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Abstract

This work presents the preparation, and the structural and the dynamic characteriza-
tions of a novel type of nanocomposites based on hydrophobically modified ethoxylated
urethanes (HEUR) and coated magnetite nanoparticles (MNPs). The structure of the
novel nanocomposites as hydrogels and as dry films is analyzed using small angle neutron
scattering (SANS). The MNPs influence the network-like structure of the gel phase, while
they do not affect significantly the HEUR structure in the dried state. The magnetic
response of the dried state shows a superparamagnetic behaviour. The dynamics of the
nanocomposites as hydrogels is investigated with dielectric relaxation (DRS) and neutron
spin echo spectroscopy (NSE). We find that, upon the addition of MNPs, the segmental
dynamics of the polymer is slowed down on the nanoseconds scale. On the other hand,
as found for the structure, the addition of MNPs does not have a significant effect on the
segmental dynamics of the polymer in the dried state, investigated by DRS and thermally
stimulated depolarization current (TSDC).

Zusammenfassung

Diese Arbeit befasst sich mit der Préparation, und der strukturellen und dynamischen
Charakterisierung einer neuen Sorte von Nanokompositen, die aus hydrophob modifizierten
ethoxylisierten Urethanen (engl. HEUR) und beschichteten Magnetit-Nanopartikeln (engl.
MNPs) bestehen. Die Struktur der neuartigen Nanokompositen als Hydrogele und als
trockene Filme wurde mittels Neutronenkleinwinkelstreuung (engl. SANS) untersucht.
Die MNP beeinflussen die netzartige Struktur der Gel-Phase, wahrend die HEUR-Struktur
im Trockenen nicht signifikant gedndert wird. Das magnetische Ansprechen des trocke-
nen Zustandes entspricht einem super-paramagnetischen Verhalten. Die Dynamik der
Nanokomposite als Hydrogele wurde mit dielektrischer Relaxations-Spektroskopie (DRS)
und Neutronen-Spin-Echo-Spektroskopie (NSE) beobachtet. Wir haben gefunden, dass
die Beigabe von MNP die Segmentdynamik des Polymers auf der Nanosekunden Skala
verlangsamt. Wie auch schon fiir die Struktur beobachtet, gibt es keinen signifikanten
Effekt auf die Segmentdynamik der Polymere durch die MNP im trockenen Zustand, wie
mit der DRS und mit der thermisch stimulierten Depolarisationsstrom-Methode (engl.
TSDC) bestimmt.
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1. Introduction

The combination of magnetic and dielectric properties, stability and the biocompatibility
make magnetic nanocomposite materials suitable for both environmental and biomedical
applications and for use in electronics [1,2]. For instance, magnetic nanocomposites have
been used for the emission enhancement of organic light emission diodes (OLEDs) [3], the
increase of the power conversion efficiency of both heterojunction poly-small molecules
solar cells [4] and can be used as electromagnetic wave absorbers thanks to their elevated
magnetic and dielectric permeability connected to dissipative properties [5,6]. Typically,
magnetic nanocomposite materials comprise a polymer matrix and inorganic filler par-
ticles. The polymer matrix is used for processing, whereas the inorganic filler adds the
magnetic contribution to the system. Frequently, diblock copolymer templates have been
used to guide specially coated magnetic nanoparticles (MNPs) in polymer matrices to get
control on the MNPs dispersion [7-9].

In this work we present a novel type of nanocomposite systems consisting of hydropho-
bically modified ethoxylated urethane (HEUR), as the polymer matrix, and coated mag-
netite nanoparticles (MNPs), as inorganic filler particles.

Hydrophobically modified ethoxylated urethane (HEUR) is a telechelic polymer having
poly(ethylene oxide) (PEO) as the main hydrophilic chain and alkyl alcohol groups as
hydrophobic end groups. Aqueous solutions of HEUR have been studied from the theo-
retical point of view as model systems [10,11]; and their rheological properties have been
extensively investigated [12-15]. Among the different kinds of structures that the HEUR
polymers form in water, at high polymer concentration (¢, >10 wt %), they form a
complex extended network with aggregates composed of the hydrophobic ends which act
as crosslinks between the hydrophilic main chains (Fig. 2.2) [10,12,13]. The presence
of the micellar cores is exploited, embedding into them hydrophobic molecules or par-
ticles with specific functions, i.e. pigments, inorganic nanoparticles. The embedding of
such hydrophobic particles into the micellar domains of the polymer network is a good
way to avoid their aggregation, and therefore, to obtain a homogeneous dispersion into
the polymer matrix. Thus, this feature of the telechelic polymer gels is very useful in
the formulation of nanocomposites. Furthermore, polyurethanes are good candidates for

polymer matrices in nanocomposite systems because of their versatility [16].
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The inorganic component of our novel nanocomposites are coated magnetite nanopar-
ticles. Iron oxide nanoparticles, and in particular magnetite nanoparticles (FezQ,), are
widely used in several kinds of applications, from the medical ones, e.g. magnetic reso-
nance technology or drug delivery, to the environmental ones [17-19].

