extended lifetime of the grow-
ing chain from approximately 1 s to 1 day. Periods of dormancy are broken up by
short active periods. Examples for such CRPs are nitroxide-mediated polymerization
(NMP), reversible addition-fragmentation chain transfer polymerization (RAFT) and

atom transfer radical polymerization (ATRP).

Advantages of ATRP are a straightforward experimental setup and a variety of com-
mercially available monomers, solvents and initiators. In addition to ATRP in solution,
ATRP can be used relatively easy to graft polymer brushes from a multitude of sur-

faces. This is called surface-initiated atom transfer radical polymerization (SI ATRP).
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Figure 2.11.: The mechanism of an ATRP. Reproduced from Ref. 35.

All polymer brushes in this thesis were prepared by SI ATRP.

In an ATRP a controlled polymerization is reached through a fast, dynamic activation-
deactivation equilibrium between radicals and dormant alkyl halides. The cleavage of a
C-X bond requires high energies and therefore a catalytic process is used to avoid the

application of high temperatures.

Figure 2.11 shows the reaction scheme of an ATRP. The dormant alkyl halide (P, — X))
is activated by the transition metal catalyst in the lower oxidation state (Cu’/L), which
generates the higher oxidation state halide complex (X — Cu!!/L) and a radical P,.
After one to several monomer additions the radical stops propagation and is deactivated
to the dormant species (P, — X). This fast and efficient deactivation is crucial to obtain

polymers with a predefined molecular weight and a narrow molecular weight distribution.

The rate of an ATRP depends on the monomer concentration |[M]|, radical concentra-

tion [P'| and the rate coefficient of propagation k, according to

d[M] ‘
,= S0 = BMP] (2.56)

and the equilibrium constant is

X - CW/L)[R]
Rarre = T TR

Therefore, the rate of polymerization is determined by the ratio of [Cu!]/[Cu'!] and

(2.57)

not the total concentration of catalyst. Other factors that mainly determine the kinetics
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of an ATRP are the choice of initiator, catalyst system, solvent, temperature and addi-

tives.3?

The two most commonly used synthetic approaches for polymer brushes are the “graft-
ing to” and the “grafting from” approach.?®

For the “grafting to” approach, polymer brushes are pre-formed in solution and
attached to the substrate via a reactive end-group.®® This has the advantage that the
pre-formed polymer chains can be thoroughly characterized prior to surface attachment
and can be separated by size. This results in a low molecular dispersity of the resulting
polymer brush. However, the disadvantage is that less dense brushes are achieved. An
already attached polymer chain will repel other polymer chains, due to excluded volume
effects, leading to larger distances between grafting sites.
The “grafting from” approach allows the in-situ growth of polymer chains from the
surface.?¢ First, the surface is functionalized with an initiator layer, which will initiate
the polymerization of the monomer. The monomer is fed to the substrate from the solu-
tion. This allows higher grafting densities, because the monomer diffusion to the reactive
sites of simultaneously growing chains determines the brush growth kinetics. However,
because the polymer chains cannot be separated by size prior to grafting, and initiator
coverage, reactivity and occurring termination reactions between growing chains play an

important role, the “grafting from” approach results in higher molecular dispersity .

The kinetics of SI ATRP are analogous to ATRP in solution. However, due to a
lower concentration of radicals the addition of deactivating species into the bulk reac-
tion solution helps to enhance the control over the polymerization. Termination between
neighboring chains is unlikely, however it has been shown that radical centers may mi-

grate through activation-deactivation cycles leading to termination reactions.?”

Scaling Laws

Conformations and concentration profiles of polymer brushes can be discussed in terms
of scaling laws.?®#* The theoretical picture displayed in Figure 2.12a was first described
by Alexander®® and later adopted by De Gennes.?® As described in the previous section,
polymer chains end tethered to a solid surface at an average distance D below the radius
of gyration R, of the chain in a good solvent will stretch away from the surface. The

height h of the brush layer results from a free-energy-balance argument
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Figure 2.12.: a) Alexander-de Gennes and b) non-uniform blob model for polymer
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where AF' is the free energy cost per chain, h is the height of the brush layer, N is
the number of monomers in a chain, a is the Kuhn length and w is the excluded volume
parameter.** In other words, at D < R, the tendency to maximize the configurational
entropy by adoption of random walk configurations and the tendency to interact with

solvent molecules, rather than with neighboring chains, oppose each other. For this

reason the brush adopts a height h to minimize the free energy cost.*
"Blobs" are units of subdivision of the grafted chain. Each blob contains a certain

number gp of monomers and according to de Gennes the average distance between the

grafted sites D scales as
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ag¥® = D. (2.59)

Within the blob correlations are dominated by excluded volume effects. According to
Alexander, the brush layer is treated as a semi-dilute polymer solution, hence the blob

size is derived from the static correlation length &.4°

The theoretical consideration by Alexander and de Gennes implicate a box profile for
the polymer density as a function of the distance from the grafting surface (Figure 2.12¢).
Another theoretical approach for the description of polymer brushes can be derived from
the works of Semenov** and Milner and Witten.*>*? In contrast to the Alexander-de
Gennes brush, Semenov, Milner and Witten assume a parabolic density profile of the
polymer brush (Figure 2.12d). They argue that polymer chain ends do not have to be
situated towards the boundary, but can penetrate back into the brush layer, causing a
slightly higher polymer density ¢(z) towards the substrate and a parabolic decrease of
polymer density towards the boundary. Furthermore, the chain ends are distributed over
the height of the brush layer, contributing to the parabolic brush profile. This results in
a non-uniform blob picture where the blob size increases with the distance z from the
surface (Figure 2.12b).

The non-uniform blob model has been adopted by Binder in simulation studies as

1‘40

well.* The parabolic polymer density profile can be described by

¢(2) = d(0)[1 — (2/N)?]. (2.60)
However, this description fails for the size of the last blob &, which scales as*
£ o o VONP (2.61)

and can assume 10 - 20% of the entire brush height.*°

Further, in the high coverage regime, the so-called over-stretched regime,*”4® addi-

tional three body interactions need to be taken into account and the density profile

assumes an elliptic profile according to*%5°

o(2) = (O)[1 = (2/h)*]"/2. (2.62)

PNIPAM-based brushes with different grafting densities are subject to Chapter 6 of
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this thesis. A combination of ellipsometry and neutron scattering techniques is used to

experimentally investigate the structure and dynamics in such systems.
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2.5. Neutron Scattering

Neutron scattering uses neutrons to probe matter. Neutrons are uncharged subatomic
particles with a mass of 1.0087 atomic mass units, a spin of 1/2 and a magnetic moment
fin, of -1.9132 nuclear magnetons.” As neutral particles their interactions with matter
are short ranged and they interact with the nuclei of atoms. Therefore, the probability

of interaction is small and these subatomic particles penetrate deep into matter.
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Figure 2.13.: Scattering of different probes by condensed matter. Reproduced from Ref.
52.

Advantages of neutron scattering over other techniques such as X-ray scattering are
the observability of light atoms, such as hydrogen, and the availability of isotopic re-
placement to mark selected atoms. This is especially advantageous in the study of
soft matter. Hydrogen, which is abundant in soft matter, is a light atom and can be
replaced by deuterium. Moreover, due to spin-based dipole-dipole interactions with un-
paired orbital electrons, neutrons are well-suited to study magnetic materials. Figure

2.13 illustrates the interaction of different probes with condensed matter.

2.5.1. Elastic Neutron Scattering

Elastic scattering refers to scattering events where no energy is exchanged between
neutron and sample. The scattering of the neutron leads to a change in momentum P.
This can be described by
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ks

Figure 2.14.: Geometry of elastic scattering. Reproduced from Ref. 52.

P = hk; — hk; = hQ (2.63)

where i = h/27, the so-called reduced Planck constant, and Q = k; — k¢ the momen-
tum transfer. k; and k; are the initial and final wave vectors. Figure 3.15 shows the

scattering geometry of an elastic scattering experiment.

The modulus of the incident wave vector |k;| is unchanged (no energy exchange) and

therefore |k;| = |ky|. Basic geometry yields

2
% = |k;|sinf = ;sm 0. (2.64)

hence the modulus of the momentum transfer is

47 sin 0

Q="

In neutron scattering experiments the proportion of incident particles that emerge

(2.65)

with a given energy and momentum transfer is measured, which results in a four dimen-
sional function S(P, F), which is mostly written as S(Q, E) or S(Q,w). All scattering
has an elastic and an inelastic contribution, but since the inelastic contribution is com-
paratively small, it is neglected in elastic scattering experiments. Therefore, the energy
transfer in elastic scattering is assumed to be zero, and the function is reduced to S(Q),
which is three dimensional with Q = (Q, @y, Q).
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Examples for elastic neutron scattering techniques are neutron diffraction, small angle

neutron scattering and neutron reflectometry.?

2.5.2. Inelastic Neutron Scattering

In inelastic scattering, which is measured e.g. in neutron spin echo spectroscopy, the
change in energy after a scattering event is measured. Therefore, in contrast to elastic
scattering, S(Q,w) remains four-dimensional. Figure 2.15 shows how the wave vector

diagram changes for inelastic scattering.

In case of inelastic scattering the moduli of the incident and final wave vector are no
longer equal (|k;| # |k¢|), and therefore the incident and final wavelength differ as well

(Ai # Ar). As the resulting triangle is no longer isoscele the formula

|Q?| = ki + k7 — 2k;ky cos 26 (2.66)

applies.

The change of wavelength for a proton is associated with a change in frequency.

However, for a neutron the kinetic energy is considered and
wh (1 1
=—|=- = 2.67
w3 200
and

E=E, —E;. (2.68)

Therefore, £ > 0 is associated with a loss in energy and F < 0 with an energy gain.

The scattering function now is

S(Q) = / " 5(Q,w)dw (2.69)

with an elastic contribution S,; of

34



2. Scientific Background

»__— Energy loss

¥
™\ Elastic

1
.

[

1

— Energy gain

Figure 2.15.: Geometry of inelastic scattering. Reproduced from Ref. 52.

Sel(Q) = S(Q,W = 0) (270)

It is crucial to keep in mind that no more than the initial energy hw; can be trans-
ferred to the sample. Examples for inelastic neutron scattering techniques are neutron

spin echo and neutron backscattering spectroscopy.®?

In the experiments presented in this thesis, elastic and inelastic neutron scattering
techniques are used to investigate the structure and dynamics of soft condensed matter.
A more detailed description of different neutron scattering techniques such as small angle

neutron scattering, neutron reflectometry and neutron spin echo spectroscopy follows in

the next chapter.
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3.1. Materials

All chemicals were used as received. N-Isopropylacrylamide (NIPAM; >99 %), poly(N-
isopropylacrylamide (PNIPAM; average M, =30 000, PDI=1.5), N, N’-methylenebisacryl-
amide (BIS; 99 %) and 2,2’-azobis(2-methylpropionamidine) dihydrochloride (AAPH;
97 %), copper(I) chloride (99.995%, trace metal basis), copper(Il) chloride (99%), N,
N, N’, N”, N’-pentamethyldiethylenetriamine (PMDETA, > 99%), trichlorododecylsi-
lane (> 95% (GC)), tetrabutylammonium fluoride solution (TBAF, 1 M in THF) and
tetrahydrofuran (THF, anhydrous > 99.9% inhibitor-free) were purchased from Sigma-
Aldrich. Hydrogen peroxide solution (30 %), methanol (z.A. min. 99.8% CH,;OH) and
sulfuric acid (z.A. 95%) were purchased from CHEMSOLUTE®. Toluene (dried, max.
0.005% H,0) was purchased from SeccoSolv®. Ethanol (absolute) was purchased from
VWR CHEMICALS. [11-(2-Bromo-2-methyl)propionyloxy|undecyltrichlorosilane (eBM-
PUS) was purchased from Gelest. D2O (99,9%) was purchased from Deutero. Water
was purified with a MilliQ system (Millipore) with a resistance of 18 M.

Silicon wafers and double-sided polished silicon wafers (both <100>, n-type) were pur-

chased from MicroChemicals. Silicon blocks were purchased from Siliciumbearbeitung
Andrea Holm GmbH.
Carl Roth™ membrane tubes based on regenerated cellulose (RC membranes, MWCO
= 14 kDa) and Spectrum™ membrane tubes based on cellulose ester (CE membranes,
MWCO = 6 - 8 kDa) were purchased from FisherScientific. Amicon® Ultra-4 centrifugal
filter devices (MWCO = 3 kDa) were purchased from Merck.
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Figure 3.1.: Reactants used for surfactant-free precipitation polymerization.

3.1.1. Sample Preparation
Microgel Particles

Microgel particles based on the monomer NIPAM with various amounts of cross-linker
BIS were synthesized by surfactant-free precipitation polymerization. First, the batch
method according to Pelton and Chibante!* was used, which yields a heterogeneous dis-
tribution of cross-links as described by Wu et al.!” Furthermore, a continuous monomer
feeding method?*°3 was implemented, which leads to a more even distribution of cross-
linker throughout the microgel particle. The chemical structure of the reactants is dis-
played in Figure 3.1. Detailed information concerning the precipitation polymerization
can be found in Table A.1 in the Appendix.

Batch Method NIPAM and BIS were dissolved in 120 mL water in a 250 mL double-
walled glass reactor with a PTFE baffle and overhead stirrer. The reaction solution was
continuously stirred at 300 rpm, heated to 80 °C and purged with nitrogen for 60 min
for oxygen removal. Before addition of the initiator (AAPH, 68.7 mg in 1 mL water)
the stir rate was increased to 1000 rpm. The polymerization was carried out for 10 min
before the turbid microgel dispersion was released into an ice-cooled beaker to quench

the reaction.

Continuous Monomer Feeding Method 100 mL water were filled into the double-
walled glass reactor and treated as is described above. In a separate beaker, NIPAM and
BIS were dissolved in the remaining 20 mL. water and purged with nitrogen for 60 min.
Monomer and cross-linker were filled into a syringe and fed into the reactor at a rate of

2 mL/min. After 11 min 20 s the reaction was quenched as described above.
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Purification Independent of the chosen polymerization method, unreacted monomer
and low molecular weight oligomers were removed from the microgel dispersion by dial-
ysis. The molecular weight cut-off (MWCO) of the RC membrane was 14 kDa. Prior
to dialysis the membrane was stored in ultrapure water for 30 min to remove residue
glycerin. The dialysis was carried out over 21 days with two solvent exchanges per
day. Afterwards, the microgel dispersion was lyophilized at -85 °C and 1x10~2 bar until

complete water removal.

LC-MS The conversion of monomer and cross-linker over the polymerization time was
tracked with liquid chromatography — mass spectrometry (LC-MS) measurements. Mass
spectrometry measurements were conducted on a LTQ Orbitrap XL (Thermo Fisher
Scientific, USA) using atmospheric pressure chemical ionization (APCI). LC-MS spectra
were recorded at the Analytic Centres of the Institute of Chemistry at TU Berlin by
Dr. Maria Schlangen-Ahl and Marc Griffel. The setup is equipped with a Grom-Sil-
120-ODS-4-HE column (Grace, Columbia, MD, USA) with a length of 50 mm, inner
diameter of 2 mm and particle size of 3 um. The spectra from the UV channel were
analyzed with Freestyle (Thermo Fisher Scientific, USA). To ensure a linear relationship
between the peak area and the reactant concentration BIS and NIPAM samples of known
concentrations were measured in the concentration range relevant to the polymerization.
Calibration curves with a linear regression and HPLC conditions can be found in the
Appendix (Figure A.1).

Samples were removed during the polymerization at different times. In more de-
tail, 1.5 mL were removed with a previously THQ-washed syringe to quench the poly-
merization upon removal. Particles and oligomers were separated from monomer and
cross-linker by ultracentrifugation in Amicon® centrifugal filter devices prior to LC-MS

measurements.

Spin Coating Microgel monolayers were deposited onto silicon substrates of various
dimensions by a spin coating procedure. The technique utilizes the centripetal force
that occurs upon high speed spinning of a dispersion, and the surface tension of the
liquid to create even coatings. Figure 3.2 schematically displays the spin coating proce-
dure. First, the substrate is covered with the particle dispersion (1). Afterwards, the
substrate is rotated at a high speed to remove most of the solvent (2). The solvent
then completely evaporates (3) and leaves a particle film on top of the substrate (4).%*

The parameters most commonly varied are spinning speed (in rpm), spinning time and
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Figure 3.2.: Spin coating procedure. (1) A substrate is covered with a dispersion of
particles in a liquid solvent. (2) High speed rotation of the substrate removes
most of the solvent. (3) The remaining solvent evaporates. (4) The particle
film remains on the substrate. Reproduced from Ref. 54.

particle concentration of the deposited dispersion. Specific spin coating parameters are

given in the respective chapters.
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Figure 3.3.: Chemical structure of the initiator (eBMPUS) and the dummy molecule
(trichlorododecylsilane) for ST ATRP.

3.1.2. Polymer Brushes

Surface-Initiated Atom Transfer Radical Polymerization PNIPAM brushes were
prepared by surface-initiated atom transfer radical polymerization (SI ATRP) as de-
scribed in the literature.

In order to obtain a reactive hydroxylized surface layer, all silicon substrates were pi-
ranha etched. Silicon substrates were placed in a solution of equal parts H,SO, and
Hy04 for 30 min. Afterwards, the silicon substrates were removed from the piranha
solution, thoroughly rinsed with water and dried under a stream of nitrogen. Substrates
were then placed in a custom-built reactor, which contained a 0.5 wt% eBMPUS solu-
tion in anhydrous toluene, which had been purged with nitrogen for 30 min. In cases
where the grafting density was varied, certain ratios of initiator and dummy molecules
were present in the initiator solution.?® Trichlorododecylsilane was chosen as a dummy
molecule, because its molecular structure resembles that of the initiator (s. Figure 3.3).
The reactor was sealed to prevent gas exchange. After 24 h at room temperature the
substrates were removed from the reactor, sonicated in toluene for 15 min, in ethanol
for 5 min and dried under a stream of nitrogen. The reaction volume was adjusted to

the dimensions of the silicon substrates (Si-wafers vs. Si-blocks).

The SI ATRP was carried out immediately after the initiator deposition. The monomer
NIPAM was dissolved in a mixture of equal parts methanol and water in a custom-built
reactor. The solution was rigorously stirred at 600 rpm for 30 min, meanwhile be-

ing purged with nitrogen. Afterwards, the ligand PMDETA and the activating species
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Cu(I)Cl were added to the solution under continuous stirring. To ensure oxygen re-
moval the solution was purged with nitrogen for another 30 min. It was ensured that
all Cu(I)Cl had been dissolved, before the initiator-coated silicon substrates were placed
in the reactor. To determine the evolvement of brush height over time, samples were
removed from the polymerization after 1, 2, 4, 5, and 10 minutes. Removed samples
were sonicated in water for 10 minutes, rinsed with water and dried under a stream of

nitrogen.

Degrafting and Size Exclusion Chromatography In order to measure their molar
mass and molecular dispersity the grafted polymer chains were removed from the sub-

57.58 Polymer brushes were grafted from two-side polished Si-wafers to maximize

strates.
the yield of polymer chains for size exclusion chromatography (SEC), and to avoid less
controlled reactions on the non-polished, rough side of single-side polished wafers. SI
ATRP conditions were the same as described above.