A crucial point in the design of composite systems is the control of the nanoparticle
dispersion in the polymer hydrogel matrix. Therefore, it is important to determine the
morphology of these systems. In this work, the investigation of the morphology of the
HEUR-MNPs nanocomposites is carried out by small angle neutron scattering (SANS)
(chapter 3). Structural characterization is carried out in order to determine the polymer
matrix structure in the hydrogel and in the dry state.

On the other hand, the dynamic investigation of the HEUR-MNPs nanocomposites
is focused on the study of the segmental dynamics of the polymer. The use of different
experimental techniques, i.e. differential scanning calorimetry (DSC), dielectric relaxation
spectroscopy (DRS) and neutron spin echo (NSE) (chapter 3) is aimed at achieving a
profound understanding of the dynamics of the investigated system. The importance of
the understanding of the segmental dynamics lies in the fact that it is related to both the
mechanical and the dielectric properties of the material which are useful for applications.

Therefore, with the structural and dynamic characterization of the novel HEUR-MNPs

nanocomposites presented in this work, we would like to answer to the following questions:

o Which are the conditions for a homogeneous MNP distribution in the polymer ma-

trix?
o Which modes exist in the gel and in the dry films? How do they interrelate?

o Are there specific properties occurring for the dispersed MNPs?

In the following chapters, the achieved results will give a tentative answer to these ques-
tions. Furthermore, the influence of the MNPs on both the structure and the dynamics

of the pure polymer matrix will be profoundly discussed.



2. Theoretical aspects

This chapter comprises the theoretical background for the experimental studies and in-
terpretations presented in this thesis. First of all, the main features of the investigated
systems and the state of art of the related scientific research are discussed in detail. The
discussion begins with the individual components, i.e. the telechelic polymers and the
magnetic nanoparticles (MNPs). The second part of the chapter focuses on the theoret-
ical aspects of the experimental techniques employed in the present experimental work.
In particular, all the different theories used for the interpretation of the structural and
dynamic characterization are explained. In the section 2.1.3 the theory by Daoud and
Cotton on star polymers is discussed, as it is relevant for interpretation of the dynamic
characterization of the investigated nanocomposites and, in section 2.2.6, the scattering

from gel systems is explained.

2.1. Investigated systems

2.1.1. HEUR polymers: a special type of telechelic polymers

The term “telechelic” originates from the Greek words telos, far, and chelos, claw, there-
fore, it describes a molecule having two “claws” far away from each other. The term
was originally proposed by Uraneck in 1960 [20] to describe macromolecules having two
reactive groups at both chain ends, i.e. polymeric diols. In a more general sense, the term
is used to define polymers possessing end groups which are not necessarily chemically
reactive but that can from inter or intra-molecular interactions via self-assembly forces,
for instance van der Waals forces or hydrogen bonds. The simplest example of telechelic
polymers are triblock copolymers of type ABA or, more generally ABC, dispersed in the
appropriate solvent which is selective for the midblock B, leading to the aggregation of the
terminal groups through hydrophilic or hydrophobic effects [21,22]. In Fig. 2.1 examples of
ABA and ABC types of telechelic poly(ethylene oxide) (PEO)-based triblock copolymers
are shown [23]. In the last twenty years telechelic polymers have attracted great interest
for several reasons. First of all, they are useful for the synthesis of multi-copolymers and

can be used as precursors of chain extender. Furthermore, telechelic polymers represent
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a fundamental model for understanding intra- and inter-molecular aggregation process in

polymers in relation with the polymer conformation.
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Figure 2.1.: Sketch of ABA and ABC types of telechelic polymers. BOB is the name of the
block-copolymer with poly(ethylene oxide) (PEO) as mid-block and 1,2-polybutadiene (PB) as
end-blocks. The second type, having 1,2-polybutadiene (PB) and poly(perfluoropropylene oxide)
(PFPO) as end-blocks, is denominated BOF [23]