In a cleanroom a commercially purchased solution of TBAF in THF (1 M) was filtered
thoroughly and diluted in filtered THF to obtain a 0.04 M solution. This solution was
placed in a double-walled glass reactor at 50 °C and 16 coated Si-substrates were sub-
merged in the solution. As the Si-F-bond is stronger than the Si-O-bond TBAF can be
used to remove the polymer chains from the substrates as is illustrated in Figure 3.4. To
prevent sublimation of THF, the reactor was sealed air-tight. After 24 h the Si-substrates
were removed from the reactor and thoroughly rinsed with filtered THF to remove all
degrafted polymer. The THF containing the degrafted polymer chains was transferred
to a round bottom flask, and carefully removed with a rotary evaporator. A brown resin
was obtained and was lyophilized at -85 °C at 1x10~2 bar for 7 days. For the removal of
small contaminants and excess TBAF the resin was redissolved in ultrapure water and
dialyzed at 4 °C for 7 days. The low temperature was chosen to ensure the stretched
state of the polymer chains. The molecular weight cut-off of the CE membrane was 6
to 8 kDa. Afterwards, the solution was lyophilized again and the obtained brown resin
was measured with SEC. To ensure complete degrafting of the polymer brush, X-ray

reflectivity curves were recorded after the degrafting procedure.

All SEC measurements were conducted at the Max Planck Institute of Colloids and
Interfaces (Golm, Germany) by Marlies Graewert. The SEC instrument is equipped with
a series of three PSS gram columns, a guard column and two columns with a particle

size of 7 pum and different porosities of 100 and 1000 A. Prior to the measurements,
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Figure 3.4.: Degrafting of PNIPAM brushes with TBAF.

the setup was calibrated for a molar mass range between 600-2 000 000 g/mol with
polystyrene standards. The eluent was N-Methylpyrrolidone (NMP) with 0.5 g/L LiBr.
SEC measurements were conducted at a flow rate of 0.8 mL/min at 70 °C. A UV detec-

tor (SECcurity) and an refractive index (RI) detector were used.
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3.2. Methods

3.2.1. Dynamic Light Scattering

In a dynamic light scattering (DLS) experiment monochromatic laser light illuminates
a dilute sample that contains scattering centers. The fluctuations of the scattered light
are detected by a fast photon detector at a known scattering angle #. The setup of a

typical DLS experiment is depicted in Figure 3.5.

Laser Lens

Photon
Detector

Correlator

Figure 3.5.: Setup of a DLS experiment.

Dynamic light scattering is a popular non-destructive method to determine the size
of objects in samples such as emulsions, micelles, polymers, proteins, nanoparticles, and
colloids. As the name dynamic light scattering indicates, the method investigates the
mobility of objects in solution, which is based on Brownian motion.? %

The instantaneous scattering intensity (), t) at a certain scattering angle () depends
on the spatial arrangement of the scattering centers at time . However, as the particles
move and change their conformation and location the scattering intensity fluctuates in
time. The averaged scattering intensity over a long time interval is the static scattering
intensity /(Q). Information about the particle dynamics on the length scale 1/Q is
contained in the fluctuations around the average value.

Mathematically, the memory of the instantaneous scattering intensity 1(Q,t) after t 4 7

can be expressed by the time autocorrelation function. At ¢ = 0 the autocorrelation
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Figure 3.6.: A) Intensity I of scattered light over time. B) Time autocorrelation function
of scattered intensity over time.?

function is the mean-square value of the intensity (I?). At times much longer than the
correlation time 7, I(Q,0) and 1(Q,t) are independent and the autocorrelation function
is the square of the average intensity (7)?. The normalized intensity correlation function

18

(Q.OI(Q.1 +7))
TCO I (3.1

This can be related to the electric field correlation function g;(Q, 7) with the Siegert

92<Q7 T) =

relation

2(Q.7) = 1+ Blar(Q. )] (32)
_(B(Q.DEQ1+7)
#ON =T EQan &9

where E; is the electric field of the scattered light and /3 is the coherence area, which

relates to the scattering geometry and the size of the light sensitive area of the detector.

Monodisperse samples display a single exponential decay as displayed in Figure 3.7.

The intensity autocorrelation function can be fitted according to

91(Q, ) = exp(—T'7), (3.4)

with I' the decay rate. The decay rate is defined by
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Figure 3.7.: Example for a measured intensity autocorrelation function with a single
exponential decay.

I =Q%D. (3.5)

@ is known and therefore the diffusion coefficient D can be determined. In turn, the
Stokes-Einstein relation can be used to determine the hydrodynamic radius Ry of the

scattering object

kT

= — 3.6
6rnD’ (3.6)

Ry,

with k£ the Boltzmann constant, 7" the temperature in K, an 7 the solvent viscosity. The
hydrodynamic radius R}, is the radius of a sphere that would experience a friction f,
identical to the friction experienced by the scattering particle during Brownian motion
through the solution.

In a DLS experiment there are a few pitfalls that need to be kept in mind. To get
accurate information on the particle size distribution, it is recommended to measure at
multiple scattering angles (multi-angle DLS). This is because the scattering intensity
of differently sized particles depends on the scattering angle. Therefore, if only one
scattering angle is applied, the scattering signal from particles with a certain size can
be suppressed.

Furthermore, the theory is not valid for multiple scattering. Concentrated and turbid

samples should therefore not be measured by DLS. A way to suppress multiple scattering
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is cross-correlation. Diffusing wave spectroscopy (DWS) is an alternative method that
can be used to describe multiple scattering.

There are different methods to analyze DLS data. The cumulant analysis is suitable for
noisy data with one particle population. It assumes a Gaussian distribution around a
single particle size and therefore is not well-suitable for bimodal samples. In case of a
bimodal sample, a CONTIN analysis, based on the CONTIN algorithm, is recommended.

Experimental Setup Dynamic light scattering of PNIPAM microgels was conducted
on an LS spectrometer (LS Instruments, Fribourg, Switzerland). A decaline bath was
used for temperature control and refractive index matching. Autocorrelation functions
were measured at temperatures between 18 and 50 °C at scattering angles between 30 and
90° in 5° steps. The solvent was HoO and the microgel concentration was 0.05 mg mL™.
A He-Ne laser with a wavelength A = 632.8 nm was used. The raw data was fitted with
a third-order cumulant fit in a Python-based fitting script written by Anja Hormann

(Python Software Foundation, version 2.7).

3.2.2. Electrophoretic Light Scattering

Electrophoretic light scattering (ELS) uses the principle of electrophoresis to determine
the zetapotential of colloidal particles in liquid dispersions. The surface of dispersed
charged particles is surrounded by an electrochemical double-layer. This is displayed in
Figure 3.8. The layer adjacent to the charged particle surface is called the Stern layer.
The Stern layer is oppositely charged to the particle surface. However, with increasing
distance to the particle surface the charge distribution becomes more diffuse. As the
particle moves, surrounding charges are dragged along up to the distance which is marked
by the slipping plane. Charges that are beyond the slipping plane do not move along
with the particle. The potential at the slipping plane is referred to as the zetapotential.
The potential decreases linearly between the particle surface and the Stern layer, and
exponentially from thereon. This is described by Debye’s law.%% 61

Particle dispersions are increasingly stable with higher zetapotential as particles with a
high charge are stabilized and tend to aggregate less. Parameters that influence colloidal
stability are pH, ionic strength and sample concentration.

During an ELS experiment, the velocity of the movement of particles at an applied
potential (ve,) is measured. This is called the electrophoretic mobility. Particles should

have a size between 1 nm and 20 pum to be suitable for ELS and the concentration of
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the dispersion should be low. The equation most commonly used for the calculation of

the zetapotential from v,, is the Smoluchowski equation:

® o ®
®

Figure 3.8.: Schematic representation of the potential as a function of the distance from
a charged particle surface. Reproduced from Ref. 62.

Ve V

¢ (3.7)

- Ee F€o
where E is the magnitude of the electric field, v the kinematic viscosity of the disper-

sion medium, and esey the permittivity.

The Smoluchowski equation is only valid for particles with a very thin electrochemical
double-layer. The effective thickness of the electrochemical double-layer is quantified by
the Debye-length . Other models have been developed by Hiickel, and Sumner and
Henry to calculate the zetapotential for colloidal particles with thicker electrochemical

double-layers. However, the Smoluchowski equation remains the most commonly used
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equation in every day laboratory practice.

For an ELS measurement a particle dispersion with a low concentration is filled into a
capillary (glass, polymeric), which has to electrodes at its end. Those electrodes generate
the electric field. Due to effects from the wall, the determination of the zetapotential
can only be done at a certain distance from the capillary wall. A laser is used and the
Doppler effect is taken advantage of to determine the velocity of several particles at

once.%!

Experimental Setup ELS measurements were conducted on a Litesizer 500 (Anton
Paar, Graz, Austria), which is equipped with a 658 nm laser. The samples were mea-

sured at temperatures between 18 and 50 °C at a concentration of 0.05 mg mL™.

3.2.3. Atomic Force Microscopy

Atomic force microscopy (AFM) measures surface structures with high resolutions of
up to 0.1 nm. In contrast to optical microscopy, AFM does not use visible light and
lenses to magnify small objects. In AFM a sharp probe is used to scan a surface area
and translate the interactions between the surface and probe into a topographic image.
The method was invented by Binnig, Quate and Gerber in 1986 and is related to tech-
niques such as the Stylus profiler, the topografiner or Scanning Tunneling Microscopy
(STM). However, AFM has many advantages, such as a high resolution, a wide range
of scan sizes (5 nm to 100 pm) and the ability to scan very soft to very hard surfaces.
Furthermore, in contrast to STM, TEM and SEM, the AFM is able to scan conducting
and insulating samples. Figure 3.9 shows a comparison of the different length scales ac-
cessible with different microscopy techniques. With an AFM samples can be measured
under ambient conditions and minimal sample preparation is needed. However, if need

be, samples may be scanned under vacuum, in gas or liquid as well.%3

Figure 3.10 shows the setup of an AFM experiment. The cantilever with an integrated
tip is inserted into a holder and the sample is placed underneath the tip. The vertical
position of the cantilever is then controlled by a piezoelectric transducer, which converts
electrical potential into mechanical motion. In this way, very accurate control of small
movements can be realized. Typical piezoelectric transducers move 0.1 nm for every

volt. The cantilever acts as a force transducer. Commonly, AFMs use optical levers as
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Figure 3.9.: Length scales accessible by different microscopy methods. Reproduced from
Ref. 63.

displayed. Here a laser is focused on the back of a reflective cantilever and the laser
beam is reflected onto a split photodetector. The position of the laser spot is measured
and a change equals a change of the force experienced by the cantilever. At contact
with the surface the voltage output of the force transducer increases and forces as low
a 10 pN can be measured. Lastly, the feedback control is a crucial element of an AFM.
It maintains a set force between the probe and the sample. The control electronics get
the signal from the force transducer and send the information to the piezoelectric trans-
ducer. In this way, the piezoelectric transducer moves the force transducer away from
the surface if an increase in force is registered and moves it closer to the surface at a
decrease of force. This up and down movement of the cantilever is then translated into

the sample topography.5

AFMs can be operated in topographic and non-topographic modes. The major topo-
graphic modes are contact mode and oscillatory modes. Contact mode was the first
mode that was developed for the AFM. The different topographic modes are best ex-
plained by taking a look at the force-distance curve describing the interaction between
probe and sample as displayed in Figure 3.11. At far distances from the sample, the
probe experiences zero force, and there is no interaction between probe and sample. As
the probe approaches the sample, it experiences an attractive force, which leads to a
snap in of the probe onto the sample. As the probe further approaches the sample,
repulsive forces start affecting the probe. The contact mode operates in the repulsive

regime, where probe and sample are in close contact.
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Figure 3.10.: Setup of an AFM experiment. Reproduced from Ref. 63.

While contact mode offers the advantage of a high resolution and fast measurements, it
also has some disadvantages. Due to the close contact of probe and sample either the
sample or the probe can be damaged. Furthermore, in addition to the vertical forces, in
contact mode lateral forces occur. Lateral forces are problematic for weakly adsorbed,
soft or easily deformable samples. They can lead to distortion, damage or even removal
of the sample.%

The oscillating modes subsume intermittent contact and non-contact mode. In the
oscillating modes the probe is oscillated at its resonance frequency by an additional piezo-
electric element. The amplitude is reduced by the contact with the sample, because the
force field from the sample interacts with the probe and dampens the cantilever’s os-
cillation. This results in a reduction in the frequency and amplitude of the oscillation.
The feedback system reacts to this and keeps a fixed sample-probe distance.

The main difference between intermittent and non-contact mode is the amplitude of the
oscillations. In the intermittent contact mode the cantilever undergoes all three regimes
due to the large oscillation amplitude between 1 and 100 nm. When it is far away from
the sample it experiences zero force. When it approaches the sample further, the at-
tractive regime is reached until it comes into close contact with the sample upon which
point the repulsive regime occurs. Upon each oscillation cycle all regimes are passed.
The disadvantage of the intermittent contact mode is that the crossing of the repulsive
regime bears the danger of tip or sample damage. However, due to the perpendicular

movement during the scan lateral forces are almost eliminated. This is especially useful
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for weakly adsorbed, soft or easily deformable samples and make intermittent contact
mode the mode of choice for AFM imaging of microgel particles.
In non-contact mode small oscillation amplitudes are used and therefore the cantilever

is maintained in the attractive regime with small probe-surface forces.”

setpoint — contact mode

repulsive

Force

\ intermittent contact mode
OnN V —

Distance

U/
—
g

non-contact mode

attractive

Figure 3.11.: Typical force-distance curve of an AFM probe interacting with a sample.
Reproduced from Ref. 63.

Bimodal Dual AC™ Imaging In a bimodal AFM experiment, two resonance frequen-
cies of the cantilever, instead of one, are exited simultaneously. The first, lower mode
resonance frequency is used to scan the sample in tapping mode. The amplitude of the
cantilever provides the feedback error signal for the topography and the phase yields in-
formation on the material contrast. By simultaneously employing a second, higher-order
resonance frequency of the cantilever, an enhanced contrast and spatial resolution of the
phase image can be achieved.%* While the technique offers a qualitative indication of
a materials properties, the contrast is oftentimes hard to interpret. The bimodal dual

AC™ technique is patented by Asylum Research.

Non-topographic modes are used to investigate sample properties other than to-
pography. Force spectroscopy is a technique which allows the investigation of the
force acting of the probe as it approaches and retraces from the sample. In a force
spectroscopy experiment, the deflection of the cantilever is recorded as a function of

the position of the Z-sensor of the piezoelectric element. This can be converted into
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a force-distance curve. Furthermore, 2D arrays of such curves can be recorded. This
quasistatic technique is called force mapping. In this way, nanomechanical properties
of samples with elastic moduli between 10 kPa and 100 GPa can be measured. The
cantilever spring constant should roughly match the stiffness of the tip-sample contact.
The Young’s modulus can be determined by fitting the force-distance curve with models
such as the Hertz, Sneddon, DMT or JKR model.%

Experimental Setup AFM images were recorded on an Asylum Research Cypher
AFM (Oxford Instruments, Abingdon, UK) in intermittent contact mode. Images under
ambient conditions were scanned with AC160TS cantilevers (Olympus) with a nominal

! and nominal resonance frequency of 300 kHz. Further-

spring constant k£ of 26 N m’
more, the cantilever OMCL-AC240TS-R2 (Olympus) with nominal k¥ of 2 N m™ and
a resonance frequency of 70 kHz were used. Cross sections were analyzed using the
Asylum Research /IGOR Pro software.

Nanoindentation measurements were conducted on a MFP-3D AFM (Oxford In-
struments, Abingdon, UK) situated in an acoustic enclosure. A CSC-38-A cantilever
(Mikromasch) with a nominal & of 0.2 N m™ and a tip radius of Ry, = 8 nm was used
to probe the centre of the particles at 20 °C and 50 °C. For ten microgel particles indi-
vidual force curves were recorded. The data was fit with the Hertz-model for spherical

indenters

AEVR (o

b= 3(1 —v?)

(3.8)

where F' is the force exerted by a sphere of radius R indented into the particle, E the
elastic modulus, v the Poisson ratio and ¢ the indentation depth. We fitted up to 20%
of the maximum indentation to avoid falsifying results due contributions from the hard
substrate.

For fast force mapping microgel layers on Si-wafers (1 cm x 1 cm) with a low
packing density were prepared. PNIPAM microgel dispersions in water with a microgel
concentration of 0.02 mg mL™! were spin coated at room temperature. Spin coating was
done at 1000 rpm for 300 s. The packing density was briefly evaluated with dry imaging
of the wafers.

Fast force maps were recorded on an Asylum Research Cypher ES AFM (Oxford Instru-
ments, Abingdon, UK). We used the BL-AC40TS (Olympus) cantilevers with a nominal

1

spring constant k£ of 0.09 N m™ and a resonance frequency of 25 kHz in water. Wafers

were situated in a fully sealed liquid cell. Water was pumped into the cell and the
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temperature was adjusted to 20 °C. 512x512 images with a scan size of 5 ym x 5 pum
displaying single particles were recorded. Nanoindentation measurements and fast force

mapping were performed by Matthias Kiithnhammer at TU Darmstadt.

3.2.4. Ellipsometry

Ellipsometry is an optical, non-destructive method for the analysis of thin films. It uses
the change of light polarization upon reflection from a surface to determine material
properties such as refractive index n, extinction coefficient £ and the film thickness. The

incident and reflected beam are described by Jones vectors

. ’Eﬁei% . |E; |ez‘6g
Einc = ( \E;|eléi Eref = ’Egler(;g : (39)

FE is the amplitude and § the phase of the light components, the subscripts p and
s represent light oscillating within and perpendicular to the plane of incidence respec-

tively, and the subscripts ¢ and r stand for the incident and the reflected light.

L
aser Detector

Polarizer

@ Compensator
@ Sample \ﬁ

D

Figure 3.12.: Null-ellipsometry setup with a PCSA (Polarizer, Compensator, Sample,
Analyzer) configuration. Reproduced from Ref. 65.

Analyzer

The two parameters ¢ and A describe the changes in the state of polarization upon

reflection and are defined as

A= (0, —0,) — (6, — &%) (3.10)

o4



3. Materials and Methods

and
B/ 15,
tany) = 22 (3.11)
|E¢|/1E
A describes the change in phase and 1 the change in amplitude.
The reflectivity properties are described by the reflection coefficients r, and r;
B0 ico—st 2] ior-o!
— 7pli(6y—6y) — sl i(or—03) (3.12)
T —¢ Ts e : .
2 |

As orthogonal beams do not interfere, the in-plane and perpendicular components can

be treated seperately. The basic equation of ellipsometry is

tani) - €' = v, (3.13)
TS

A and 1 are directly measurable in a null-ellipsometry setup as depicted in Figure
3.12. The PCSA configuration describes the arrangement of the optical components.
The polarizer (P) produces linearly polarized light. The light passes the compensator
(C), which introduces a defined phase retardation of one field component in reference to
the orthogonal one. After interacting with the sample (S), the light passes the analyzer
(A) and finally hits the detector. In null-ellipsometry the analyzer rotates in a way that

minimizes the detected intensity.%¢ 67

Experimental Setup Ellipsometry was measured on a multiscope null-ellipsometer
(Optrel GbR, Germany). This instrument is equipped with a green laser (A = 532 nm)
and a PCSA setup. Measurement under ambient conditions were conducted at an angle
of incidence «; of 70°. In order to measure polymer brushes in water, a stainless steel
cell was filled with ultrapure water and the sample was placed inside. This setup was
mounted onto the sample stage. Water measurements require an angle of incidence of
60°. A copper plate underneath the sample holder was used to adjust the temperature.
Since PNIPAM has a VPTT of approximately 32 °C, measurements were conducted
between 18 and 50 °C.

All data were fitted with a four-layer model. The first two layers were (i) the silicon
substrate with a refractive index n = 4.1520 and an infinite thickness h, and (ii) fused

silica with n = 1.4607 and h = 1.5 nm.%® The third layer was the polymer brush layer.
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Figure 3.13.: Setup of a SANS experiment. Reproduced from Ref. 70.

For measurements under ambient conditions the refractive index of the polymer brush
layer was n = 1.5062,% the refractive index of PNIPAM. In case of water measurements,
the amount of water present in the PNIPAM layer depends on the temperature and is
not constant. Therefore, in these cases the refractive index and the height were fitted.
As a rule of thumb, the refractive index in such cases must lie between the refractive
indices of pure water and pure PNIPAM. The fourth layer is the medium in which the
measurement is carried out. While the height of this layer is infinite, its refractive index
in air is n = 1.00028381 and in water n = 1.33370.