Telechelic polymers represent the simplest example of associating polymers, which con-
tain hydrophobic, polar or ionic groups which are able to associate and form aggregates
similar to the ones formed by surfactants. The aggregation process of associating polymers
has been intensively investigated in previous studies [10,24]. It was found by Semenov
and coworkers, that telechelic polymers, above the critical micelle concentration (CMC)
aggregate in flower-like micelles made of compact hydrophobic cores composed of the
hydrophobic ends of the telechelic polymer chain (Fig. 2.2). The inner structure of the
hydrophobic core is similar to the structure of the micelle formed by star polymers [25,26].
For the micelles formed by telechelic polymers the aggregation number p is defined as the
number of chains per micelle and it depends on the energy of interaction between the
hydrophobic groups and on their length. For associating polymers, the typical aggrega-
tion number was found to be between p=>5 and p=50 [27,28]. In the theoretical study
of the equilibrium and the dynamic properties of associating polymers, the aggregation
number is considered to be a known fixed large number: indeed, the aggregation number
was observed to be rather insensitive to concentration and molecular weight of soluble
parts [29]. The main difference between star polymers and flower-like micelles is the
fact that two star polymers in a good solvent always repel each other, while flower-like
micelles can be connected to each other because telechelic polymers can form bridges
between neighbouring micelles (see Fig. 2.2).

As explained by Semenov in the study of the equilibrium and dynamic properties of a
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Figure 2.2.: Sketch of a phase diagram of a telechelic polymer a) a flower consisting in p=>5

chains b) bridging between flowers. The hydrophobic end-groups are depicted in red

solution of telechelic polymers [10], increasing the telechelic polymer concentration above
the CMC, ¢ > CMC, the micelles phase separate and form a densely packed micelles
phase connected to each other. At a certain concentration ¢ = ¢*, the flowers form a
reversible network where they are connected by “bridges”. This process is shown in Fig.
2.2 b). Increasing the polymer concentration further, such that ¢ > ¢*, the viscosity of
the gel increases exponentially and macroscopic percolation structures are formed. This
effect is known as thickening of associating polymers [30] and several models were adopted
to explain it [11]. Because of the thickening effect, the associating polymers are widely
used in the formulation of water-borne paint, as rheology modifier [31,32].

Belonging to the more general class of associating polymers the so-called hydrophobically
modified polymers (HM-P) consist of a water soluble polymer with hydrophobic groups
chemically attached to the hydrophilic polymer backbone. The earliest studies on this
class of polymers, in particular on polyelectrolytes, was carried out by Strauss and cowork-
ers [33]. HM-P can be divided into two categories depending on how the hydrophobic
groups are situated in the hydrophilic polymer backbone: i) end-capped HM-polymers:
where the hydrophobic groups are attached at both ends of the hydrophilic backbone
(Fig. 2.3 a)) ii) comb-like HM-polymers: where the hydrophobic groups are grafted along
the hydrophilic backbone (Fig. 2.3 b))

The telechelic polymers used in this work belong to the class of end-capped HM-
polymers and they are called hydrophobically modified ethoxylated urethanes (HEUR).
They consist of a polyethylene glycol (PEG) main chain with urethanes segments and two
C10-Cas alkyl chains at both ends of the main chain. The most common synthesis proce-
dure for commercially available HEUR polymers involves PEG of low molecular weight,
e.g. 6000, which reacts with an excess of diisocyanate. The product is a polymer chain
with urethane segments and one reactive isocyanate group at each chain end. They react
with long alkyl chain alcohol leading to the HEUR polymer structure. A simplified scheme
of the synthesis of HEUR is shown in Fig. 2.4. Using different synthesis approaches, in-
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o

Figure 2.3.: Sketch of a) end-capped b) comb-like hydrophobically modified polymer. The
hydrophobic blocks are depicted in red

volving the reaction of an alcoholethoxylate with diisocyanate, HEUR polymers with more
narrow molecular weight distribution were synthetized [34]. HEUR polymers synthetized
in this way have a polydispersity index, i.e. weight average molecular weight M, / num-
ber average molecular weight M,,, of about 1.1. The commercial HEUR polymer used in

this work, has a polydispersity index of 1.04.

o o
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H n OH
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Figure 2.4.: Schematic synthesis reactions path of HEUR polymers. Blue lines show the PEG
backbone, the red ones the long chain alcohol and the green circles the diisocyanate groups or
diurethane likages
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The phase behaviour of HEUR polymers in water solution has been extensively in-
vestigated through rheology, leading to a structural and dynamic model of their aggre-
gation process as a function of the concentration and of the molecular weight of the
polymer [12,15,35,36]. As seen for the generic associating polymers, HEUR polymers
form flower-like micelles, when the polymer concentration exceeds the CMC. Because of
the thermal motion, periodically the hydrophobic ends detach from the micellar core and
move around in the surrounding. The “floating” hydrophobic end is soon captured again
by another micellar core. The increase of the polymer concentration leads to the formation
of clusters of lowers, because of the bridging between the micelles, as shown in the sketch
in Fig. 2.2. At high polymer concentration (¢ > 10 wt%), bridging chains will percolate
the whole volume, and a network will be formed. The network of bridging chains is also
called permanent network. The rheological properties of a typical HEUR polymer solu-
tion in the concentration regime ¢ > ¢* can be visualized from the shear-stress dependent

viscosity (Fig. 2.5).