3.2.5. Small Angle Neutron Scattering

Small angle neutron scattering (SANS) is an example of an elastic neutron scattering
technique. In a small angle neutron scattering experiment the scattered intensity I(Q)
is measured as a function of the momentum transfer ). For monodisperse spherically

symmetric particles the scattered intensity is approximated by

1(Q) = (Ap)'nV P(Q)S(Q), (3.14)

with Ap, the difference in SLD between solvent and scatterer (in case of this thesis
the polymer), n the number density of particles, V,, the volume of polymer within the
particle, P(Q) the form factor and S(@) the structure factor.

P(Q) describes the interference of radiation from polymer segments within the same

particle. S(@), on the other hand, describes interference of radiation from different par-

ticles. In a dilute solution we assume no interference of radiation from different particles
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and S(()) can therefore be approximated as 1.

Homogeneous spherical particles can be described by a form factor with a box function

(3.15)

3[sin(QR) — QRcos(QR)] ) 2

Phom(Q) = ( (QR)3

with R the radius of the sphere.

However, microgel particles prepared by batch polymerization possess a dense core
and a fluffy shell. Therefore, Stieger et al.'® convoluted the radial box profile with a

Gaussian and derived

Pinho(Q) = (QR)B 9

where 0g,,¢ describes the smeared particle surface.

3[sin(QR) — QReos(QR) (_M)] 2, (3.16)

Figure 3.14 displays the polymer volume fraction (PVF) of a microgel with a dense
core and a fluffy shell as a function of the distance from the particle center. This microgel
particle has its highest polymer density in the center up to the radius Rpo,. Above Ry
the PVF begins to decrease and the radius R, received from a fit of the fuzzy sphere
model to our data is R = Rpyoy + 204, f. Finally, the radius Rgang obtained by SANS is

RSANS = R+205urf. (317)

The polydispersity of microgel particles can be taken into account by assuming the

number distribution of the particle radius R to be a Gaussian function'®

ooyt (B R
D(R, <R>7 poly) 271-O-§Oly<R>2 p( 20201y<R>2 > > (318)

with (R) the average particle radius and o, the relative particle size polydispersity.

In swollen gel networks spatial inhomogeneities can occur due to an uneven distribu-
tion of cross-links. These are often referred to as frozen inhomogeneities and are taken
into account by an additional term I;,,,(Q). Furthermore, network fluctuations are

described by e, t which yields
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Figure 3.14.: Radial box profile for a "Fuzzy Sphere" microgel. Reproduced from Ref.
18.
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I(Q) = Iinho(Q) + Ifluct(Q)- (319)

This can be further expressed as a combination of a Gaussian spatial distribution and

an Ornstein-Zernike contribution (Lorentzian function)

1(Q) = Ie(0) - (—A2Q2> + Lrual0) (3.20)

3 14 &£2Q?

with A the characteristic length scale of the static inhomogeneities and £ the correla-

tion length of the network fluctuations, which is related to the blob or mesh size.!'®

Experimental Setup Small angle neutron scattering (SANS) experiments were con-
ducted on the "KWS-2" and "KWS-3" instruments of the Jiilich Center for Neutron
Science (JCNS) at the Maier-Leibnitz Zentrum (Garching, Germany). KWS-3 covers a
Q-range between 3-10 and 2.4-10% A at a sample-to-detector distance of 9.5 m. KWS-
2 can measure Q-values between 1-10% and 0.5 A at sample-to-detector distances of
2, 8 and 20 m. The used Hellma quartz cells had a neutron path way of 2 mm. The
concentration of the microgel dispersion was 0.001 g- mL™' (S(Q) ~ 1) and measure-
ments were carried out at 20 and 50 °C. D5;O was used for bulk contrast. Furthermore,
a semidilute solution of linear PNTPAM (30 kDa) with a concentration of 0.05 g- mL™*
was measured as a reference.

SANS data were analysed in IGOR Pro using the SANS and USANS Data Reduction
and Analysis Software by the NIST Center for Neutron Research (Gaithersburg, MD).

3.2.6. Neutron and X-ray Reflectometry

Reflectometry is a scattering technique that takes advantage of the reflection of light (or
neutrons) from the interface of media with different refractive indeces. Neutrons and
X-ray radiation are well-suited to characterize thin polymer films, because their short

wavelengths correspond to the measured lengths.”> ™

Neutrons provide some advantages in the study of polymer materials. As neutrons can

pass D20 aqueous polymer solutions can be measured. On the other hand, X-rays from

common sources cannot penetrate water and more expensive anode materials would be
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needed to generate the suitable wavelength. Therefore, X-ray scattering is more com-
monly used for measurements of dry samples. Due to the isotope sensitivity of neutrons,
it is possible to label parts of a sample, vary or match the contrast between solvent and
sample (or parts of the sample). Therefore, homogeneous materials can be characterized
and buried interfaces can be made visible.™

This chapter will focus on the theoretical description of neutron reflectometry. However,
X-ray reflectivity is based on similar principles, with some differences due to the different

nature of neutrons and X-rays.
For neutrons the refractive index of a material is defined as

n=1-6—ik, (3.21)
where ¢ is the dispersion in and ¢k the absorption by the material. Further ¢ is defined

)\2
6= — 3.22
5P (3.22)

with A the neutron wavelength and p the scattering length density

pP= Z bing, (3.23)

where b; is the scattering length of nuclei ¢ and n; the number of nuclei ¢ per unit
volume. The scattering length is characteristic for each atom and, unlike electron density
in X-ray scattering, does not follow a predictable trend. It quantifies the scattering of
neutrons from a nucleus and is isotope sensitive. The scattering length b; can assume
negative or positive values. An example of two isotopes with very different scattering
lengths are hydrogen H and deuterium D. While hydrogen has a negative scattering
length, deuterium has a high positive scattering length. This fact is often used for
contrast.

Figure 3.15 shows the setup of a neutron reflectivity experiment in specular geometry.
The incident angle 6; equals the angle of reflection 6. The wave vectors of the incoming

beam k; and the reflected beam k; describe the momentum transfer as

G-i—F. (3:24)

and as we assume elastic scattering |k;| = |k}| with |k| = 27 /X we obtain
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Figure 3.15.: Geometry of a neutron reflectivity experiment. Reproduced from Ref. 75.

. 4
Q= Q. = Tﬁsin& (3.25)

where @) is the modulus of the momentum transfer in z-direction and Q,,Q, = 0.
The reflected intensity I can either be measured at different angles and a constant

wavelength or vice versa. The reflectivity R is the normalized intensity

1
=1

where [ is the intensity of the direct neutron beam.

R (3.26)

As a result of the constructive and destructive interference of the reflected waves,
minima and maxima in the intensity along @), are observed (Figure 3.16 a). Further-
more, the total reflected intensity decreases with increasing angle of incidence, because
transmission through the material is enhanced. This is called “Fresnel decay” and has a
0} dependency (hence a Q* dependency). These two effects combined result in a typical
reflectivity curve as depicted in Figure 3.16 c. The typical oscillations in such a reflectiv-
ity curve are called Kiessig fringes and their spacing is related to the distance between
two interfaces.”™

The reflectivity curve can be described as follows. Below the critical angle 6. there is
total reflection of the incoming beam, if the refractive index of the medium from which
the beam impinges on the polymer film is lower than the refractive index of the polymer
film itself (nfim > Nmedium). This is the general condition for total external reflection.

Therefore, the reflectivity between 0 and 6. equals 1. From the critical angle onward the

neutron beam is partially reflected and partially transmitted. Therefore, the reflected
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Figure 3.16.: Interference pattern (a) and Fresnel decay (b) yield the reflectivity curve
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intensity continuously decreases, displaying more or less pronounced Kiessig fringes.
There are three major factor influencing the form of the reflectivity curve: (I) The
critical angle 6. and therefore the critical wave vector (). depend on the refractive index
of the medium at which the beam is reflected. The interface between two media can be
described by Snell’s law cost); = n - cos0;,qns, Where 6; is the angle of incidence and 6,4,
the angle of the transmitted neutrons. At the critical angle of total external reflection
Otrans — 0 and therefore cosd. = n. (II) The damping of the decay is related to the
roughness of the sample. As the surface is rougher there is more diffuse (off-specular)
reflection which results in out of specular geometry scattering and therefore decreases
the intensity that reaches the detector. (III) The width of the Kiessig fringes depends
on the thickness of the film as the length of one oscillation AQ in the reciprocal space

is proportional to the layer thickness in real space.”®"" This is described by Bragg’s law

2dsin(0) = nA, (3.27)

and it follows

(3.28)
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Experimental Setup (PNIPAM Microgels) Microgel layers with a high packing den-
sity were prepared on 50 mm x 80 mm x 15 mm Si-blocks. PNIPAM microgel dispersions
in water with a microgel concentration of 0.25 wt% were spin coated at room tempera-
ture. The spin coating parameters were set to 1000 rpm and 100 s. The higher packing
density was mainly a result of a higher concentration of microgel particles in the coated
dispersion. The packing density was evaluated with light microscopy on a Keyence in-

strument.

Neutron reflectivity curves of microgels with 10 mol% crosslinker were measured on
the TREFF instrument at the Maier-Leibnit Center (Garching, Germany) covering a
Q-range of 0.005-0.04 A~!. The neutron wavelength was 4.74 A. Neutron reflectivity
curves were recorded at 20 °C. We recorded neutron reflectivity curves at two contrasts,
i.,e. in D,O and H>O, to facilitate data analysis. Neutron reflectivity curves were fitted
with the Motofit package in IGOR Pro.

The data was fitted with a 2-layer model in Motofit. The backing was silicon with an
SLD of 2.07 A~2 and infinite thickness. On top of the silicon layer is a silicon oxide layer
of approximately 1.5 nm thickness®® and to have a roughness of approximately 470 pm
(AFM, 5um scan). Adjacent to the silicon oxide layer is the PNIPAM layer. The SLD
was taken from the literature as 0.8x107% A=2.7® The backing was the solvent phase,

which for contrast was deuterated water. Deuterated water has an SLD of 6.34x10~6 A2,

Experimental Setup (PNIPAM Brushes) Neutron reflectivity curves of PNIPAM
brushes were recorded on the magnetic reflectometer with high incidence angle (MARIA)
situated at the Maier-Leibnitz Center (Garching, Germany). As we investigate non-
magnetic samples, all measurements were conducted in non-polarized beam mode. For
low Q-values the neutron wavelength was 10 A and for high Q-values the neutron wave-
length was 5 A. The wavelength distribution of MARIA is 10 %. We chose to measure
at a temperature of 15 °C to ensure the stretched state of the polymer brushes.

All neutron reflectivity curves were fitted with the Motofit package in IGOR Pro.

Two different models were used for the brush with maximum and low grafting density.
For the high grafting density brush a three-layer model was used. The first layer is silicon
oxide with a scattering length density of 3.47x10~% A~2 and a thickness of approximately
1.5 nm.% The second layer is the initiator SAM. This layer has an SLD of 0.29x10~6 A2

and a thickness of 1.3 nm as measured by spectroscopic ellipsometry. Finally, the third
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Figure 3.17.: Setup of a neutron spin echo spectrometer.

layer is a PNIPAM layer with an SLD of 0.8x10~% A~2. The thickness of the third layer
was fitted. The initial fit guess was derived from ellipsometry measurements.

For the low grafting density brush a four-layer model was assumed. In addition to the
three-layer model described above, a fourth layer, consisting of the PNIPAM brush with
a higher volume fraction of D,O toward the solvent phase was added. The SLD of the
initiator layer was adjusted to the ratio of initiator and dummy molecules on the surface.

More details can be found in Chapter 6 of this thesis.

3.2.7. Neutron Spin Echo Spectroscopy

Neutron spin echo spectroscopy (NSE) is well-suited to study the rather slow dynamics
in polymer systems.” " Due to its high energy resolution it grants access to the space
and time evolution of segmental diffusion.

These days times up to a few 100 ns can be measured with NSE on large and intermedi-
ate length scales. The technique measures energy changes in neutrons due to scattering
events, with an energy resolution of up to 10~> and a neutron velocity bandwidth of
20%.81

The neutron velocity of the incidenct and scattered neutron beam are compared, taking
advantage of the Larmor precession of the neutron spin in an external homogeneous

magnetic field.

More precisely the polarization of the neutron beam is measured. Figure 3.17 shows
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the typical setup for a neutron spin echo experiment. The primary neutron beam passes
a velocity selector, which typically selects a wavelength band of 20%. Afterwards, the
neutron beam is polarized in a forward direction and all neutrons are polarized parallel
to the beam direction. As the neutron beam passes a so-called 7/2-flipper the neutron
spin is flipped by 90° and all neutrons are polarized perpendicular to the beam direction.
After entering the primary solenoid the neutron spin begins to precess around the lon-
gitudinal field and undergoes ten to hundred thousands of precessions. As the neutrons
have different velocities, after exiting the primary solenoid, they will have different pre-
cession angles. In close proximity to the sample a 7w-flipper rotates the neutron spin by
180°. Behind the sample is the secondary solenoid, which is symmetric to the primary
solenoid. Assuming that there is no energy exchange with the sample, the number of
precessions in the secondary solenoid is equal to the primary. Upon reaching the second
7 /2-flipper all neutrons would have the same precession angle, pointing upwards, which
is due to the m-flipper. This response is called the spin-echo. The second 7/2-flipper
rotates the neutron spin by 90°. An analyzer then transmits only neutrons with spin
components parallel or antiparallel to the axis.®
If however there is an energy exchange with the sample, a velocity change Avg from the
scattering results. Therefore, the downward pointing spins will be rotated to the axially
antiparallel direction by the 7 /2-flipper and will be blocked by the analyzer, which will
result in a reduced echo signal. The cosine of the final precession angle determines the
transmission at the detector. The scattering function S(Q,w) describes the influence of
the sample on the neutrons. Here, w is the frequency proportional to the energy transfer
between neutron and sample.
% = ?—;[VQ — (v + Avg)?. (3.29)
The relation between the final polarization P; and the initial polarization P; can be

expressed as:

P, — Pf:r;o S(Q,w)cos(wt)dw
=4 fj—oC;OS(Q,w)dw .

The normalized dynamic structure factor describes the probability that a scattering

(3.30)

event occurs at a certain wavelength change

S\ = (m/2m)\w (3.31)
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Figure 3.18.: Normalized intermediate scattering functions. A decay is only observed for
inelastic scattering.

at a given momentum transfer (). However, the result of a NSE measurement is the

intermediate scattering function S(Q, 7nsg). A NSE scan is done by variation of the

guide field, which leads to a variation in Fourier time.%°

Tvse = 1.863z107 HLN? (3.32)

The intensity that reaches the detector is

1 m?2

Iper X 5[3(@) + /cos(J)\3727TZZw)S(Q,w)dw] (3.33)

with J = fpath |B|dl the integral if the magnetic induction along the flight path of
the neutron, and v = 1.830332108 radian/sT. Therefore, the detected intensity strongly
depends on the strength of the magnetic field and the neutron wavelength. However, at
higher magnetic fields, inhomogeneities in the magnetic field will affect the measurement

more. Furthermore, the maximum Fourier time depends on

m2

TNSE = JA%FZQ. (3.34)

Therefore, the maximum achievable Fourier time is limited by the neutron wavelength
and the magnetic field.™8°

A schematic representation of different intermediate scattering functions (ISFs) is

displayed in Figure 3.18. The dashed line represents a purely elastic scattering event,

where no decay is observed and the polarization at the detector Py equals the initial
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polarization P;. The three solid lines represent inelastic scattering at different Q)-values,

where Py is smaller than P;. With increasing () the decay becomes more rapid over

TNSE-

Experimental Setup ISFs of PNIPAM microgels were recorded at the SNS-NSE at
the spallation neutron source at the Oak Ridge National Laboratory in Tennessee, USA.
Combination of two neutron wavelengths (8 and 11 A) allows coverage of a wide range
of Fourier times between 7ysg = 0.04 and 95 ns (s. Figure A.5). The Hellma quartz
cells for NSE experiments had a neutron path way of 3 mm. To suppress center-of-mass
diffusion the microgel concentration was 8 wt%. All measurements were conducted in
D50 at 20 °C to ensure the swollen state of the microgel network.

Furthermore, a semidilute solution of linear PNIPAM (30 kDa) was measured. The
concentration was chosen due to results from viscosimetry. The viscosity in DO as a
function of the polymer concentration was measured with a Lauda iVisc glass capillary
viscometer (LAUDA Scientific, Germany). The efflux time ¢ was measured with micro-
Ostwald-viscometers (type I and Ic), suited for different viscosity ranges. Samples sat in
the temperature bath for 10 minutes prior to the measurement for thermal equilibration.
Results are the average over five measurements. As Ostwald-viscosimetry measures the
kinematic viscosity v = n/p, the polymer solution density had to be measured as well.
The polymer solution density was measured with an Anton Paar DMA 4500 density

meter (Anton Paar, Austria).

3.2.8. Grazing Incidence Scattering

Grazing incidence scattering circumvents issues with low intensities due to extremely
small sample volumes in the investigation of thin films. It yields average statistical in-
formation over a large illuminated area and allows the investigation of buried structures
without any damage to the sample. Furthermore, the technique is surface sensitive and

allows a variation of the probed depth of the sample layer.848

In grazing incidence scattering a shallow angle of incidence «; is chosen. If we take a
look at the detector image, we observe a bright peak where o; = o, which arises from
specular scattering and is therefore called the specular peak (S) (s. Figure 3.19). For an
incident angle «; which equals the critical angle of total external reflection o, a second
peak, the so-called Yoneda-peak (Y) is observed. In Figure 3.19 it is shown that the
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sample defines the (z,y) plane and that the neutron beam is directed in x-direction.
The scattering plane is defined by the (y, z) plane and the scattering vector has the

components

cos(ay) cos(fy) — cos(av)
~ T
Q=kf—k = Y cos(ay) sin(fy) . (3.35)
sin(ay) + sin(a;)
The (), component probes lateral structures and dynamics. Therefore, the @, reso-
lution is essential in grazing incidence scattering techniques, especially GISANS, and a

point-shaped neutron beam is generated by using slits in the collimation section.

The refractive index is described by equation 3.21, and the dispersion ¢ and absorption
[ are described by

= NbN?
5N = = (3.36)
and
NagA
B = —=, (3.37)

with N the atomic number density, b the scattering length and «, the absorption
cross-section for neutrons. The product Nb is the scattering length density p. A beam-

stop is used to prevent damaging of the detector by the direct beam.

The critical angle of total external reflection depends on the scattering length density

of the polymer under investigation and is

pp
W 3.38
« - ( )

The Yoneda peak results from diffuse scattering due to surface and inner roughness
of the sample and has its maximum at a.. As very small angles are used in grazing
incidence scattering, the lateral structure in y-direction and the structure perpendicular

to the surface (z) are probed, because @, << @y, Q..

As mentioned above with grazing incidence scattering, the probed depth can be varied

as well.
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Figure 3.19.: Geometry of a grazing incidence scattering experiment. Reproduced from

Ref. 85.
A
o — 3.39
Vr(l; + 1) (339
with
7172
.2 .2 -2 S92 No )
lif = |sin®a. —sin®a; 5 + 4 | (sin® o f — sin® )% + o : (3.40)

Therefore, in order to measure surface near and bulk dynamics it is sensible to mea-
sure at multiple different angles of incidence namely (1) o; < «. (surface near) and
(2) a; > a. (bulk). This is illustrated in Figure 3.20. However, limited angular and
wavelength resolution in neutron scattering result in a smearing of the scattering depth.
This makes measurements at angles close to a, problematic and therefore limits the

detectable variation in the dynamics profile at the interface.
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Figure 3.20.: Neutron penetration depth as a function of the angle of incidence «;. Re-
produced from.®®

3.2.9. Grazing Incidence Neutron Spin Echo Spectroscopy

Grazing incidence neutron spin echo spectroscopy (GINSES) combines classical neutron
spin echo spectroscopy with grazing incidence scattering. The technique therefore allows
observation of thermal fluctuations of macromolecules close to rigid, planar interfaces.
Examples for such systems are polymer brushes,®® adsorbed microgel particles,®” mi-

croemulsions®® or hydrogel films.

Under certain conditions an evanescent field is generated which then travels parallel to
the surface. It can penetrate the sample perpendicular at a penetration depth between
10 and 100 nm. The method is sensitive to thermal fluctuations close to the interface,
and thermal fluctuations can be measured as a function of the distance to the interface as
well. Due to the orientation of the sample cell and that of Qgrvses the y-component is
rather small and the technique is sensitive to fluctuations perpendicular to the interface.
GINSES can be measured on a standard NSE spectrometer. However, the entrance
and sample aperture are set to approximately 2 mm. The collimation in combination
with a small sample volume in a thin film leads to a loss in intensity of several orders
of magnitude compared to standard experiments in transmission. Therefore, GINSES

experiments require a stable instrument and low background.®
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Figure 3.21.: Geometry of a grazing incidence neutron spin echo spectroscopy experi-
ment. The neutron beam impinges the substrate under the angle of inci-
dence «; below the critical angle of total external reflection a, (not shown).
This generates an evanescent field, which decreases in intensity over z. The
penetration depth z; /. describes the z-position where the intensity has de-
creased to 1/e. The scattered neutrons are detected at ag;. Because
Qget >> «; the momentum transfer Qgrnvses = kgt — k; has an in-plane
component. Still, the z-component is probed, as the in-plane component
in negligible.5¢

Experimental Setup (PNIPAM Brushes) ISFs of PNIPAM brushes were measured
on the J-NSE spectrometer at the Maier-Leibnitz Center (Garching, Germany). Mea-
surements had to be conducted during two separate beam times due to capacity issues.
During the first beam time, the sample with a maximum grafting density was measured.
Diffraction scans were conducted at a neutron wavelength of 6 A to determine the ideal
-value. An ideal (Q-value combines a high count of coherently scattered neutrons with a
comparatively low count of incoherently scattered neutrons. Measurements were carried
out at Q = 0.08 A=, In between the two beam times the instrumental setup was altered
and superconducting magnetic coils were installed. Therefore, during the second beam
time the parameters were slightly altered. All remaining measurements were conducted
at a neutron wavelength of 8 A. The corresponding diffraction scans show the best ra-
tio between coherent and incoherent scattering at a Q-value of 0.06 A~'. Due to the
instrumental changes the Fourier time covered during the second beam time could be
extended from 7nygr = 0.5 - 40 ns to 7y = 0.5 - 60 ns. Measurements were conducted
in D20 at 15 °C (good solvent conditions).

Experimental Setup (PNIPAM Microgel Particles) GINSES measurements of ad-

sorbed PNIPAM microgel particles were conducted on the J-NSE instrument at the

Maier-Leibnitz Center (Garching, Germany). To determine the ratio between coherent
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and incoherent scattering contribution to the spin echo at a neutron wavelength of 6 A,
diffraction scans were recorded prior to sample measurement. A Q-value of 0.06 A~! was
chosen and intermediate scattering functions were recorded for Fourier times between
Tnse = 0.5 and 35 ns. Based on the critical angle of total reflection as determined from
neutron reflectivity curves, an angle of incidence below the critical angle of total reflec-
tion (a;; = 0.2°) and an angle of incidence above the critical angle of total reflection
(a2 = 1.0°) were measured. Therefore, two different neutron penetration depths are
covered by the measurements. As a comparison, a bare Si-block was measured against

D50. The apeture was set to 2 mm.

BornAgain Simulations Simulations of the intensity map of the evanescent intensity
at ;1 = 0.2° were simulated with BornAgain.”” Simulations were based on the neutron
reflectivity curves. For the simulations of the adsorbed microgel particles a form fac-
tor for a truncated sphere was assumed. The Ornstein-Zernike correlation length was
adopted from SANS bulk measurements of the particles in bulk. A vertical cut through
the intensity map of the evanescent field allows us to determine the neutron penetration
depth more exact. The neutron penetration depth is defined as the depth were the in-
tensity of the evanescent field has decreased to 1/e. Furthermore, the background was
simulated to better estimate the contribution of the background to the signal. BornA-

gain simulations were conducted by Dr. Tetyana Kyrey.
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4. Microgels Prepared by Batch and
Continuous Monomer Feeding
Method

Abstract

In colloid science, poly(N-isopropylacrylamide) based microgels prepared by precipita-
tion polymerization in a batch reactor have been studied extensively. Recently, the
inhomogeneous network morphology of such microgels has inspired the development of
continuous feeding methods, which result in a more homogenous radial polymer density
profile. However, no systematic analysis of how the internal structure of such microgels
in bulk translates to the adsorbed state has been attempted so far. In this chapter, we
analyze the swelling behavior and look at the adsorption on solid surfaces for micro-
gels prepared with low, medium and high molar fractions of cross-linker by both the
batch and a continuous monomer feeding method. For this purpose, experiments such
as liquid chromatography mass spectrometry, dynamic light scattering and atomic force
microscopy imaging were combined to compare batch-and feeding-microgels. This will
help to understand how feeding-microgels behave differently from their batch counter-

parts and to indicate their suitability for surface applications.

4.1. Introduction

The internal structure and dynamics of microgel particles are influenced by the chosen
preparation method. In a conventional batch method (Figure 4.1a) the cross-linker BIS is
incorporated into the network at a higher rate than the monomer NIPAM.!” This results
in a dense, highly cross-linked core, which is surrounded by dangling polymer chains. A
more homogeneous network can be accomplished with the continuous monomer feeding
method (Figure 4.1b).?3
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The internal structure and dynamics are important for the loading capability to incor-
porate guest-molecules and guest-particles into the polymer network. An example for
guest-particles are magnetic nanoparticles (MNPs). Witt et al. studied the distribution
and loading capability of batch- and feeding-microgels with MNPs. They found that
while the MNPs were mainly located in the outer shell of batch-microgels, they were
more evenly distributed in the feeding-microgel particles. Furthermore, the more even
distribution of cross-links led to a higher overall loading capability.?® Another example
for the incorporation of guest molecules into microgel networks is the immobilization of
enzymes. Gawlitza et al. immobilized horse radish peroxidase in PNIPAM microgels to

use the water-soluble enzyme in organic media.”!

The loading capability is related to
the mesh size of the polymer network. The mesh size needs to be compatible with the

size of the guest particle or molecule.

Figure 4.1.: Different setups for surfactant-free precipitation polymerization: a) batch
method and b) continuous monomer feeding method. In the bottom the
anticipated network morphology is displayed.

Another parameter that influences the mesh size is the degree of cross-linking. The
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degree of cross-linking can be varied by the amount of cross-linker that is used during
precipitation polymerization. A higher degree of cross-linking has shown to result in
a smaller mesh size.”? Furthermore, it has been shown that the dynamic properties of
the network are influenced by the degree of cross-linking. Hellweg et al. investigated
the internal dynamics of PNIPAM-based batch-microgels and found a decrease of the

collective diffusion coefficient with increasing cross-linking.”3

In this chapter, PNIPAM microgel particles with 2, 5 and 10 mol% BIS were prepared
by the conventional batch method and by the continuous monomer feeding method.
Their swelling behavior and the influence of adsorption on a solid planar surface were
studied and compared. For this, dynamic light scattering and atomic force microscopy
imaging were employed. The overarching goal of this chapter was to identify particles
suitable for further studies of the dynamics and nanomechanics of adsorbed microgel

particles.

4.2. Results

In the first part of this section, properties of batch- and feeding-microgels in the bulk
phase with varying degrees of cross-linking are characterized and compared to each
other. First, the polymerization kinetics are investigated with liquid chromatography
mass spectrometry (LC-MS). Secondly, the difference in optical transmission is shown
and thirdly, the microgels’ temperature-dependent swelling behavior is investigated with
dynamic light scattering (DLS). In the second part, microgel particles were coated onto
solid substrates. The particle profile in the adsorbed state was extracted from AFM
topography images to compare aspect ratios in the dry and swollen adsorbed state.
This yields information about the particles’ swelling capability after adsorption and the

influence of the confining surface.

4.2.1. Polymerization Kinetics

The conversion of microgels prepared with the batch method can be calculated from
LC-MS measurements. This is possible, because all reactants are present in the reactor
at a polymerization time of ¢, — 0 and are consumed over ¢,. Figure 4.2a shows the

consumption of NIPAM and BIS in a conventional batch method for polymerization
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Figure 4.2.: a) Conversion c(t)/c(0) against the polymerization time ¢, between 0 and
30 min for the conventional batch method. The dashed line indicates a total
consumption of 90% of the initial concentration ¢(0). b) Peak areas deter-
mined from LC-MS measurements of samples removed from the continuous
monomer feeding method. After a short initiation period (= 3 min) the
concentration remains constant.

times ¢, between 0 and 30 min. In all cases, the consumption of BIS is significantly faster

than the consumption of NIPAM. Overall, after 5 to 6 min 90% of BIS are consumed

regardless of the initial cross-linker concentration (indicated by the dashed horizontal

line), whereas 85 to 90% of NIPAM are consumed after 15 min. The slopes of linear

fits between 0 < ¢, < 3 min yield the conversion rates wyrpay and wprg according to

w = a - cg. The degree of cross-linking in the core x.,.. can be calculated according to
wpgrs - 100 %

Leore = ) (41)
WBIS T WNIPAM

assuming that the core was already formed after 3 minutes. The degree of cross-linking

of the shell is

. cBrs,shei - 100 % (4.2)
shell — .
CBIS,shell T CNIPAM,shell

o (CO,BIS — 3 man - ijs) <100 % (4 3)
(co.prs — 3 min - wprs) + (coprs — 3 min - wyipan) '

77



4. Microgels Prepared by Batch and Continuous Monomer Feeding Method

Table 4.1.: Results from linear fits to the conversion of NIPAM and BIS during the batch
precipitation polymerization.

mol% ANIPAM WNIPAM apils WBIS Leore Lshell
BIS (min—1) (mM /min) (min~1) (mM /min) (mol%) (mol%)
2.0 -0.14 17.19 -0.26 0.65 3.6 0.75

5.0 -0.15 17.30 -0.26 1.64 8.7 1.98
10.0 -0.16 17.46 -0.23 2.81 13.9 6.3

The results indicate a significant difference between the theoretical degree of cross-
linking in the core and shell (s. Table 4.1). While the calculated core cross-linker density
is higher than expected, the shell cross-linker density is lower. This is in agreement
with the formation of a highly cross-linked particle core. For a batch microgel with a
theoretical cross-link density of 2 mol% calculations according to equation 4.1 yield a core
cross-link density of z...=3.6 mol% versus a shell cross-link density of z,.;=0.75 mol%.
This means that the differences between the theoretical and experimental cross-link
density are 63 to 80 % For the highest initial cross-link density of 10 mol% this difference
is less pronounced with a cross-link density of Z.,..=13.9 mol% and a shell cross-link
density of z4,.;=6.3 mol%. This is a difference of 37 to 39 %.

Unfortunately, the conversion of BIS and NIPAM in a continuous monomer feeding
method could not be determined in the same manner. Figure 4.2b shows the peak
area determined from LC-MS spectra over the polymerization time ¢, of a continuous
monomer feeding polymerization. The first sample for LC-MS measurements was re-
moved from the reaction after 1 minute. Between ¢, =1 min and ¢, = 3 min an increase
in the peak area of both reactants is observed. This means an increase in the concen-
tration of the reactants. Afterwards, the peak areas remain at a constant, low value.
Therefore, in wprs/Nrpav = a * ¢o the parameters a and cq are zero. However, this does
not mean that there is no conversion, but that the conversion happens quickly. The
initial increase can be explained by the fact that in the beginning of the reaction there
is a very low concentration of reactants, which means a low probability of initiation
and propagation. As more reactants are fed into the reactor, continuous polymerization
occurs and the peak area remains constant. Therefore, in the future it is recommended

to use in situ methods track the conversion of feeding methods.
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4.2.2. Optical Properties

Figure 4.3 shows dispersions of batch- and feeding-microgels (cy;¢=0.5 wt%) prepared
with the same molar fractions of BIS. A difference in the turbidity of the microgel dis-

persions is apparent by optical observation already.
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Figure 4.3.: Dispersions of PNIPAM microgels (cy g = 0.5 wt%) with different cross-
linker content prepared by the continuous monomer feeding method and
the batch method.

The transmittance of a HeNe-laser beam with a wavelength of A\ = 632.8 nm and a
power of 5 mW through microgels from the conventional batch method and the continu-
ous monomer feeding method was measured to quantify the microgels’ turbidity. First,
the transmitted intensity of the cuvette (2mm) filled with water (I;) was measured.
Afterwards, the microgel dispersions were filled into the cuvette and the corresponding

intensity I was measured. The transmittance was calculated according to

T = [i - 100%. (4.4)

0

As the degree of cross-linking increases the transmittance decreases for both types of
microgels (Figure 4.4). The batch-microgels have a lower overall transmittance compared
to the feeding-microgels. For instance a batch-microgel with a degree of cross-linking
of 2 mol% has a transmittance of T = 69%, while the corresponding feeding-microgel
transmits 98% of the light. This difference can be explained by the lower scattering

cross-section for light, leading to a lower scattered light intensity.

79



4. Microgels Prepared by Batch and Continuous Monomer Feeding Method

1.0

5]
e

0.8
)
S 06
8
£ o
2
E 04-
|_

0.2

-= Batch Method
o Feeding Method
0.0+ T T T T T T T T T T T
0 2 4 6 8 10

mol% BIS

Figure 4.4.: Transmittance of PNIPAM microgel dispersions (cp¢ = 0.5 wt%) with dif-
ferent cross-linker content prepared by the continuous monomer feeding
method and the batch method.

4.2.3. Swelling in the Bulk Phase

First, microgels prepared with a molar fraction of cross-linker between 2 and 10 mol%
were synthesized with the conventional batch method. Figure 4.5a displays the hydro-
dynamic radius as a function of the temperature. The microgel particles display the
typical thermoresponsive behavior with a reversible VPT around their VPTT. At this
temperature the microgel particles collapse to the hydrodynamic radius they possess dur-
ing polymerization. While all microgels were polymerized under indentical conditions,
an increasing molar fraction of cross-linker results in a higher hydrodynamic radius at

elevated temperatures.

Ry, 200¢
Ry, 500¢
crogels’ swelling behavior. As the molar fraction of cross-linker increases, the swelling

The swelling ratio aggec = (Figure 4.5b) helps to further characterize the mi-
ratio decreases. This can be attributed to the fact that a denser polymer network is less
flexible and the magnitude of the displacement vector of the network is smaller.”* This
in turn negatively affects the interaction with solvent molecules. The microgel with the
lowest amount of cross-linker swells more than twice as much as the microgel with the
highest amount. For orientation, the swelling ratios at 20 °C are displayed in Table 4.2.

In Figure 4.5c the first derivative of the hydrodynamic radius in reference to the
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Table 4.2.: Swelling ratios of PNIPAM batch- and feeding-microgels at T=20 °C.

Cross-linker (mol%) (20°C, batch (20°C, feeding
2.0 3.7 —
5.0 2.6 3.1
10.0 1.7 2.2

temperature is displayed and fitted with a Gaussian. This illustrates two properties of
the thermoresponsive behavior of the microgels. First, the width of the Gaussian gives
information on the broadening of the VPT. As the degree of cross-linking increases we
observe that the width increases. This corresponds to a broader transition. For those
microgels with a low degree of cross-linking we observe a rather abrupt VPT. Second,
we can determine the VPTT from the z-value at the minimum of the Gaussian fit. The

VPTT increases with increasing cross-linker content at values between 31 and 34 °C (s.
Table 4.3).

In a second step, microgels in the same size range were prepared by a continuous
monomer feeding method. In Figure 4.6a the hydrodynamic radii of those feeding mi-
crogels with 2 to 10 mol% BIS are displayed. It becomes apparent that the radii after
polymerization are similar to their batch counterparts. However, the feeding microgels
have higher swelling ratios agpec (Figure 4.6b) and therefore reach higher hydrodynamic
radii at lower temperatures. In general, the trend that the swelling ratio decreases
with increasing cross-linker content applies to feeding-microgels too. The VPTTs for
feeding-microgels were determined from the first derivative of the hydrodynamic radius
in reference to the temperature as well. While the values are comparable to those of
batch-microgels, feeding microgels have a slightly higher VPTT (AT =~ 2°) for the same
initial molar fraction of cross-linker. However, DLS of the feeding-microgels with 2 mol%
BIS did not result in spherical objects of radii in the same range. The relaxation rates
of those microgels were graphed against Q? and Q* and are shown in Figure 4.7. This
plot shows that the relaxation rates I' of the lowly cross-linked feeding-microgels are
better described by Q3-dependent behavior. This indicates the observation of segmental
Zimm-type dynamics. However, from a second order cumulant analysis we are able to
obtain spherical structures with hydrodynamic radii of 30 to 40 nm. These findings will

be discussed in more detail towards the closing of this chapter.
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Figure 4.5.: Temperature-dependent properties of microgel particles prepared with dif-
ferent molar fractions of cross-linker between 18 and 50 °C synthesized with
the batch method. a) hydrodynamic radius, b) swelling ratios, c) first
derivative of the hydrodynamic radius in reference to the temperature.

Table 4.3.: VPTT of PNIPAM batch- and feeding-microgels.

Cross-linker (mol%) VPTTbatch ( OC) VPTTfeeding ( OC)
2.0 30.9£0.1 —
5.0 32.5%0.3 34.3+0.6
10.0 34.3+£0.4 36.1+0.2

82



4. Microgels Prepared by Batch and Continuous Monomer Feeding Method

5004 4.04
i 5.0 mol% BIS @ 5.0 mol% BIS
,é\ 450 _E_ 10.0 Qgp/o BIS 3.5+ —e— 10.0 mol% BIS
£ 4004 *®
2 5g S 3.04 ag
S 350+ L % .
o o 2.5- |
% 300' g‘, u
= |
g 250- o 2.0- gt
g &
2 200- 1.5
9 =
f 150
} B 1.0
a) T b)
100- 1 1 1 1 1 1 1 1 1 1 1 1 1 1
20 25 30 35 40 45 50 20 25 30 35 40 45 50
Temperature (°C) Temperature (°C)
[
. 0-D . . . . = o
o 1 ' = Jwmaee e
- - . 'o'
E . ) \ 4
5 201 LA
o . m = ; 5
o 5 K = 5.0 mol% BI
-301 ¢) “e Y e 10.0 mol% BIS
20 25 30 35 40 45 50

Temperature (°C)
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linker content between 18 and 50 °C synthesized with the continuous
monomer feeding method. a) hydrodynamic radius, b) swelling ratios, c)
first derivative of the hydrodynamic radius in reference to the temperature.
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4.2.4. Properties of Adsorbed PNIPAM Microgels

In this section, AFM imaging of the previously investigated PNIPAM-based batch- and
feeding-microgels is presented. Dilute dispersions of the investigated microgels were spin
coated onto silicon wafers to investigate individual particles in the adsorbed state.
AFM topography images in air and in water at 20 °C show the different adsorption
properties (s. Figures 4.8 and 4.9). All batch-microgels are shaped like spherical domes
after adsorption to solid planar surfaces. However, they differ in their aspect ratios in
the ambient and swollen state. In the ambient state, batch-microgels with 2 and 5 mol%
BIS have relatively high aspect ratios (w/h) of 13.7 and 19.6, respectively. This means
that they lie relatively flat on the solid planar surface. In case of 10 mol%, however,
the aspect ratio is slightly lower with 4.6. Those particles therefore appear to contain
their spherical shape better after adsorption. In the swollen state the aspect ratios of all
batch-microgels decrease and particles swell both vertically and horizontally in relation
to the surface.