Viscosity (Pa.s)

SHEAR STRESS (Pa)

Figure 2.5.: Viscosity versus shear stress of a HEUR polymer solution showing the Newtonian,

shear-thickening and shear-thinning regimes [13]

In the curve of the viscosity as a function of the shear stress it is possible to observe

the following regimes:

o at low shear stress, it is possible to observe a shear stress-independent viscosity.

This is defined as Newtonian behaviour, and it is typical of liquids

o at intermediate shear stress, an increase of the viscosity is observed, and this effect
is the so-called shear thickening. It arises for the stretching of the bridging chains

between the micellar cores of the network

o at high shear stress, a steep decrease of the viscosity is observed. It is due to the

fragmentation of the bridging chains. This effect is called shear tinning.
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From nonlinear rheological measurements of HEUR aqueous solutions at different HEUR
concentration it was found that the thickening disappears at polymer concentration ¢* ~
4 wt% [12,37]. Annable and coworkers found that, at this concentration, an impermanent

network is formed [14].

2.1.2. Semidilute polymer solutions: the blob concept

As seen in the paragraph 2.1.1, at high polymer concentration (¢ > 10 wt%), HEUR
telechelic polymers form a permanent network where the “micellar domains” act as non-
covalent cross-links of the polymer network (Fig. 2.2). In this concentration regime, the
hydrophilic middle chains are in contact between each other and they form entanglements.
This feature, is also the characteristic property of semidilute polymer solutions. In this
case, the contact between different polymers leads to topological cross-links. Therefore,
such a solution presents a gel-like behaviour. The concentrated HEUR polymer solution
(¢ >10 wt%) can be approximated to a semidilute polymer solution. This assumption is
relevant for the interpretation of the results of the dynamic investigation of HEUR hydro-
gels achieved in this work (chapter 6). The semidilute polymer solution is a network with
many polymer-polymer contacts of a typical distance &., which is also called correlation
distance/length. In order to describe the semidilute polymer solutions, the concept of blob,
introduced by DeGennes, is used [25,38]. The blobs are regions of size £ which contain

chain segments, consisting of ¢ monomers, characterized by single linear chain behaviour

(Fig. 2.6).

blob ( g monomers)

Figure 2.6.: Polymer network formed by a semidilute polymer solution. A blob is defined by the
intersection of a chain segment with other chains
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Within such a blob, the polymer behaves like in a good solvent, and one finds g

monomers inside the blob according to:

§ocyg” (2.1)

with v=0.6, being the Flory exponent for polymers in a good solvent [39]. Beyond the
blob, the correlation is lost and the polymer chain behaves like an ideal coil, like in a

f-solvent, and its radius of gyration is defined as:

R, = V3, (g)m (2.2)

with N being the number of monomers of the polymer chain and g being the number of
monomers within the blob. The blob size depends on the polymer concentration. Con-
sidering the concentration regimes of a flexible polymer solution (schematically depicted
in Fig. 2.7), we observe that:

o for low polymer concentration ¢ < ¢*, the blob becomes large, and finally covers a
full single polymer molecule, therefore g ~ N. In this case, the polymer behaves
like in good solvent, where the interactions between the polymer molecules and the

solvent molecules are favourable

o at the overlap concentration, ¢ = ¢*, the monomer concentration of an isolated

polymer reaches the overall polymer concentration:

¢* x NR, 7 oc N'™% (2.3)

e at high concentration, ¢ ~ 1, the blobs size shrinks and a blob contains approxi-

mately one monomer, g ~ 1.