The feeding-microgels have unusually high aspect ratios. This is due to their strong
deformation upon adsorption to the solid surface. This results in very low height values
and a comparatively high width. Again, in the swollen state the aspect ratios of the
feeding-microgels decrease, but remain relatively high. The unusually high aspect ratios
of feeding-microgels can be explained by their network structure. While batch-microgels
have a highly-crosslinked core, in feeding-microgels the distribution of cross-links is more
even. The core serves as a stabilizing structure for the microgels upon adsorption com-
parable to a scaffold.

The fact that lowly cross-linked feeding-microgels show no distinctly spherical objects
in AFM topographies is in agreement with our findings from DLS. The spherical objects
with a hydrodynamic radius of 30 - 40 nm are hardly recognizable in topographies in
water. Those structures are too flat against the surface to distinctly visualize them with
the AFM.
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Figure 4.7.: Relaxation rate I' of DLS measurements of a feeding-microgel prepared with
2 mol% BIS as a function of a) @* and b) Q3. The residuals show that a
linear fit to Q3 describes the data more accurately.
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Figure 4.8.: Atomic force microscopy topography images (20x20 pum?) of batch- and

feeding-microgels with different amounts of cross-linker adsorbed on silicon
substrates under ambient conditions (air, r.t.). Bottom: Height crosssec-
tions averaged over five individual particles.
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Figure 4.9.: Atomic force microscopy topography images (20x20 pum?) of batch- and
feeding-microgels with different amounts of cross-linker adsorbed on silicon
substrates and swollen in water at 20 °C'. Bottom: Height crosssections
averaged over five individual particles.
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4.3. Discussion

In summary, we found that microgels prepared by a conventional batch method and the
continuous monomer feeding method show distinct differences in their optical properties
and their adsorption to solid substrates.

The transmittance of feeding-microgels is significantly increased. This is in agreement
with findings by Acciaro et al., who prepared microgels in a similar manner. They argue
that the change in transmittance is due to a smaller scattering contrast, which results
from the more even distribution of polymer chains in the network.?® In batch-microgels
the dense core provides an optically denser material, which is absent in feeding-microgels.
The characteristic swelling behavior of PNIPAM microgels is preserved in microgels pre-
pared by the continuous monomer feeding method. However, feeding-microgels have
slightly higher swelling ratios and VPTTs.

The observation that batch-microgels prepared with a low molar fraction of cross-linker
swell more strongly is in agreement with results by Kratz et al.”> While the feeding-
microgels with 2 mol% BIS could not be measured, we observe this tendency for feeding-
microgels with 5 and 10 mol% BIS as well.

The continuous monomer feeding method yielded no spherical particles with a swollen
hydrodynamic radius between 300 and 400 nm when attempted with a rather low cross-
linker concentration of 2 mol%. The measured hydrodynamic radii are between 30 and
40 nm and the relaxation rate showed Q*-dependency. This can lead to one of two con-
clusions. Either the polymerization was not successful and yielded a polymer network
with embedded small particles or the scattering contrast of feeding-microgels prepared
with 2 mol% cross-linker is too low to successfully measure spherical objects. This last
conclusion is supported by the high transmittance of approximately 1. Furthermore, in
the adsorbed state no distinct spherical objects of this sample were observed. A microgel
with such a low amount of cross-linker and no dense core likely behaves as a polymer
film upon adsorption and the particles just collapse onto the surface.

In general, the findings for the adsorbed PNIPAM microgels are in agreement with other
studies. Burmistrova et al. for example, studied PNIPAM microgels prepared with a
negatively charged comonomer and found that a higher content of cross-linker led to
higher particle profiles.? Due to the usage of a charged comonomer in the study by
Burmistrova et al. a direct comparison of the resulting heights is not valid, because
of the Donnan potential’s contribution to the osmotic pressure in ionic microgels. Fi-

nally, high aspect ratios of feeding-microgels indicate that the network collapses onto
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the planar solid surface due to the lack of a dense core. The dense core provides sta-
bility to batch-microgels. Therefore, we are choosing batch- and feeding-microgels with
10 mol% BIS for further z-resolved studies of adsorbed microgel particles. With their
lower aspect ratio, z-resolution will be feasible, which might be problematic in case of
the rather flat feeding-microgels with 5 mol% cross-linker. The assumption is made that
the near-surface fluctuations of those microgels will be damped more and a low ampli-

tude of fluctuations will lead to a low signal in GINSES experiments.

4.4. Conclusion

In this chapter, the author reports the preparation of PNIPAM-based microgels with
molar fractions of 2, 5 and 10 mol% of the cross-linker BIS by the batch and the con-
tinuous monomer feeding method. DLS, and AFM images indicate limitations to the
usage of PNIPAM-based feeding-microgels prepared with molar fractions of cross-linker
concentrations of 2 mol%.

Optical properties of microgel dispersions give first indications of the different network
structures resulting from the preparation method. A lower scattering contrast from
feeding-microgels is expressed in a high transmittance of visible light. Due to the
similar temperature-dependent swelling behavior of both microgels in bulk, feeding-
microgels might substitute batch-microgels for certain applications. However, the high
aspect ratios of adsorbed feeding-microgel particles challenge the replacement of batch-
microgels in surface applications. In conclusion, batch- and feeding-microgel particles
with 10 mol% BIS are chosen for further analysis of surface dynamics with elaborate

neutron scattering techniques.
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5. Internal Structure and Dynamics
of Highly Cross-Linked PNIPAM

Microgels

Abstract

The internal structure and dynamics of poly(N-isopropylacrylamide) microgels with dif-
ferent degrees of cross-linking have been investigated for conventional batch-microgels.
However, a detailed understanding of the internal structure and dynamics of recently
developed feeding-microgels is still lacking. Furthermore, the question remains, how
the proposed more even distribution of cross-links influences the internal structure and
dynamics after adsorption on solid surfaces. In this chapter, we compare results from
small angle neutron scattering and neutron spin echo spectroscopy of highly cross-linked
batch- and feeding-microgels to results from surface-sensitive methods such as atomic
force microscopy force mapping and neutron spin echo under grazing incidence. There is
a limited number of techniques to investigate surface dynamics of thin microgel coatings.
Neutron spin echo spectroscopy under grazing incidence allows to distinguish between
dynamics from near-surface layers and the averaged dynamics over the entire adsorbed
microgel coating in z-direction. Simulations of the intensity distribution of the evanes-
cent field and the experimental background with BornAgain aid the analysis of grazing

incidence scattering data.
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5.1. Introduction
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Responsive microgels are discussed for diverse applications in biomedicine,”” wastewa-

ter treatment,”® heterogeneous catalysis,” cell culturing'® and sensors.!%

While many
applications demand microgel particles in the bulk state, a number of applications de-
mands for conformal microgel coatings to modify surface properties like wettability,
friction coefficient or the elastic modulus of a surface. An extensive review of envisioned
applications for microgels is given in Ref. 102.

In this chapter, highly cross-linked (10 mol% BIS) PNIPAM microgels were prepared
with surfactant-free precipitation polymerization. First, microgels were prepared with
a conventional batch method, and later with a continuous monomer feeding method
(details can be found in Chapter 3.1.1). The main purpose of this chapter is the com-
parison of the internal structure and dynamics of both types of microgels. Furthermore,
the chapter investigates how the different structural and dynamical properties translate
to conformal microgel coatings on planar solid substrates.

This work will further the understanding of the surface properties of more homoge-
neously cross-linked PNIPAM microgel particles. It will also help to understand how
the internal dynamics in near-surface layers of core-shell type microgels with a hetero-
geneous cross-link distribution are influenced differently from the internal dynamics of
homogeneously cross-linked microgels. Finally, it will contribute to the understanding of
whether perceived advantages of a homogenous cross-link distribution are transferable
to surface applications.

In the past, the internal structure of PNIPAM microgels prepared with the batch
method has been investigated in neutron scattering studies. Karg et al. and Kratz
et al. studied the influence of the degree of cross-linking on the internal structure by
addition of different molar fractions of BIS to the polymerization.”>% They investigated
how the degree of cross-linking affects the correlation length and found that a higher
degree of cross-linking led to a decreasing correlation length of the network. Reufer et
al. investigated how the temperature influences the structure of PNIPAM microgels and

drew conclusions on the models suitable for the analysis of scattering data.!’® Stieger
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et al. developed the fuzzy sphere model taking into consideration the heterogeneous
distribution of cross-links in the microgels prepared by a batch method.!® Prior to that,
Fernandez-Barbero et al. had developed a core-shell model with specific correlation
lengths for the shell (&) and the core (€. ). However, the fuzzy sphere model (for
details see Chapter 3.2.5) has been used more frequently in recent literature and has
even been applied by Fernandez-Barbero in 2013.2!

Another method for the investigation of the network morphology is super-resolution
optical microscopy. Bergmann et al. used direct Stochastic Optical Reconstruction
Microscopy (ASTORM) to investigate the localization density of freely diffusing fluo-
rophores within PNIPAM microgel particles. They were able to describe the network

104

morphology by a modified fuzzy sphere model."”* Conley et al. labelled the co-monomer

used during precipitation polymerization with a fluorescent dye to observe the polymer
density profile during the volume phase transition of PNIPAM microgels.!%

Acciaro et al. prepared monodisperse PNIPAM microgels with a homogeneous cross-
link distribution using a feeding method. In their study, they focused on the poly-
merization kinetics, swelling properties and optical properties of the resulting microgel
particles as evidence for a more homogeneous distribution of cross-links in the micro-
gel particles.? Witt et al. adopted and modified this feeding method to compare the
loading capacity of heterogeneously and homogeneously cross-linked PNIPAM-co-AAc
microgels with magnetic nanoparticles (MNPs). Indeed, they found a more even dis-
tribution of MNPs in the network of the feeding-microgel with a higher overall loading
using cryo-TEM. In case of batch-microgels they found that the MNPs could not diffuse
into the more cross-linked particle core.?® In another study, Mueller et al. accomplished
a more homogeneous network structure via an aqueous self-assembly process based on
hydrazide and aldehyde- functionalized PNIPAM oligomers. They were able to show
this internal structure with a combination of surface force measurements, SANS and
USANS. 106

Furthermore, studies have investigated the internal dynamics of PNIPAM-based mi-
crogels with NSE in transmission mode. Hellweg et al. investigated PNIPAM microgels
with 1, 2 and 5 mol% BIS. They observed a decreasing diffusion coefficient of the collec-
tive network motion with increasing cross-linker concentration.’® Another set of studies
investigated the cononsolveny effect on the dynamics of PNIPAM and PDEAAM-based
microgels. They found that particles that collapsed due to the cononsolvency effect
showed little to no internal dynamics, while those that remained swollen had a cross-over

from collective diffusive motion at low )-values to Zimm segmental dynamics above a
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certain Q-value.!0"1%8 Maccarone et al. further investigated the structure and dynamics
of different core-shell systems, namely Collapsed Core Swollen Shell (CCSS) and Swollen
Core Collapsed Shell (SCCS) microgels. With NSE they found different dynamic sig-
natures for both systems. While CCSS microgels displayed the cross-over region from
collective diffusive motion to Zimm segment dynamics, the SCCS only showed collec-
tive diffusive motion over the observed )-range. This was explained by the collapsed
and aggregated parts of the shell that influenced the dynamics of the entire microgel
particle.!%

Incoherent elastic and quasielastic neutron scattering (IENS, IQNS) were used by
Sierra Martin et al. to investigate the molecular motions in polymer segments of microgel
particles.?!

Kyrey et al. investigated the structure and dynamics of the microgels with 2 and
5 mol% BIS, discussed in Chapter 4 of this thesis, with SANS and NSE in transmission
mode. They fitted SANS data with a model that takes into account static inhomo-
geneities usually used for macroscopic gels. For microgels this contribution is usually
not resolved because of the influence of the form factor on the scattering data. Fur-
thermore, they found a fit with a spheres- in spheres model best described the data of
the collapsed microgel particles above the VPTT. From this, they could determine the
number of smaller domains present in the microgel particles. While they found that
Zimm segmental dynamics contributed to the dynamics of feeding-microgels at all de-
grees of cross-linking, no Zimm segmental dynamics were observed in the used (Q-range
for batch-microgels.!°

Gawlitza et al. applied neutron spin echo spectroscopy in reflection mode to polyethy-
lene glycol-based microgel particles with different amounts of the comonomer OEGMA
to observe the near-surface dynamics. They observed a slowing down of the dynamics
in near-surface layers as compared to the layers reaching toward the bulk. With their
study, they were able to show the feasibility of such measurements.®”

In this chapter, the author aims to thoroughly investigate the internal structure and
dynamics of batch- and feeding-microgels in bulk and compare those results to microgel
coatings. This will help to understand how adsorption to solid substrates influences
microgel particles with different internal structures differently. Furthermore, the au-
thor shows the advancement of the method due to instrumental improvements and the

application of simulations of the evanescent field intensity map.
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5.2. Results

The first part of this chapter is concerned with the investigation of bulk properties
of highly cross-linked PNIPAM-based microgels (10 mol% BIS). All experiments were
conducted with a semidilute PNIPAM solution as a reference. SANS data is analyzed to
learn more about the internal structure, like the correlation length (related to the mesh
size) and the fuzziness parameter. In the second part, NSE data is analyzed to draw
conclusions about the internal dynamics of the microgels’ polymer network. Analysis
over a wide @-range allows the observation of different length scales and the thermal
density fluctuations occurring on those length scales. Finally, microgel particles are spin
coated onto solid planar substrates to investigate their nanomechanics and dynamics in
the adsorbed state. AFM force mapping is used to determine and compare the elastic
modulus F of the adsorbed microgel particles. Moreover, grazing incidence neutron spin
echo spectroscopy (GINSES) is a useful tool to distinguish dynamics of near-surface
layers, and the averaged dynamics over the entire vertical monolayer profile. BornAgain
simulations are used to simulate the intensity map of the evanescent field. This facilitates
the understanding of background contributions to the signal and the estimation of the
penetration depth of the evanescent field. The nomenclature of the samples in this
chapter will be MG,P and MG_F, where x is the molar fraction of cross-linker and P

and F stand for batch- and feeding-microgel, respectively.

5.2.1. Bulk Properties

Internal Structure from Small Angle Neutron Scattering

Semidilute PNIPAM solution The correlation length in a semidilute solution of linear
PNIPAM chains (My =30 kDa) was determined from SANS measurements in a )-range
between 2-:10~% and 0.4 A~! (s. Figure 5.1).

The data is described well by the correlation length model (Eq. 5.1).1!

A C
"= 1o '

The fit results in a correlation length £=2.8 nm and a low-Q) exponent of n=2 from

Tine (5.1)

structural inhomogeneities in the solution on larger length scales. The high-Q) exponent

m was chosen as 1.7, which is a typical value for a polymer in a good solvent.?
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Figure 5.1.: SANS data of a semidilute solution of linear PNIPAM chains (M, =30 kDa)
at 20 °C in D3O recorded on KWS-2. Experimental data were approximated
with the correlation length model.*!!

PNIPAM microgels SANS data of highly dilute microgel dispersions (0.001 wt%) are
displayed in Figures 5.2 and 5.3. Low-Q data (Fig. 5.2, 3-107* A~ <@ <2-107% A1)
describes the form factor of individual microgel particles. Both data sets could be
approximated with a fuzzy sphere model according to Stieger et al.'® The batch-microgel
MGoP can be approximated with a fuzzy sphere with a radius R = 180 nm and a
fuzziness parameter of oy, — 30 nm. According to equation 3.17, this yields an overall
radius Rsans = 240 nm. The radius R of the feeding-microgel MGoF was approximated
to be 289 nm with a fuzziness parameter of o4,y = 4.2 nm. Relating Rgang to the
fuzziness parameter suggests that the fuzziness only contributes 1.5 % to the overall
radius in case of MGoF, but 12.5 % to the overall radius of MGoP. This indicates that
the feeding-microgel indeed has a more homogeneous internal structure. Assuming a
segment length of 8.12 A for NIPAM"? a fuzziness of 4.2 nm (42 A) corresponds to
approximately 5 segments. On the other hand, a fuzziness of 30 nm (300 A) corresponds
to 37 segments.

Intermediate- and high-@ data (Fig. 5.3) describe two distinct regions. In the inter-
mediate region, often called the Porod region, the scattering signal can be described by
a power law A /Q~". Typically, the Porod exponent is n = 4. However, our data deviate

from the ideal Porod exponent. High-() data was approximated with the Ornstein-
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Figure 5.2.: Low-@ SANS data of PNIPAM microgels MGoP and MGoF at 20 °C in
D50 recorded on KWS-3. Experimental data were approximated with a
fuzzy sphere model.

Zernike model. The intensity I(0) describes the Ornstein-Zernike contribution and
therefore the contribution of thermal density fluctuations to the scattering signal. We
find a lower value of I(0) = 0.09 cm™! for the batch-microgel, compared to I(0)
— 0.33 cm ™! for the feeding-microgel. Furthermore, the correlation length, which in
homogeneous networks is related to the mesh size, is higher in the feeding-microgel
(¢ = 3.2 nm) compared to the batch-microgel (§ = 2.0 nm). Karg et al. found for PNI-
PAM microgels, prepared by the batch method with different molar fractions of cross-
linker that 1;(0) and £ decreased with increasing connectivity (i.e. increasing cross-link
concentration). Therefore, our results can be interpreted as follows. The batch-microgel,
as expected, has a dense core, with a smaller correlation length of dynamic fluctuations
that contribute little to the scattering signal. This is futher supported by the higher
fuzziness parameter of MGoP. The feeding-microgel, on the other hand, does not have
a dense core, but a network with more evenly distributed cross-links. As the cross-links
are more evenly distributed over a wider radius the correlation length increases along
with the contribution of the dynamic fluctuations to the scattering signal.

As the microgel particles collapse at elevated temperatures, the fuzziness and dynamic
network fluctuations do not contribute to the scattering signal anymore. SANS data at

50 °C were therefore fitted with the empirical Guinier-Porod model'!?
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Figure 5.3.: Intermediate- and high-¢) SANS data of PNIPAM microgels MGoP and
MGoF at 20 °C in DyO recorded on KWS-2. The high-@) region was ap-
proximated with an Ornstein-Zernike model to extract the correlation length
¢ of thermal density fluctuations. The Porod region deviates from the clas-
sical Q~* behavior.

for @ < (5:2)
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with G the scaling factor for the Guinier term, R, the radius of gyration, D the

scaling factor for the Porod term and m the Porod-exponent. @), is calculated internally
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Ql:ﬁ(?) -
g

The fit of the scattering curve of the collapsed feeding-microgel was extended by a
term A/Q3"® as suggested by Wong for porous solids.'!'* The parameter z takes into
account the roughness of the scattering interface and typically assumes values around

r=1.3 for microgels. The Porod-exponent is 4 for both microgel systems. We find a
392,95

for Q@ > Q1 (5.3)

according to

(5.4)

value of z=1.4, which is close to the typical value for microgels of x=1 However,

for the batch-microgel the extension according to Wong did not lead to an improvement
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Figure 5.4.: SANS data for PNIPAM microgels MG1oP and MGyoF at 50 °C in D,O. The
intensities of the batch-microgel were multiplied by a factor 100 to better
visualise the data.

of the fit. Although Karg et al. found x = 1.16 for a PNIPAM batch-microgel with
15 mol% BIS, we assume that in our case there is no substantial contribution of the
surface roughness to the scattering signal.