The correlation length &, can be therefore expressed as:

can(2) o

Therefore, at the overlap concentration, the correlation length &, is equal to the radius of
gyration, and at higher concentration, it is proportional to ¢¥. In the high concentration
regime, it may be assumed that the blob size does not depend on the polymerization
degree, if the concentration remains constant. The polymer is assumed to be much larger
than a blob, thus, there is no influence on the blobs anymore. From the N-dependence of

the radius of gyration from eq. 2.3, and considering the eq. 2.4 one obtains:

£ o< NV (Nfﬁ—:au)yOCNO (2.5)
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5 ©

Diluite ¢g<¢*

Semidiluite g=¢*

Figure 2.7.: Concentration regimes in flexible polymer solutions. Above the overlap concentra-

tion ¢*, the polymer chains interpenetrate [40]

Therefore, the exponent is found to be y = —3/4. The two dependences on the polymer
concentration ¢, firstly of the correlation length, &. oc ¢~3/; and of the radius of gyration,
R; o ¢~'/4, have been found experimentally by neutron scattering [25].

Since we compared the semidiluted polymer solution with the HEUR concentration
solution, it is important to point out the difference between these two systems. Fig. 2.6
shows a network formed by a semidilute polymer solution. Such a structure is defined as
topological gel. In the topological gel the polymer chains with bulky end-groups are neither
covalently cross-linked as in chemical gels, nor attractively interacting as physical gels,
but are just topologically interlocked. In this case, the blob is defined by the intersection
of a chain segment with other chains. In the case of a network formed by telechelic
polymers, the blob is also defined as the spherical region containing a chain segment
between topological crosslinks, but the hydrophobic domains act as additional constrains
for the polymer chain, and they are considerably bigger than the simple topological cross-

links in the topological gel. This fundamental difference is illustrated in Fig. 2.8.
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a) b)

Figure 2.8.: The concept of blobs in the a) topological gel and in the b) HEUR gel are depicted,
where the micellar domains are represented as the red balls. The blob’s size £ is shown in both
cases

2.1.3. Conformation model of star shaped polymers applied to
telechelic polymers

In polymer chemistry, branching occurs by replacing a substituent on a monomer subunit
of the polymer backbone with another covalently bounded chain of the same type of
polymer. In the case of graft copolymers, the new chain is of a different type. The
simplest type of branched polymers are the star shaped polymers, where linear chains
are connected to a central core. The core of the star can be an atom, molecule, or
macromolecule (Fig. 2.9).

Figure 2.9.: Sketch of a star shaped polymer consisting of seven linear chains connected to the

branch point (depicted in purple)

Star shaped polymers have received continuous attention over a long time [41]. Most
of the theoretical work was done to determine the conformation of star shaped polymers
in their unperturbed state [42,43]. Daoud and Cotton, developed a model for the con-
formation of star shaped polymers in order to predict the swelling properties of a star
as a function of the quality of the solvent and the monomer concentration ¢ [25]. This
so-called DC-model was used by Halperin for the study of the behaviour of star polymers

confined to a narrow slit in a good solvent [44]. In the DC-model a uniform single star
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made of f branches joining at the centre of the star is considered. Each branch has N

statistical units of size a. The DC-model is based on two observations:
» star polymers have spherical symmetry

e because all branches have to join at the center, the concentration of monomers in
this region is very high. When one gets away from the centre, the concentration
decreases, leading eventually to the single (linear) chain problem in the outside
region where the different branches can be considered as being far apart between
each other. Therefore, the volume fraction of the monomers of the branch, ¢, is

expected to be a decreasing function of the distance from the center of the star, r.

The DC concept of star polymer is depicted in Fig. 2.10. The structure of star shaped
polymers is described in terms of blobs [25]. Blobs occupy regions of size £, which depends

on the local monomer concentration.

Figure 2.10.: Daoud-Cotton conception of a star polymer. Every branch is made of a succession

of blobs with size £ increasing from the centre of the star to the outside [25]

The DC-model postulates the following:

o the size £ of the blob depends on the distance to the center of the star r: & = &(r).

This means that the concentration profile is self similar and thus £ ~ r.
o In a sperical shell of radius r and thickness £(r) there are f blobs.

The second postulate determines the f dependence of &: the volume of a spherical shell

r2€ is equal to that of f blobs of volume ¢ each. Therefore, this dependence reads like:

E~r/ft? (2.6)

According to the DC-model, in the star one expects to find three different regions:
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 a core, or center, where the monomer concentration is very high (¢ ~ 1) and the

monomers are closed packed

« an ideal or Gaussian zone, where ¢ is small enough so that the blobs are ideal:
E(r) ~n2(r)a (2.7)
where n(r) = n(£(r)) is the number of monomers in a blob of size £

e an exterior corona, where ¢ is higher and where excluded volume interactions are
important within the blobs [44].

The DC-model can be applied also to other systems. For example, micelles can be
treated as stars but with a larger center composed of non-covalently-bound groups [45].
In fact, in his study on the dynamic properties of solutions of telechelic polymers in the
limit of high aggregation number [10], Semenov used the blobs picture to describe the
micelles structure formed by telechelic polymers. On the same line, in this work we apply
the DC-model to the polymer network formed by the telechelic HEUR polymers in aqueous
solution. In fact, the hydrophobic domains of the HEUR network can be approximated
to the centers of stars connected between each other. Therefore they can be considered

as the branch points of long graft copolymers. This approximation is schematized in Fig.
2.11.

HEUR polymer network

Star-shaped polymer structure

Figure 2.11.: The region of the HEUR network (left) near the hydrophobic domain is magnified.

The magnified portion on the right side is similar to a star shaped polymer with five branches

The extension of the DC-model to the investigated systems was crucial to understand

the effects of polymer conformation on the dynamics of the system.
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2.1.4. Magnetite nanoparticles (MNPs)

In the last two decades, the enhanced interest of researchers in nanoparticles is due to
their unusual physical and chemical properties compared to the massive (bulk) materials.
In particular, in the case of the magnetic properties, the difference between the bulk
material and the nanoparticles is especially pronounced. In fact, it was found that the
magnetization per atom and the magnetic anisotropy of the nanoparticles can be much
greater than those of the bulk material. The magnetic properties of nanoparticles are
limited by many factors, for instance the chemical composition, the particle size and
shape and its interaction with the surrounding matrix and the neighbouring particles.
Before discussing in detail the magnetic properties of nanoparticles, it is necessary to give
a definition to the so-called nanoparticle. A nanoparticle is an object with size between
1 and 100 nm. On the other hand, when we talk about the bulk material we refer to a
typical size above 1 um [46]. Among the most widely encountered magnetic nanoparticles,
for the preparation of the magnetic nanocomposites investigated in the present work, we
have chosen magnetite nanoparticles, which are mostly used in biomedical applications
because of their biocompatibility [47]. The chemical formula of magnetite is Fe3Oy. It
crystallizes with the spinel structure. The large oxygen ions are closed packed in a cubic
arrangement and the smaller Fe ions fill the gaps. There are two types of gaps: i) the
tetrahedral site, where the Fe ions are surrounded by 4 oxygen ions ii) the octahedral
site, where the Fe ions are surrounded by 6 oxygen ions (Fig. 2.12). The tetrahedral
and the octagonal sites form two magnetic sublattices, namely A and B. The spins on
the A sublattice are antiparallel to those on the B sublattice. The two crystal sites are
very different and result in complex forms of exchange interactions between Fe ions both

between and within the two types of sites.
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Figure 2.12.: Spinel structure of magnetite showing the tetrahedral and the octahedral sites,

indicated as A and B respectively

Because of the crystalline structure, the magnetite is ferrimagnetic, although it was

considered a ferromagnet until Néel, in the 1940, provided the theoretical framework for
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understanding ferrimagnetism. Several approaches for the synthesis of magnetite nanopar-
ticles are present. In some cases, they are synthetized through thermal decomposition of
compounds containing Fe?* ions under an oxygen-deficient atmosphere. It is accompanied
by partial reduction of Fe?" to Fe?T. Thus, thermolysis of Fe(acac)s in dyphenylether in
presence of small amounts of hexadecane-1,2-diol, which acts as reducer of part of ions

Fe3* to Fe?T, gives Fe304 nanoparticles with size of 1 nm (Fig. 2.13).

Fe(acac); + ROH + RCOOH + RNH, + Ph,0

@heating

Figure 2.13.: Scheme of the synthesis of magnetite nanoparticles using oleic acid (RCOOH)
and oleyamine (RNHz) as capping agents [48]

The size of the produced nanoparticles can be increased by adding an excess of Fe(acac);

into the reaction mixture [48].
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2.1.5. Basic theory of superparamagnetism

The response of materials to an applied magnetic field depends on their magnetic struc-
ture. A way to categorize the magnetic nature of materials, is considering the magnetic
susceptibility value, y. The magnetic susceptibility is a dimensionless quantity that indi-
cates the degree of magnetization of a material in response to an applied magnetic field.
It is defined as:

M =xH (2.8)

where M is the magnetization of the material (the magnetic dipole moment per unit
volume), and H is the magnetic field strength.
Accordingly to the value of the magnetic susceptibility of the material y, the following

types of magnetism can be distinguished:

1. Large x: these materials include ferromagnetic, ferrimagnetic or antiferrimagnetic.
They can have, even without influence of an external magnetic field, a strong order-
ing of the orientation of the magnetic moments. In particular, as shown in Fig. 2.14,
ferromagnetic materials exhibit parallel alignment of moments resulting in large net
magnetization even in the absence of a magnetic field. The elements Fe, Ni, and Co
and many of their alloys, are typical ferromagnetic materials. Two distinct features
of ferromagnetic materials are their spontaneous magnetization and the existence
of magnetic ordering temperature. The spontaneous magnetization is the net mag-
netization that exists inside a uniformly magnetized microscopic volume in absence
of magnetic field. The magnitude of this magnetization, at 0 K, is dependent on
the spin magnetic moments of electrons. Even though electronic exchange forces
in ferromagnets are very large, thermal energy eventually overcomes the exchange
and produces a randomizing effect. This occurs at the so-called Curie temperature
(Tt). Below the Curie temperature, the ferromagnet is ordered and, above it, dis-
ordered. The saturation magnetization goes to zero at the Curie temperature. In
addition to the Curie temperature and the saturation magnetization, ferromagnets
can retain memory of an applied field once it is removed. This behaviour is called
hysteresis and a plot of the variation of magnetization with magnetic field is called
hysteresis loop (Fig. 2.16). Another hysteresis property is the coercivity of rema-
nence (H,). This is the reverse field which, when applied and then removed, reduces
the saturation remanence to zero. It is always larger than the coercive force. On
the other hand, the magnetic ordering called ferrimagnetism occurs in ionic com-
pounds, such as oxides, e.g. Fe30,4, magnetite. The magnetic structure is composed

of two magnetic sublattices (called A and B) separated by oxygens. The exchange
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interactions are mediated by the oxygen anions. In ferrimagnets, the magnetic mo-
ments of the A and B sublattices are not equal and it results in a net magnetic
moment. Thus, Ferrimagnetism is similar to ferromagnetism. Therefore, it exhibits
all the hallmarks of ferromagnetic behaviour - spontaneous magnetization, Curie
temperatures, hysteresis, and remanence. However, ferro- and ferrimagnets have
very different magnetic ordering (see Fig. 2.14). In contrary to the ferrimagnetic
materials, in antiferromagnetic materials the A and B sublattice magnetic moments

are exactly equal but opposite, so that the net moment is zero (Fig. 2.14).

2. Small x:

o If x > 0 the material is paramagnetic. The magnetic moments are only aligned

under the influence of an external field in its direction (Fig. 2.14).

o If x < 0 the material is diamagnetic. The magnetic moments are only aligned

under the influence of an external field in its opposite direction.
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Figure 2.14.: Sketch of the different types of magnetic materials. The different orientations of

the atomic magnetic moments are shown

When the size of the material is reduced to the nano-scale length the phenomenon of
superparamagnetism can occur. It is a type of magnetism that occurs in small ferro-
magnetic and ferrimagnetic nano-sized materials. The size of the nanoparticles which
show this property is between 1 nm and 50 nm, depending on the material. They are
single-domain nanoparticles, meaning that the total magnetic moment can be regarded as
a giant moment composed of all the individual magnetic moments of the atoms of which
compose the nanoparticle. Very often, nanoparticles show a certain preference for the
direction, along to which their magnetization aligns. These nanoparticles are said to have
an anisotropy in these directions. If there is one direction much preferred over all oth-

ers, the nanoparticles have uniaxial anisotropy. Nanoparticles with uniaxial anisotropy
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randomly flip the direction of their magnetization, and this effect is induced by thermal
energy. The average time to perform such a flip is given by the relaxation time, 7, which

reads:

AE
T =Ty exp{w} (2.9)

where 7y is a length of time, characteristic of the material, called the attempt time,
which is around 1079 s [49], AFE is the energy barrier which the magnetization flip has to
overcome, kg is the Boltzmann constant and 7' is the temperature.

The energy barrier for the magnetization flip occurs in particles with anisotropies. It

depends on the particles volume:

AE =KV (2.10)

where K is the anisotropy constant and V' is the volume of the particle.

The superparamagnetic state of nanoparticles does not only depend on the temperature
T and on the energy barrier AF, but also on the measurement time of the experimental
technique used. If the measurement time, 7,,, is smaller than the average time between
magnetization flips (relaxation time 7), the nanoparticle is in a well defined state that is
called blocked state. If the measurement time is larger than the relaxation time 7, we will
observe fluctuations in the magnetization and a time-averaged net moment equal to zero
(Fig. 2.15).