A comparison of the obtained SANS radii Rgyg with the hydrodynamic radii Ry, from
DLS experiments shows significant differences. However, this is because SANS measures
a radius closer to the radius of gyration R, rather than the hydrodynamic radius Ry.
As explained in Chapter 3.2.1, the hydrodynamic radius is the radius of a sphere that
would experience a friction f, identical to the friction experienced by the scattering
particle. Therefore, a porous object, such as a microgel, will experience a higher friction
than a solid sphere and the radius determined by DLS will always be overestimated.!!®
Other authors explain the difference with dangling ends on the particle surface with a
concentration too low to be detected by SANS measurements. ! 116

The parameter p can be calculated according to p = R,/ R, and is a measure for the
softness of scatterers. The typical hard sphere value is 0.78.1'" Values below 0.78 where
found for soft spheres. Assuming that Rgans ~R,, in the case of our microgels we find
p=0.59 and 0.62 at 20 °C for the feeding- and batch-microgel, respectively. Therefore, in
bulk swollen microgels can be categorized as soft spheres. The ratio p between R, and

Ry, for collapsed particles are 0.63 and 0.74 for feeding- and batch-microgels, respectively.
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Table 5.1.: Microgel dimensions as determined by DLS and SANS.

Sample T [°C] Rgans [nm] Ry [nm] P Rpox [nm| oy p [nm] € [nm)
MGioF 20 298 463 £ 7 0.62 289 £ 2 4+1 3.2+0.1
MGoP 20 240 310+ 2 0.58 180+1 30£1 2.0+0.1
MGioF 50 135 214 £ 2 0.63 — _ _
MGgP 50 124 186 £ 1 0.67 — — —

Table 5.2.: Dynamic properties of batch- and feeding-microgels.

Sample Decoop[1071! m? s71] & coop DZimm[1071! m? s7!] Nsp
[nm]

MGioF 5.0+ 0.1 3.4 43 £+ 2 2.0

MG 0P 2.7+ 0.1 6.4 ; ;

PNIPAM solution - - 49 + 2 1.2

Therefore, while no significant change is observed for the feeding-microgel, the batch-
microgel particle approaches the value for hard spheres in the collapsed state. A detailed

list of the resulting parameters can be found in Table 5.1.

Internal Dynamics of Highly Cross-Linked PNIPAM Microgels

Normalized intermediate scattering functions (ISF) from NSE experiments were fitted

with a single exponential according to

S (Q TNSE)
— 2 = (1-A)+A- - A 5.5
S(0,0 ( )+ A-exp(—T'TnsE) (5.5)
The two fitting parameters are the amplitude A and the relaxation rate I'. The

exponent /3 equals 1 for collective network diffusion and 0.85 in case of Zimm-dynamics.®°

The resulting relaxation rates were used to calculate the cooperative diffusion coefficient

D .op according to

FCOO
Deoop = Q;. (5.6)

D.o0p describes the breathing motion of the polymer network, resulting from collective

fluctuations from thermal excitation. D, is displayed against the entire @)-range in
Figure 5.6.
Dioop = Fwop/Q2 is plotted against the momentum transfer () in Figure 5.6. The

behavior of I o0/ ()? indicates whether purely cooperative network motions are observed
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Figure 5.5.: Normalized ISFs for a highly cross-linked a) batch- and b) feeding-microgel.
¢) Normalized ISFs for a 30 kDa semidilute aqueous PNIPAM solution.

(constant value of D). The results for a semidilute PNIPAM solution are plotted for
comparison, because here a deviation from a constant value is expected (Zimm-type
segmental polymer dynamics). Indeed we observe that I...,/Q? increases with Q. Deoep
of the feeding-microgel shows a constant value between 0.05 < Q < 0.12 A (s. Figure
5.6). Therefore, cooperative network fluctuations with Dy, = 5 - 101 m? s are
observed in this @)-range.

The batch-microgel has a constant diffusion coefficient of Deopp = 2.69 - 10! m? 57 over
the entire ()-range. This suggests that the network fluctuations in the feeding-microgels
are faster than those in the batch-microgel. Furthermore, they de-correlate over smaller
distances as indicated by the dynamic correlation length {...,. The diffusion coefficient
of the feeding-microgel increases above @ = 0.12 A" . This suggests that segmental
Zimm-type polymer dynamics are observable at higher @-values (i.e. smaller length
scales), comparable to a semidilute solution. Therefore, ISFs of the feeding-microgel
with Q < 0.12 A! were fitted with 8 = 0.85 and the Zimm-type diffusion coefficient was
determined. The diffusion coefficient of the Zimm-type dynamics is defined as

D i = %. (5.7)

A linear fit with a slope of zero to I'/Q? yields Dzium.

Dzimm can be used to calculate the specific viscosity 7s,. This dimensionless number
measures the contribution of the polymer to the solution viscosity. First, the apparent

viscosity 7,y is calculated according to
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Figure 5.6.: a) Cooperative diffusion coefficient D.,,, for microgels prepared with the
batch and feeding method over a wide @-range. For comparison D,
of a semidilute PNIPAM solution is displayed. b) Diffusion coefficients of
the Zimm-type dynamics Dz, for the microgel prepared by the feeding
method and a semidilute PNIPAM solution.

kT 1
Mo = 67D, 1.354°

where kg is the Boltzmann constant, T" the temperature in K, and D z;,,,, the diffusion

(5.8)

coefficient of the Zimm-type dynamics. The specific viscosity 7, is then calculated

according to

_ Napp — s
ns
where 74 is the solvent viscosity. Results are displayed in Table 5.2. The feeding-

Nsp (5.9)

microgel has a specific viscosity of 2. For comparison the value for a semidilute PNIPAM
solution is 1.2. Therefore, the polymer has a non-negligible influence on the solution vis-

cosity.

Another feature of the fit to the ISFs is expressed by the term (1-A), which expresses
the contribution of elastic scattering to the signal. The batch-microgel shows relatively
high elastic contributions. These contributions are present only up to () = 0.11 A for
the feeding microgel and the ISFs decay to zero above that (Q-value. This is in agreement
with the @-range in which cooperative network motion is observed. This could suggest

an elastic contribution to the signal, which is often explained with inhomogeneities in the

102



5. Internal Structure and Dynamics of Highly Cross-Linked PNIPAM Microgels

Table 5.3.: Elastic contributions (1-A) to the ISFs. @Q-values that deviate for feeding-
microgels in parentheses.

Q (A1) (1-A) Batch A (1-A) Batch (1-A) Feeding A (1-A) Feeding

0.05(0.06) 0.45907 0.0519 0.41097 0.0212
0.08 0.37785 0.0301 0.253 0.0146
0.11(0.12) 0.32318 0.0169 0.10061 0.0111
0.15 0.27728 0.0187 0 -
0.20 0.20948 0.0439 0 -

microgel network.'” Those inhomogeneities’ dynamics are slower than polymer segment

dynamics and cannot be resolved within the time range of an NSE experiment.

5.2.2. Nanomechanics and Internal Dynamics of Adsorbed

Microgel Particles

In the second part of this chapter, the above studied PNIPAM-based microgels with
10 mol% cross-linker were studied at the solid-liquid interface between silicon substrate
and (deuterated) water.

Since silicon surfaces are negatively charged, we chose a positively charged thermal
initiator (AAPH) for the polymerization to circumvent the use of an additional poly-
electrolyte layer. Often, polyethylenimine (PEI) is applied to electrostatically stabilize
adsorbed PNIPAM microgels synthesized with negatively charged initiators, such as
potassium persulfate (KPS).}8 119 However, an additional polymer layer would change
the composition of near-surface layers and therefore is not desirable for the following
study of adsorbed microgels. Furthermore, no charged comonomer was used, since the
contribution of the Donnan potential to the osmostic pressure would add another level

of complexity to the observations.

Nanomechanical Properties by AFM Force Mapping

In the first step, nanomechanical properties of individual swollen microgel particles were
probed with AFM nanoindentation. Elastic moduli £ at 20 °C and 50 °C were measured
in the center of 10 individual particles. The resulting force-distance curves of those mea-
surements are displayed in Figure 5.7. The average E-modulus from 10 force-distance
curves from different particles was calculated and the values are displayed in Table 5.4.

The elastic moduli were calculated according to the Hertz-model for spherical indenters.
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The fit was limited to 20% of maximum indentation to prevent substrate effects from
influencing the results.!?

Measurements in the center of swollen particles showed that the elastic modulus of the
batch-microgels is twice as high as that of the feeding-microgels (312438 kPa versus
166+24 kPa) in the swollen state. This means that the center of batch-microgels is
stiffer, which is in agreement with the existence of a highly cross-linked core.

In the collapsed state, i.e. at 50 °C, the elastic modulus of both microgels increases to
1004447 kPa and 10704106 kPa for batch- and feeding microgels, respectively. There-
fore, the elastic moduli of collapsed batch- and feeding-microgels are identical within the

error of the experiment.

The core region can be illustrated with bimodal dual AC tapping mode on the AFM
(Figure 5.7c¢ + d). This method qualitatively shows contrast resulting from differences
in the materials’ stiffness and viscoelasticity. The batch-microgel shows a distinct core
region in the center of the microgel (dark grey region), surrounded by a corona of differ-
ing stiffness (light grey region). The feeding-microgel displays no contrast within itself,
indicating a homogeneous viscoelastic nature. However, the bimodal dual AC measure-
ment of the feeding-microgels is influenced by substrate effects, resulting in a lack of
contrast between the substrate and microgel particle.

A quantitative analysis of the lateral stiffness of the microgel particles can be achieved
with fast force mapping on the AFM. Force maps of batch- and feeding-microgels with a
high content of cross-linker reveal differences in the particles’ nanomechanical properties
in the adsorbed state (s. Figure 5.8). While the batch-microgel MG;oP shows a gradient
of its elastic modulus with a maximum of 626 kPa in the particle’s center and a minimum
elastic modulus of 131 kPa towards the particle edge, the feeding microgel MG F has
a mean elastic modulus of 79 kPa with a standard deviation of 16 kPa over the entire
particle (s. Figure 5.9). It therefore is constant within the precision of the measurements.
Therefore, the mechanical properties of the adsorbed microgels differ in the regions
accessible by AFM fast force mapping. The maximum elastic modulus of the batch-
microgel is almost 8-times as high as the average elastic modulus of the feeding-microgel.
It is concluded that the batch-microgels can be regarded as “hard" microgel particels
and the feeding-microgels as“soft" microgel particles. However, the usage of the terms

“soft" and “hard" should be understood as relative to each other.
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Figure 5.7.: Force-distance curves of a) MG1oP and b) MGyoF at 20 °C and 50 °C. Fits

to the Hertz-model are shown in the insets. c¢) and d) are bimodal dual AC
scans of ¢) MGyoP and d) MGyF in the dry state. The core region of the
batch-microgel can be clearly distinguished from the corona.

Table 5.4.: Elastic moduli of swollen (20 °C) and collapsed (50 °C) adsorbed batch- and

feeding-microgels.

Sample Egooc [kPa] E50°C [kPa]
MG,P 312 £ 38 1004 + 47
MG oF 166 = 24 1070 4= 106
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oo

200N

Figure 5.8.: a)+b) 3D topography images of MG1oP and MG;oF swollen in water at
20 °C. ¢)+d) Fast force maps of individual batch- (¢) and feeding-(d) parti-
cles.
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Figure 5.9.: Cross-sections from individual batch- and feeding-microgels displaying the
distribution of elastic modulus over the entire particle in lateral direction.

GINSES Experiments
Monolayers of Adsorbed PNIPAM Microgels

Microgel coatings for neutron scattering experiments were prepared by spin coating onto
large silicon substrates. We aimed at monolayers with a high surface coverage, but no
lateral contact between particles in the dry state. Figure 5.10 shows monolayers of

MG P and MG F, respectively. For MG oP the surface coverage was 57% and 62% for
MGoF. Therefore, both samples meet the criteria.

Calculation of the Penetration Depth

The penetration depth of the evanescent field was determined according to two different
methods.
First, the critical angle of total external reflection o, was determined from the position
of the critical edge of total reflection in neutron reflectograms. According to o, = II\,/Ap
the critical angle was recalculated for the conditions of the GINSES experiment. The
evolution of the penetration depth was then calculated according to equation 3.40.
Furthermore, the polymer volume fraction profile from neutron reflectivity data was
used to simulate the intensity of the evanescent field map. Figure 5.11b exemplifies such

a simulated map. The z-axis displays angles of incidence below a, and the y-axis is the
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Figure 5.10.: AFM topography images (20 x 20 pm?) of the batch microgel MG1oB
(left) and the feeding microgel MGoF (right) under ambient conditions.

Monolayers were spin coated from aqueous dispersions (cyg=0.25 wt%) at
1000 rpm for 100 s.
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Figure 5.11.: a) The penetration depth of the evanescent field 21 /. depends on the angle of
incidence «; and can be calculated according to equation 3.40. Exemplified
for MGyoF. b) The inset shows the intensity map of the evanescent field as
simulated with BornAgain. The graph is a line cut at «; ;.
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Figure 5.12.: Elastic diffraction scans for the determination of Qgrnsgs for neutron spin
echo experiments under grazing incidence. a) measured at a; corresponding
to 21/, ~ 10 nm and b) to z,/. — 0o. (up = coherent, down = incoherent)

position perpendicular to the plane of incidence. Above the critical angle of total external
reflection, the intensity has a dark blue value, because the entire volume is probed, and
the surface sensitivity vanishes. A line cut at a;; was made and the evolution of the
intensity of the evanescent field with the z-position plotted (s. Figure 5.11b). The
penetration depth of the evanescent field is determined as the z-position where the
intensity decreases to I, /e, with I, the intensity at z = 0.

Both methods yield slightly different penetration depths (12 nm and 8.7 nm). However,
as mentioned above the calculation lacks precision due to the wavelength distribution.
Still, we could determine that at the selected angle of incidence «;; we are measuring
near-surface layers at 21/, =~ 10 nm.

The scattering vector Qarvses was determined from elastic diffraction scans of the
samples at both angles of incidence «;; and «;o (Fig. 5.12). A scattering vector of
Qarnses = 0.06 A-1! was identified to have a high ratio of coherent (up) and incoherent
(down) scattering. This is important, because incoherent background lowers the signal-

to-noise ratio.
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ISFs between 7ysg = 0.5 and 35 ns of adsorbed MGoP and MGoF are displayed
in Figures 5.13 and 5.14. It should be mentioned again that the normalization of the
scattering data with a reference sample is not feasible in the reflection geometry. This
is because the scattering depends on the difference in SLDs at the interface. In Fig-
ures 5.13a and 5.14 a), the angle of incidence was chosen below ., which allows the
observation of near-surface layers with a neutron penetration depth of approximately
10 nm. Meanwhile in Figures 5.13b and 5.14 b), the angle of incidence was above a,
therefore probing the entire particle height. Near-surface layers of MGoP and MG F
display distinctly different dynamics. While the cooperative diffusion coefficient Do)
of the batch-microgel in the bulk and the adsorbed state is identical within the ex-
perimental precision, the dynamics of the feeding-microgel is surpressed in near-surface
layers. This is expressed by a low D,y of 0.8:1077cm?/s (Table 5.6). This difference
is attributed to the presence of a highly cross-linked core in MGyoP, which acts as a
scaffold to stabilize the network integrity in the adsorbed state. On the other hand,
the feeding microgel lacks a dense core, leading to compression and ultimately a slowing
down of near-surface dynamics. As the neutron penetration depth increases to virtual
infinity, Dcosp approaches the bulk value for both MGoP and MGoF. Values for Do

are summarized in Table 5.6.
The ISFs were fitted according to

S(Q.7vsE) = (Ag — Apgy) x e Teoor™vsr) 1 A (5.10)

where Ay is the overall amplitude, Ay, the background, I, the relaxation rate of

the cooperative network diffusion and 7ygg the Fourier time in ns.

Ag is the sum of contributions from density fluctuations in the sample A, and the
background A;,.. We assume that the background amplitude Ay, is the sum of two

major contributions, namely the experimental background Ay, considering instrumental

el

bgr from elastic scattering of

contributions to the background and a signal base level A
frozen heterogeneities or rather slow dynamics. Table 5.5 sums up the fit values of those
contributions. Simulations show that the contribution from experimental background
AB.T

bgr
Under these assumptions the relative contribution of segmental density fluctuations

is negligible (Fig. 5.15) and we therefore assume A, ~ AgéT.

and of elastic scattering can be calculated with Table 5.5. The contribution of the elastic

background Ay, ~ Ajl - and the segmental density fluctuations Ag to Ay are 50% each
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Figure 5.13.: I[SFs with confidence interval and corresponding residuals of the batch-
microgel MGoP at two different penetration depths. a) Low penetration
depth of approximately 10 nm. b) The penetration depth is virtual infinity.
For both graphs ISFs were fitted according to equation 5.10.
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Figure 5.14.: ISFs with confidence interval and corresponding residuals of the feeding-
microgel MGyoF at two different penetration depths. a) Low penetration
depth of approximately 10 nm. b) The penetration depth is virtual infinity.
For both graphs ISFs were fitted according to equation 5.10.
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Figure 5.15.: Scattering intensities of different components between Q — 0.04 A~! and
Q = 0.08 A~! were calculated with BornAgain. At Q = 0.06 A~ the scat-
tering intensity from the substrate and solvent are two orders of magnitude
smaller than the scattering from our samples and are therefore negligible.

Table 5.5.: Details of the fits to the GINSES data of adsorbed MGgF and MGoP mi-
crogel particles according to equation 5.10.

Sample z;/, (nm) Ao Apgr As I'. (ns71) I;(ns™1)
MGioF 10 0.60£0.02  0.30£0.09  0.30+0.10 0.003+£0.001 —
00 0.73+0.01  0.45+0.03  0.28+0.04 0.0154+0.003  0.60+0.06
MGioP 10 0.62+0.01  0.20+0.10  0.4240.10 0.010£0.001  0.4840.04
00 0.74£0.01  0.25+0.05  0.49+0.05 0.009+£0.002  0.66+0.04

in near-surface layers of the feeding-microgel.

At infinite penetration depth the contribution from elastic scattering increases to 62%
and the segmental density fluctuations decrease to 38%. The background of the batch-
microgel MGoP behaves differently. Here, in near-surface layers the segmental density
fluctuations contribute 68% to Ag, while elastic scattering contributes only 32%. As
the entire vertical particle profile is probed these values do not change significantly.
In conclusion, the analysis of the experimental background shows that the ISF of the
feeding-microgel MGoF contains a higher contribution from elastic scattering where
thermal energy does not excite detectable density fluctuations of the polymer network

close to the substrate within the time window of the NSE experiment.

In addition, a batch-microgel with a lower cross-linker concentration MGsP (batch-

microgel with 5 mol% BIS) was investigated for comparison. The force map shows a

113



5. Internal Structure and Dynamics of Highly Cross-Linked PNIPAM Microgels

Table 5.6.: Summary of the diffusion coefficients D p0p=1"co0p/ Q? and the relative viscos-
ity nmeps/mo. @ values were taken from Ref. 121

Sample measurement z;, (nm) D.oop (107 7cm?/s) Neff/Mo
MG oF  bulk - 4.9840.04 1®
adsorbed 10 0.840.2 10
adsorbed 00 4.240.3 1.2
MG, P bulk ; 2.694-0.02° 10
adsorbed 10 2.840.3 1.2
adsorbed %) 2.54+1.3 1.2
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Figure 5.16.: a) Fast force map of MG5P. b) Corresponding Young’s modulus E as a
function of the position in the particle.

lateral distribution of elastic moduli comparable with MG1oP, but with a lower maximum
elastic modulus in the center (=200 kPa) (s. Figure 5.16).

Similar results were found by Aufderhorst-Roberts et al., who described the relation
between the elastic modulus and the cross-linker amount with a power law.'?? However,
the analysis of ISFs measured by GINSES shows similarities to MGyoF (s. Figure 5.17).
Near-surface layers show a flat ISF, indicative of suppressed dynamics as a result of
interactions with the solid substrate. This indicates that a reduction of cross-linker
in batch-microgels changes the structure of near-surface layers, but that the stiffness

gradient is preserved regardless.
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Figure 5.17.: ISFs with confidence interval and corresponding residuals of the batch mi-
crogel MG5P at two different penetration depths. a) Low penetration depth
of approximately 10 nm. b) The penetration depth is virtual infinity. For
both graphs ISFs were fitted according to equation 5.10.
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5.3. Discussion

In summary, we found that highly cross-linked PNIPAM-based microgel particles pre-
pared with a batch and feeding method display differences in their internal structure
and internal dynamics. While SANS data for both types of microgels could be fitted
with a combination of the Fuzzy sphere model'® and an Ornstein-Zernike model, fit re-
sults showed structural differences. First of all, the feeding-microgel displayed a lower
contribution of 1.5% of fuzziness to the overall radius. In comparison, the fuzziness
parameter of the batch-microgel contributed 12.5% to the total radius determined by
SANS. This is in agreement with the expectation that the feeding method will lead to a
more even distribution of cross-links throughout the microgels’ polymer network. Fur-
thermore, we found a slightly larger static correlation length £ for the internal structure
of the feeding-microgel. This means that in the feeding-microgel a larger mesh size is
dominant. Again, this finding is reasonable. As the microgel core of the batch-microgel
is highly cross-linked scattering from the Ornstein-Zernike region is expected to yield a
smaller mesh size. When cross-links are distributed more evenly, the distance between
them and therefore the mesh size increases. This is furthermore expressed in a higher
contribution of the dynamic fluctuations to the scattering signal of the feeding-microgel.
Furthermore, we were able to show that the different internal structure affects the inter-
nal dynamics in the microgel particles. A highly cross-linked batch-microgel displays co-
operative network diffusion over the observed @)-range. In case of the highly cross-linked
feeding-microgel above a ()-value of 0.12 A-1, Zimm-type polymer segment dynamics
become observable. This could be related to the fact that for the batch-microgel the
highest scattering intensity comes from the polymer dense core region with a smaller
static correlation length, favoring this observation. However, in the feeding-microgel the
scattering intensity (while lower) comes from a more spaced out distribution of cross-
links, enabling the observation of the motion of polymer segments. It is thinkable that
we would be able to observe Zimm-type dynamics at higher ()-values for the batch-
microgel as well, as shorter lengths would be probed in that case. In fact, we found that
we were able to observe Zimm-type dynamics for a batch-microgel with 5 mol% BIS at
the @)-values of the NSE experiment. This is likely due to the bigger mesh size of those
particles. A detailed analysis of MGsP was part of the dissertation of Tetyana Kyrey,
however the ISFs of this microgel can be found in Figure A.3 in the Appendix. The
feeding-microgel furthermore has a higher cooperative diffusion coefficient. Looking at

the relation D = E/f it is likely that the smaller fricition experienced by a less polymer
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dense network would effectively lead to a higher diffusion coefficient. The dynamic cor-
relation length is smaller for the feeding-microgel. This indicates that the length scale
over which dynamic correlations decay in the network increases with increasing cross-
linker density. A comparison of the Zimm dynamics observed in a semidilute PNIPAM
solution and the feeding-microgel suggests that the influence on the local viscosity is
non-negligible.

An elastic contribution to the NSE experiments indicates the presence of inhomogeneities
in the network of the microgel particles. Our colaboration partner found evidence of
static inhomogeneities in SANS data of PNIPAM microgels with 2 and 5 mol% (com-
pare Chapter 4 of this thesis). They fitted a Gaussian to the data, which is usually used
for frozen-in heterogeneities in macrogels. As the NSE data indicate the presence of
inhomgeneities, we attempted to approximate the intermediate-() SANS data with the
same model (for details s. Fig. A.4 in the Appendix). For the feeding-microgel we find a
static correlation length of = ~ 80 nm. This value is 4x the value determined by Kyrey
et al. for a feeding-mircogel with 5 mol% BIS. For the batch-microgel the static correla-
tion length is much smaller with = ~ 10 nm. These inhomogeneities might result from
the precipitation polymerization. During the polymerization precursor particles coalesce
into colloidally stable primary particles and newly formed precursor particles deposit on
the primary particles. Therefore, the elastic contribution and the deviation from the
ideal Porod exponent may result from scattering from precursor particles. Differences in
the size of those precursor particles can be attributed to the synthesis methods, which
differ in parameters such as initial monomer concentration, initial cross-linker concen-
tration, ratio between initiator and monomer/cross-linker. However, a detailed analysis
of the polymerization method is beyond the scope of this thesis, but would be interesting

for future studies.

Adsorbed batch- and feeding-microgels with 10mol% BIS show clear differences in
their nanomechanics and near-surface dynamics. The elastic modulus E of MGoP has
a lateral gradient with a maximum value in the particle center. This has been observed
by several researchers in the past.5®118:122 The elastic properties of the feeding-microgel
MGoF are more homogeneous and no lateral gradient is observed. This confirms the ex-
pectation, that feeding-microgels do not possess a densely cross-linked core, but are more
homogeneously cross-linked. Overall, MGyoF has a lower elastic modulus, indicative of
an overall softer particle. In contrast, Witt et al. found that feeding microgels with

2.5 mol% BIS had a higher elastic modulus than equivalent batch-microgels.”® How-
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ever, Witt’s study investigated particles prepared with a positively charged comonomer,
which might influence the microgels’ elastic properties.

Furthermore, the near-surface dynamics of the investigated microgel particles differed
for batch- and feeding-microgels. While the batch-microgel appears to have a constant
cooperative diffusion coefficient over the entire particle profile, which is identical to the
bulk value, the feeding-microgel’s near-surface dynamics are suppressed compared to the
bulk. This could be explained by deformation upon adsorption, which was observed by
Matsui et al. with high speed AFM imaging for soft microgels. Since the batch-microgel
has a stiff particle core this deformation may not influence those particles upon adsorp-
tion.'?? Interestingly, a decrease in the cross-linker fraction of batch-microgels from 10 to
5 mol% leads to the observation of suppressed near-surface dynamics as well. However,
the gradient in the elastic modulus measured with AFM force mapping is preserved.
As a result of this investigation, it is questionable whether perceived advantages of
feeding-microgels such as a higher loading capacity due to a more homogeneous distri-
bution of cross-links will translate to surface applications. Especially, in cases where a
load is applied after adsorption of microgel particles to a solid substrate a fraction of
the particle volume might be inaccessible to the load.

However, Matsui et al. found that soft deformable microgels attach faster to solid sur-
faces compared to hard spheres.!?® This can be an advantage in drug delivery where
guest molecules are incorporated into the microgel in bulk and those microgels need to
adsorb onto diseased sites such as carcinoma.

Our study shows that instrumental improvements such as the installation of super
conducting coils at the J-NSE spectrometer facilitate grazing incidence measurements.
GINSES measurements remain rather time consuming due to low scattering intensities,
but extended measurement durations yield sufficient statistics at two distinct penetration
depths. In the future, we recommend the reduction of incoherent background scattering
to extend the accessible Q)-range.

In general, the combination of AFM force mapping and GINSES provides a possibility
to investigate the influence of a solid substrate on the structure and dynamics of even

complex polymer architectures.
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5.4. Conclusion

The inner structure and dynamics of highly cross-linked PNIPAM microgels in bulk and
in the adsorbed state were investigated. In bulk, the network of batch-microgels is in-
homogeneous and a high contribution of the fuzziness parameter to the overall radius is
observed. In contrast, the network of the feeding-microgel shows a more homogeneous
distribution of cross-links with a small fuzziness parameter. These structural differences
are reflected in the observed internal dynamics. For the feeding-microgels Zimm-type
segmental dynamics were observed in the ()-range of the experiment, while the dynam-
ics of the batch-microgel was purely collective. AFM and GINSES of adsorbed microgel
particle show that structural differences influence surface properties as well. While near-
surface dynamics of stiff batch-microgels are not influenced by the solid substrate, the
near-surface dynamics of feeding-microgels prepared with equivalent fractions of cross-
linker are suppressed probably due to the deformation upon adsorption. In the future,
an extension of the observable ()-range due to better statistics could yield a more de-

tailed picture of the internal dynamics of adsorbed microgel particles.
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6. PNIPAM Brush Dynamics

Abstract

Previously, molecular dynamics studies described the inner dynamics of planar surface-
grafted polymer brushes over a wide time-range. Experimentally, slower dynamics (ms-
us) have been investigated by dynamic light scattering, but faster dynamics (ns) could
not be accessed until recently. We use neutron spin echo spectroscopy under grazing in-
cidence to investigate the fast inner dynamics of poly(/N-isopropylacrylamide) brushes.
BornAgain simulations yield intensity maps of the evanescent field and facilitate the cal-
culation of the neutron penetration depth. Our results agree with the non-uniform blob
model, meaning that the correlation length increases with the distance from the grafting
surface. This trend is observed for polymer brushes with different grafting densities. At
equal distance from the grafting-surface, the cooperative correlation length is higher in

low density brushes as compared to more dense polymer brushes.

Similar content is published in:

e Witte, J.; Krause, P.; Kyrey, T.; Dahl, A. M.; Lutzki, J.; Schmidt, B. V. K. J.;
Ganeva, M.; Kotsioubas, A.; Holderer, O.; Wellert, S. Grazing Incidence Neutron
Spin Echo Study of Poly(N-isopropylacrylamide) Brushes. Macromolecules, 2020,
53, 1819-1830.

The author would like to point out that Patrick Krause prepared the samples pre-
sented in this chapter during his master thesis. Furthermore, Patrick Krause presented
the initial data analysis in his thesis. The author, Judith Witte, co-advised the master
thesis and has completed, extended and improved the data analysis and interpretation
of the result. Specifically, Judith Witte contributed the size exclusion chromatography
experiments, neutron reflectometry analysis of a diluted brush, and improved fitting
procedure of the data from neutron spin echo spectroscopy under grazing incidence with

the background contributions from BornAgain simulations.
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6.1. Introduction

Polymer brushes are polymer chains that are end-tethered to a surface at a certain
grafting density o, so that the distance between the chains is smaller than the radius of
gyration IR,. Alexander and de Gennes published detailed theoretical work on polymer
brush structure.?% 124125 T ater, the theoretical picture was extended to the non-uniform
blob model. 42126

Polymer brush dynamics can be described by thermal fluctuations of the segment den-
sity profile.!?” Polymer brush dynamics were first analyzed on spherical polymer brushes
using micelle-like aggregation of A-B diblock copolymers.'?® Flat polymer brushes were
investigated with evanescent field under total internal reflection, atomic force microscopy

and surface force measurements.!29-13%

Our focus is the z-resolution of flat polymer brush
dynamics with grazing incidence neutron spin echo spectroscopy. This allows a compar-

ison of near-surface dynamics with those toward the bulk phase of the brush.

We synthesized flat polymer brushes on Si-substrates via surface initiated ATRP (SI
ATRP). The main focus is on the influence of the grafting density on polymer dynamics
perpendicular to the grafting surface. The grafting density was varied by initiation of SI
ATRP from a self-assembled monolayer (SAM) consisting of different ratios of initiator
and unreactive “dummy” molecules. A detailed description of the SI ATRP procedure
is given in Chapter 3.1.2 of this thesis. The polymer volume fraction (PVF) was de-
termined by neutron reflectometry. As in the previous chapter, BornAgain was used to
model the intensity map of the evanescent field and to simulate the contribution of the

substrate to the background.

Changing the grafting density leads to a change of the brush conformation (detailed
discussion in Chapter 2.4.2). The experimental determination of the grafting density,
however, is challenging. The three most frequently used techniques are determination
from dry thickness, gravimetric determination and swelling measurements. None of these

136 We determine the grafting density by dry thickness

techniques is without its faults.
measurements. This technique requires knowledge of the molecular weight of the poly-
mer chains. Since the “grafting from” approach does not provide bulk polymer, we
cleaved polymer brushes and determined their average molecular weight with size exclu-

sion chromatography (SEC) (s. Chapter 3.1.2).
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The blob model is frequently used in the theoretical study of polymer brushes.'*” For
the analysis of our data we tested whether a uniform or non-uniform blob model applied
to the investigated brushes. The shape of the PVF profile and the dynamic correlation
length calculated from GINSES experiments support a non-uniform blob size, as the
blob size increases with increasing distance from the grafting surface. We further found
an influence of the grafting density on the blob-size. The blob size increases with de-

creasing grafting density.

Attempts to investigate the internal dynamics in polymer brushes were undertaken by
Fytas and coworkers as early as 1996.'2" They used evanescent field dynamic light scat-
tering (EW DLS) to probe the collective dynamics in polymer brushes. In early works,
they investigated preformed PEO-PS copolymers that were merely adsorbed onto a high-
refractive index prism on the PEO end and formed a semidilute brush. EW DLS covers
a time scale of 107 - 10% s. They then fitted the resulting time autocorrelation func-
tions with single exponentials. In a later work, his student Michailidou used EW DLS
to investigate PS brushes with different grafting densities (0.02 - 0.2 nm™?), which were
now grafted-from the high refractive index prism. Michailidou found that an increase
in grafting density led to faster dynamics in the brush.!** EW DLS was also used to
investigate colloids near a wall and the effective drag forces.!3®139 Those investigations
showed that a higher concentration of colloids decreased the hydrodynamic interaction
between particle and wall, because the particle-particle hydrodynamic interactions in-
creased.!®® These finding might be interesting if related to the interactions of surface

blobs with a solid surface.

Another technique that has been used to investigate surface dynamics is X-ray photo
correlation spectroscopy (XPCS). Surface XPCS is used to probe surface capillary waves
of complex fluids and thin polymer films. Tolan et al. used glycerol as a model system.
This technique is limited by the small-wave vectors accessible and therefore the lateral
resolution cannot go down to the nm-range.!4® Sun et al. used XPCS measurements
on PS brushes of different grafting densities (0.04 - 0.6 nm™), but couldn’t observe sur-
face fluctuations in the time and length scale accessible with XPCS.'! X-ray scattering
within a film suffers from low contrast. However, the application of nanoparticles and
the investigation of their mobility within a thin polymer film have been used to indirectly

study the internal film viscosity.'*?
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Frielinghaus used GINSES to investigate tribological effects in microemulsions on the
molecular level.®® In his study on the dynamics in microemulsions, as an example for a
complex fluid, he stresses the possibility of depth profiling with grazing incidence scat-
tering techniques. He found faster dynamics at the solid surface than toward the bulk
phase. Wellert et al. applied GINSES conditions to PEG copolymer brushes.®¢ They
found that measurements at a Q-value of 0.05 A! showed the relaxation of the system,
while at Q = 0.08 A~ the incoherent background scattering was too dominant and a flat
line was recorded. The data was fitted with a stretched exponential to take into consid-
eration Zimm-type segmental dynamics. Due to the scattering geometry they were able
to investigate two neutron penetration depth namely 35 nm and infinity. They observed
a slowing down of the dynamics with increasing penetration depth. In conclusion they

argue that the relaxation time of the thermal fluctuations is proportional to the blob size.

In this work, the author aims at studying the internal dynamics in polymer brushes
with neutron spin echo spectroscopy under grazing incidence conditions. The advantages
are the observability of ns-time and nm-length scales. In contrast to EW DLS, GINSES
allows to measure in a more surface sensitive manner. Furthermore, using deuterated
water as a solvent for the polymer brushes creates high contrast between silicon, polymer
brush and solvent. This allows the investigation of dynamics within the polymer film,

which is problematic for X-ray scattering due to low contrast.

6.2. Results

First, ellipsometry measurements in air were conducted to investigate the reaction ki-
netics of the chosen SI ATRP conditions by tracking the brush growth over time. Figure
6.1 shows that while the ST ATRP of NIPAM is generally fast, a reduction of the amount

of monomer by half significantly decreases brush growth.

6.2.1. Determination of the Grafting Density

From SEC measurements of cleaved polymer brushes we obtain the number average
(M,), weight average (M,) and peak (M,) molecular weight of the polymer chains.
Furthermore, we can calculate the molecular dispersity P according to

M,

=3 (6.1)
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Figure 6.1.: Polymer brush growth with different amounts of monomer.

Table 6.1.: Number average M,,, weight average M,,, peak M, molecular weigth and
molar dispersity P resulting from SEC measurements.

Sample Peak M, [g/mol] M, [g/mol] M, [g/mol]] D
PNIPAM 1:0 1 1300 1500 1100 1.2
PNIPAM 1:0 2 40500 58800 52000 1.5
PNIPAM 1:0.2 1 2700 3700 1900 1.4
PNIPAM 1:0.2 2 46500 69000 61800 1.5

The UV detector shows higher intensities than the RI detector (s. Figures A.8 and
A.9 in the Appendix). The SEC results are listed in Table 6.1. The bimodal molar mass
distribution indicates polymer chains of different lengths present at the grafting surfaces,
namely shorter and longer ones. Such a distribution can indicate two phenomena during
SI ATRP: (1) shielding of reaction sides by growing chains and (2) termination by
disproportionation. We assume that only the longer chains contribute to the brush
confirmation as they mainly contribute to the dry thickness of the brush and neglect
the shorter chains during the determination of the grafting density. With the dry film
thickness from ellipsometry, we can therefore determine the grafting density according

to

- pMNAhdry
M,
with pjs the density of the monomer, N4 Avogadro’s constant and hg,., the height of

(6.2)

the dry polymer brush.
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Figure 6.2.: Neutron reflectivity curves and PVF of PNIPAM brushes at 15 °C. a) is the
maximum grafting density (¢ &~ 1.0 nm~2), b) is the low grafting density
(0~ 0.6 nm™?).

The samples that were used for SEC measurements had an average thickness of 61 nm
(PNIPAM 1:0) and 42 nm(PNIPAM 1:0.2). Therefore, the average grafting densities are
01.0=1.0 nm~2 and 04.9,—0.6 nm~2. While the low detector signal and the bimodal mass
distribution pose a challenge, the calculated grafting densities are in good agreement with

theoretical calculations.

6.2.2. Polymer Volume Fraction Profiles

Polymer volume fraction profiles were calculated from neutron reflectivity data. Fits
to the data provide three parameters: layer thickness, solvent content and roughness.
Assumption of a single brush layer sufficed for data analysis of the densest brush. The

layer thickness was 81 nm with a solvent content of 51% v /v.

However, for the less dense brush fit quality profited from the assumption of two
distinctive brush layers. Examples of the fit to the data with one layer can be found
in Figure A.6 in the Appendix. The assumption of two distinct layers is in agreement
with quantitative in situ ellipsometry studies by Kooij et al. in Reference 143. One
layer close to the surface was 20 nm thick and contained 38% v/v solvent. On top of
that the second layer was 40 nm thick and contained 86% v/v solvent. Furthermore,
this result can be explained in the context of theoretical considerations by Descas et al.

The polymer chains feel attraction to the surface. If the grafting density is sufficiently
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Brush layer

Proximal layer

Figure 6.3.: Sketch of the oversaturated brush regime as envisioned by Descas et al. in
Ref. 144. Chain segments from the proximal layer adsorb onto the substrate,
followed by the brush layer.

low, the surface isn’t as crowded and segments of the growing polymer chain can adsorb
onto the surface. However, the grafting density is still sufficiently high and therefore the
growing polymer chains are in a brush conformation. The polymer rich layer closer to
the substrate is called the proximal layer, and all together Descas calls this regime the
oversaturated brush regime (OSB). A sketch of the OSB is shown in Figure 6.3. In case
of the denser brush, due to the higher osmotic pressure, the chains can not adsorb to

the surface and the proximal layer is not observed.'44

The reflectivity curves do not display distinct Kiessig fringes due to the smooth tran-
sition between the brush layer and the solvent. This smooth transition is taken into
account by the layer roughness. The layer towards the solvent phase has a similar

roughness of about 20 nm for both brushes.
As the brushes collapse with increasing temperature, Kiessig fringes appear in the

reflectivity curves of both samples (s. Figure A.7 in the Appendix). In the collapsed

state both curves can be fitted with a three layer model. This can be explained as
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Figure 6.4.: Neutron penetration depth 2/, at a neutron wavelength of 6 A as calculated
by equation 3.40.

follows. As the polymer brush expels water, the outer layer collapses onto the inner
layer. Now fit results indicate a thickness of the polymer brush of 28 nm and a water
content of 35 % v/v. Therefore, most of the water is expelled from the outer layer
and the additional 8 nm in brush thickness can be accounted to the outer layer which
collapsed on top. The denser brush collapses to a thickness of 54 nm and expels water

until a solvent content of 38 % v/v remains in the brush layer.

6.2.3. Internal Dynamics
Calculation of the Neutron Penetration Depth

Figure 6.4 displays the neutron penetration depth calculated according to equation 3.40
in relation to the angle of incidence «; normalized by the critical angle a, for different
wavelength. The vertical dashed lines indicate the distribution of 20% that is dealt
with on the J-NSE instrument. It becomes apparent that the distribution increases with
increasing wavelength. It is noteworthy that this distribution does not affect the mea-
surements as strongly if the angle of incidence is sufficiently different from the critical
angle. However, the closer the angle of incidence gets to the critical angle, the less accu-
rately the penetration depth 2,/ can be determined. Therefore, measurements around

the critical angle are difficult to interpret.

Modern computer simulation with BornAgain allow us to draw a more accurate pic-
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Figure 6.5.: Simulated map of the evanescent field intensity (a) and line-cut thereof (b).
BornAgain simulations by Tetyana Kyrey.

ture of the intensity distribution of the evanescent field. Figure 6.5 a displays a two-
dimensional map of the intensity distribution of the evanescent field. This is based on
the PVF profile obtained from neutron reflectometry measurements. The variation of
the intensity of the evanescent field is displayed against the angle of incidence and the
distance from the scattering plane. If we now make a cut through this map at our chosen
angle of incidence, we obtain the graph shown in Figure 6.5 b. This graph displays the
intensity of the evanescent field against the position in the brush. The position that
corresponds to the intensity value where the intensity has decreased to 1/e is called the

neutron penetration depth zy ..

A comparison between the results from the calculation according equation 3.40, and
the BornAgain simulations yields higher values for the neutron penetration depth from
BornAgain simulations, namely 25 and 16 nm, respectively. However, the measurements
would still are within the first 20-30% of the brush layer coming from the planar solid
substrate. As we have learned from reflectivity measurements the dense layer has a
thickness of 20 nm, which means that we are still measuring within that layer, but

rather towards its outer edge.

Background Subtraction

As was mentioned before, background subtraction for grazing incidence experiments is
not as straight forward as in transmission geometry. As the neutron penetration depth

depends on the SLD setup of the sample under investigation this will change if we have
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Figure 6.6.: Simulation of the background intensity versus the scattering intensity of the
sample.

the substrate-brush-solvent versus the substrate-solvent. In this instance the simulation
of the scattering intensity with BornAgain for the brush-silicon interface and the D,O
can help to estimate the contribution of the substrate to the elastic background in the

scattering signal.

Figure 6.6 compares the simulated background intensities of the silicon-D,O interface
and the silicon-brush-D,0O interface as a function of the momentum transfer. At @) =
0.06 A~! the ratio is approximately 1:0.2. Therefore, 20% of the elastic background
baseline is due to instrumental background and 80% can be attributed to slow or frozen

dynamics in the sample.

Intermediate Scattering Functions

ISFs of two brush samples are displayed in Figures 6.7 and 6.8. Fits to the ISFs reveal
that the relaxation rate . depends on the grafting density and the neutron penetration
depth. Figure 6.9 displays the cooperative correlation length £..., as a function of the
neutron penetration depth for both brush samples. For the dense brush the correlation
length of the layer close to the substrate is 2.8 nm and increases to 5.2 nm towards
the bulk phase. For the less dense brush we were able to measure at three angles of

incidence. However, because of the wavelength resolution of 20%, the angle of incidence
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Figure 6.7.: Intermediate scattering function for the densest brush at two angles of inci-
dence, measured during the first beam time.

close to the critical angle needs to be treated with caution. The cooperative correlation

length &0, increases with the neutron penetration depth from 6.4 to 16 to 26 nm.

These findings are in agreement with the structural considerations that arose from
neutron reflectivity curves. As the correlation length is proportional to the blob size
and the adsorbed blob size in the proximal layer is expected to be smaller than the blob
size in the brush layer. The difference is less pronounced for the denser brush, because
there is no distinctive proximal layer. We observe a correlation length of 2.8 nm in the
near-surface layer and 5.2 nm toward the bulk of the brush.

The ISF of the low grafting density brush close to the surface displays an initial incline
up to a Fourier time of 4 ns. This feature can be attributed to incoherent scattering

from hydrogen atoms. The single exponential decay can be extended to the following

S(Q, TNSE) = (A — Abgr)(l — e_FiTNSE)e—FCTNSE + Abgr- (63)

From the incoherent part we obtain a diffusion coefficient of 4 x 1072 m?/s. This is
in agreement with a simulation study by Longhi et al., who found values between 3.8
x 107 m?/s and 6.6 x 107 m?/s for first-shell water molecules surrounding PNIPAM
chains.'*® Therefore, one explanation for the incoherent contribution to the scattering
signal is the formation of hydrogen bonds between PNIPAM and water molecules. As
was shown by the neutron reflectivity curves, more PNIPAM is present in closer vicinity

to the substrate and therefore the contribution of first-shell protonated water would be
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Figure 6.8.: Intermediate scattering function for the least dense brush at three angles of

incidence, measured during the second beam time.
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Figure 6.9.: Cooperative correlation length &..,, as a function of the neutron penetra-
tion depth 2/, for both brushes. The y-error represents the uncertainty in
neutron penetration depth due to the instrument resolution.

the highest in a lower grafting density at small angles of incidence. The data supports

this suggestion.

6.3. Discussion

Prior studies have investigated the inner dynamics of polymer brushes using techniques
such as EW DLS, surface XPCS and even GINSES. Wellert et al. were able to show
the feasibility of GINSES measurements in PEG copolymer brushes. However, GINSES
is still a relatively young field and not many systems have been investigated with this

technique. Due to constant instrumental improvements this field is promising.

In this study, we investigated inner dynamics of PNIPAM brushes in two different
density regimes and used BornAgain simulations to understand better (i) the penetra-
tion of the evanescent field into our sample and (ii) the contribution of the background
to the data.

First, we investigated the dynamics of a dense polymer brush at two different neutron
penetration depths and found that the relaxation rate decreases further away from the

grafting surface. This is in agreement with the previous feasibility study on PEG copoly-
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mer brushes.® However, we extended our study to a brush with a lower grafting density
to better understand the influence of the grafting density on the surface dynamics. For
the investigated neutron penetration depths we found a lower relaxation rate in polymer
brushes with lower grafting densities. This is in agreement with EW DLS experiments
by Michailidou of PS brushes. Our correlation length compare well to those found by

Michailidou. 33

In contrast to GINSES data for PEG copolymer brushes, we observed an incoher-
ent contribution to the scattering signal at low Fourier times. A fitting of the data
revealed diffusion coefficients that compare well to simulated values found for first-shell
protonated water.!*® This can be explained by the formation of hydrogen bonds within
PNIPAM networks. In a KF titration we determined 15% residual water in microgel
particles of different cross-linker content (2 - 10 mol%). However, this incoherent con-

tribution is only relevant at lower Fourier times and does not influence our results.

One aspect that distinguishes our work from previous GINSES studies on polymer
brushes is the simulation of the intensity map of the evanescent field. This allows us
a better evaluation of the penetration depth of the evanescent field into our sample.
Since these simulations are based on actual NR data from the sample, the adsorption of
the sample is taken into account. Furthermore, we can simulate the contribution of the
experimental background. This is highly challenging in GINSES experiments due to the
different SLD profile of a coated and a bare silicon block against DO, which influences

the penetration depth of the measurement.

An interesting perspective for future studies is the use of a resonator block to increase
the intensity of the signal. We have successfully grafted PNIPAM brushes from such
resonator substrates and ellipsometry measurements of the grafted chains on the wafers
suggest a similar growth as on silicon substrates (compare Fig. A.10 in the Appendix).
Ideally, in the future a higher signal intensity allows the reduction of the wavelength
distribution and therefore the measurement of incidence angles closer to the critical
angle of total external reflection. Another possibility that occurs with increased signal
intensity is the option to measure at different ()-values. Currently, this is not feasible
due to the ratio of coherent and incoherent scattering approaching 1 at higher -values.
Although there is the option of separating the detector image into several ()-values and

analyze them separately, this is not feasible yet, because of poor statics. One has to
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average over the entire detector to receive sufficient signal. As neutron beam time is
valuable, it is not realistic to count longer and an improvement in signal intensity is the

only viable option.

6.4. Conclusion

In this chapter, GINSES measurements were successfully conducted on PNIPAM brushes
with different grafting densities. Dynamics of near-surface and bulk layers were observed
and it was shown that the dynamics change with the grafting density. BornAgain sim-
ulations allowed the estimation of the penetration depth and the contributions to the
background. From NR and GINSES measurements it is concluded that a non-uniform
blob model describes the polymer brushes. The excluded volume increases with increas-

ing distance to the grafting surface.
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7. Conclusion and Future

Perspective

This thesis investigated the structure-dynamics relations of cross-linked (microgels)
and non-cross-linked (polymer brushes) soft matter systems. All investigated systems
were based on N-isopropylacrylamide. Structural features were thoroughly investigated
with laboratory scale methods (dynamic light scattering, ellipsometry, atomic force mi-
croscopy) and at large-scale research facilities (neutron scattering methods such as neu-
tron reflectometry and small angle neutron scattering). Furthermore, dynamics investi-
gations were conducted with neutron spin echo spectroscopy in transmission mode and
under grazing incidence. The focus lay on the investigation of the influence of the solid

planar surface on the dynamics in soft matter systems.

Influence of the preparation method of PNIPAM microgels (batch vs. con-
tinuous) on bulk and surface properties

The first study was concerned with the preparation of batch- and feeding-microgels
with molar fractions of cross-linker between 2 and 10 mol%. Microgels were prepared
with a positively charged thermal initiator (AAPH), but without an additional charged
co-monomer to prepare a simple model system. The preparation by surfactant-free pre-
cipitation polymerization in a continuous monomer feeding method showed limitations
for a low molar fraction of cross-linker of 2 mol%. Here, no colloidal particles could be
observed with the common methods such as DLS and AFM. However, this limitation
was not observed for batch-microgels.
Feeding-microgels with a degree of cross-linking of 5 and 10 mol% showed swelling be-
havior, hydrodynamic radius and volume phase transition temperature comparable with
those of batch-microgels. However, feeding-microgels displayed slightly higher swelling
ratios and higher VPTTs. Major differences between feeding- and batch microgels were
observed in the adsorbed state. Feeding-microgels collapsed stronger onto the surface,
which resulted in extremely high aspect ratios (w/h) in the dry state. The aspect ra-
tios remained rather high after reswelling in water. Feeding-microgels with 10 mol%
cross-linker had the lowest aspect ratios and hence were deemed most suitable to resolve

the difference between near-surface layers and the averaged particle properties. Hence,
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microgel particles with 10 mol% cross-linker were chosen for further studies.

Influence of the preparation method on internal structure and dynamics in
highly cross-linked microgels

The second study was subdivided into two substudies. In the first substudy, the
internal structure and dynamics of highly cross-linked microgels were investigated in
bulk. Small angle neutron scattering revealed differences in the internal structure. It
was shown that feeding-microgels possess a significantly lower fuzziness parameter and a
slightly larger correlation length. Since the correlation length is related to the mesh size
of the polymer network, a larger mesh size is dominant in the feeding-microgels. Those
results nicely fit to the more even distribution of cross-links. Neutron spin echo spec-
troscopy in transmission mode revealed the differences in internal dynamics. While the
batch-microgels showed cooperative diffusion over the entire ()-range of the experiment,
the feeding-microgels showed a transition to Zimm-type dynamics at Q = 0.12 A~'.
Therefore, the motion of polymer segments could be observed for feeding-microgels, but
not for batch-microgels. Further, feeding-microgels have a higher cooperative diffusion
coefficient. This was explained by the lower friction experienced by a less dense polymer
network compared to the batch-microgels. A comparison of the Zimm-type dynamics of
a semidilute PNIPAM solution and the feeding-microgels showed that the influence of
the polymer network on the local viscosity is non-negligible.
In the second substudy, nanomechanics and internal dynamics of PNIPAM microgels
in the adsorbed state were investigated. Nanoindentation measurements with the AFM
below the VPTT showed that the elastic modulus in the center of feeding-microgels is
much lower than in the center of batch-microgels. However, above the VPTT, hence
in the collapsed state, the elastic moduli are the same. The lateral distribution of the
elastic modulus was further investigated with fast force mapping. As expected, batch-
microgels displayed a stiffness gradient, which was absent in feeding-microgels. GINSES
experiments revealed that the near-surface dynamics (approximately 10 nm into the
monolayer) were not influenced by interactions with the surface. Calculated diffusion
coefficients compared well to the bulk value. However, the near-surface dynamics of
feeding-microgels were severely damped by the interactions with the solid substrate.
This finding has implications on the suitability of feeding-microgels for certain surface

applications.

Influence of the grafting density on the blob size in polymer brushes
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The third study investigated the influence of the grafting density on the structure
and dynamics of PNIPAM brushes. Polymer volume fraction profiles of a brush in the
concentrated regime (0=1.0 nm~2) and in the semidilute regime (¢=0.6 nm—2) were
extracted from neutron reflectivity curves. The concentrated brush was best described
by a model with one brush layer, while the semidilute brush demanded two distinct
brush layers. This was explained by the osmotic pressure between the polymer chains.
In a concentrated brush the osmotic pressure is sufficiently high to counterbalance the
attraction of near-surface layers to the surface. As the grafting-density is decreased,
so is the osmotic pressure and a so-called proximal layer is formed. It was shown that
the determination of the grafting density by degrafting and subsequent SEC is mainly
challenged by low sample volumes and hence low signal intensity. A GINSES study
similar to the one in the second study of this thesis was conducted on both polymer
brushes. It was shown that the correlation length, which is related to the blob size,
increases with increasing distance to the grafting surface. The decrease of the grafting
density resulted in increased correlation length (hence blob sizes). Therefore, this study

provides experimental evidence in favor of the non-uniform blob model.

Future perspective

As mentioned in the introduction, neutron spin echo spectroscopy under grazing in-
cidence is a valuable addition to the toolbox for the characterization of the dynamics of
adsorbed soft matter samples. The results of this thesis contribute to the field. While
the method is able to provide interesting results, there is room for improvement. First
and foremost, research efforts should be put toward the improvement of the signal-to-
noise ratio in GINSES experiments. This allows access to larger ()-values and therefore
extended information about a system’s dynamics on more local length scales could be
gained. The improvement of the sample cell (decrease of experimental background),
instrumental improvements or the use of a resonator block should be considered. Fur-
ther, future developments in the realm of computer simulations with BornAgain will
contribute to better background subtraction and calculation of the penetration depth.
Furthermore, the simulations can aid the z-resolution of the dynamics profile, because
they contain information on the contribution to the signal by different layers.
However, it is not only instrumental changes that should be considered. The measure-
ment of other, more complex, adsorbed soft matter systems or even hybrid systems would
yield interesting information on the dynamics in such systems. In the future, we plan

on publishing work on zwitterionic polymer brushes, a class of polymer brushes that is
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interesting in biological applications such as cell cultivation and antifouling coatings. In
general, biocompatible and biodegradable polymers are becoming more important due
to health and environmental concerns. The author hopes that the fundamental under-
standing of those systems can be extended in the future with the methods used in this

thesis.
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Appendix A.

Additional Information

Surfactant-free Precipitation Polymerization

Table A.1.: Recipe for the surfactant-free precipitation polymerization of PNIPAM

batch- and feeding microgels.

Sample  cyrpapy[mM]  eprs[mM]  cprs[mol%|  caapp[mM]  ¢,[min]

MG,P 122 2.5 ~ 2.0 2.1 10
MG;5P 119 6.3 ~ 5.0 2.1 10
MG,P 112 12.5 ~ 10.0 2.1 10
MGy F 122 2.5 ~ 2.0 2.1 11.3
MGsF 119 6.3 ~ 5.0 2.1 11.3

MGy oF 112 12.5 ~ 10.0 2.1 11.3
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Calibration curves for LC-MS

40 x10° A
1.5 x10°
304
g g
pust — 1OA
S 201 <
[ ©
& &
10 051
R®=0.972936 R®=0.977535
O# T T T T T T T O'OﬂT T T T T T T
00 02 04 06 08 10 12 14 0 5 10 15 20 25 g5yq0°
Cnipam (Mg/mL) Cais (Mg/mL)
3.0 x10°
60 x10° B 2.5 D
504
© L © 2.0+
X X 1.5A
5% H
o u o 1.04
204 :
101 . 051 2
R%=0.87577 R®=0.99307
OAT T T T T T T T O.OAT T T T T T
0 2 4 6 8 10 12 14 0.0 0.5 1.0 1.5 2.0 2.5

Cnipam (Mg/mL) Cais (mg/mL)

Figure A.1.: Calibration curves for LC-MS measurements of NIPAM and BIS within the
concentration ranges relevant for batch and continuous monomer feeding

polymerization. The R? values indicate varying qualities of the linear fit to

the data.

HPLC conditions for LC-MS

HPLC measuring conditions were

e Column: Grom-Sil-120-ODS-4-HE (Grace), length 50 mm, internal diameter 2 mm,
3 pm

Gradient:
e Eluent 1: H,O + 0.1% HCOOH

e Eluent 2: MeCN + 0.1% HCOOH
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Appendix A. Additional Information

e 0 - 10 min: Eluent 2: from 5% to 100%
e 10 - 13 min: Eluent 2: hold 100%

e 13 - 18 min: Eluent 2: hold 5%

e flow: 0.3 mL/min

DAD spectrum scan range 205 - 850 nm; Step 2 nm
UV/Vis Channel:

e Channel A - 215 nm, 4 nm Bandwidth
e Channel B - 280 nm, 40 nm Bandwidth

e Channel C - 350 nm, 100 nm Bandwidth

Zetapotential
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Figure A.2.: Temperature-dependent zetapotential measurements of a) batch- and b)
feeding-microgels. The zetapotential increases with increasing temperatures
as the positive charge of the initiator comes closer to the interface as the

particles collapse.
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NSE of MG;P
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Figure A.3.: Normalized ISFs of MG5P at different ()-values. The inset shows the Q-
dependence of the cooperative diffusion coefficient. The cooperative diffu-
sion coefficient has a constant value between 0.06 and 0.11 A~ followed

by an increase at higher @s.
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Figure A.4.: SANS data of MGoP and MG(F fit with a combination of the fuzzy sphere
model and a model of a Gauss Lorentz Gel.
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SANS alternative fits

Neutron Spin Echo
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Figure A.5.:

Q-7-map for NSE experiments at the SNS-NSE at Oak Ridge National
Laboratory.
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Neutron reflectivity alternative fits
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Figure A.6.: Neutron reflectivity curve of the low density brush (o ~ 0.6 nm~2) fit with

only one brush layer. The data cannot be described sufficiently well with
this fit.
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Figure A.7.: 1) Neutron reflectivity curves of a) the high density brush (o & 1.0 nm=2)
and b) the low density brush (o = 0.6 nm~2) at 50 °C. 2) SLD profiles of
the brushes at 15 °C and 50 °C. 3) PVF resulting from 1).
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SEC elugrams
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SEC eluting peaks for the high grafting density brush (o =~ 1.0 nm™2)
measured by RI (green) and UV-detection (pink). a) and b) show that

there is a lower and higher molecular mass present in the degrafted brush.
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a lower and higher molecular mass present in the degrafted brush.
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Growth of PNIPAM brushes on Ti-wafers
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Figure A.10.: Growth of PNIPAM brushes on Ti-coated Si-wafers with different amounts

of monomer. The growth appears to be limited to approximately 48 nm.
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