@@@@
o &

T < TB T> TB
(or T, << 1T) (or T, >> 1)
(a) (b)

Figure 2.15.: a) The measurement time is much smaller than the relaxation time. Blocked
state. b) The measurement time is much larger than the relaxation time. Superparamagnetic
state [50]

The temperature at which the nanoparticle is in its blocked state is called blocking

temperature, Tz. It is related to the nanoparticle’s size by the eq. 2.10, considering that:

AE = 25kgTp = KV (2.11)
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Therefore, by measuring the blocking temperature Tz of the nanoparticles, it is possible
to obtain their size [51,52].

O O

(c) (d)

Figure 2.16.: Magnetization curves of a) diamagnetic materials b) paramagnetic materials c)
ferromagnetic material d) superparamagnetic material. The big and small particles represent,
respectively, single-domain and multi-domain particles [50]

In conclusion, in order to compare the magnetic response of different materials, in
Fig. 2.15 the magnetization curves of diamagnetic, paramagnetic, ferromagnetic (or fer-
rimagnetic) and superparamagnetic materials are shown. In the case of the ferromagnetic
material, a hysteresis loop can be observed. For single-domain particles, the loop is narrow
(dashed line), while for multi-domain particles the loop is quite broad. On the other hand,
the magnetization curve of the superparamagnetic material has similar sigmoid shape of
the ferromagnetic one, but no loop is observed. This means that when the magnetic field
is removed, the magnetization drops to zero. The difference between the ferromagnetic
(or ferrimagnetic) behaviour and the superparamagnetic one is determined by the size of

the particle: as soon as it gets small enough, the latter effect takes over [53].
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2.2. Scattering methods: theoretical background

2.2.1. Neutrons as probe

Scattering with light, X-rays and neutron radiation is an established method of investi-

gating structures from microscopic up to mesoscopic length scales, i.e. 1071Y — 107¢ m.

The cross section depends on the refractive index for light, the atomic number (number

of electrons) for X-rays and on the overall structure/magnetic moment of the nucleus for

neutrons. Neutrons represent a versatile probe to investigate the fundamental properties

of the matter. They also present advantages over to X-rays. The are several reasons for

this:

The neutrons are electrically neutral, hence they can penetrate into matter and
probe bulk properties. They have a penetration depth higher than X-rays, which,

in some cases, can penetrate only several hundreds of nm.

The interaction of neutrons with matter is via nuclear forces. Therefore, they inter-
act differently with neighbouring elements (e.g. Mn, Fe and Ni). It makes them an
ideal probe for samples containing hydrogen, carbon or oxygen, therefore for organic

materials, i.e. soft matter.

The neutrons have large magnetic moment, hence they are sensitive to the magnetic

properties of the sample.

The neutron scattering from deuterium and hydrogen is very different, by this an
exchange of both in a molecule enables the labeling of certain parts without changing

the chemical properties significantly.

2.2.2. Scattering theory

Scattering experiments are often applied to the study of soft matter. Three types of

scattering experiment, each giving different information, can be performed:

Static scattering: the dependence on the scattering angle 6 of the averaged scattering

intensity is measured. It gives structural information about the scattering medium.

Dynamic scattering: the analysis of the time dependence of fluctuations in the
scattered radiation is performed. It give information about the dynamics of the

system.

Absolute magnitude of the scattered intensity averaged over time: gives information

on the mass or molecular weight of the scattering objects.
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Scattering direction

Incident Neutrons

Z-axis

Figure 2.17.: Geometry of a typical scattering experiment, showing the scattering direction
polar coordinates (r, 6, ¢), and the scattering angle dQ2 [54]

The geometry of a typical scattering experiment is depicted in Fig. 2.17.

A neutron beam with a given energy F is incident on a sample. Part of the beam
passes through the sample, some is scattered under a scattering angle # in the solid angle
d). The intensity of the scattered radiation I(6,t) is measured by a detector placed at
an angle 6. The time dependence of the scattered intensity is due to the fact that it
fluctuates in time. The portion of sample which is illuminated by the incident radiation
and detected by the detector is defined as “scattering volume” V. In order to have a
scattering event the scattering medium has to be inhomogeneous because the scattering
is caused by fluctuations in the medium. The fluctuations are associated with variations
in the density of the scattering material within the medium.

Assuming that the distance from the sample, r, is large, the incoming and the scat-
tered neutrons can be considered as stationary plane waves. In a quantum mechanical
description of the scattering process, the incident neutron beam can be described by the

scattering wave function v (r):

U(r) = VUyexp(iksr) (2.12)

Where k; is the propagation vector of the incident neutron beam, considered as elec-

tromagnetic radiation, with magnitude of:

2
ki = ki =k = 7” (2.13)

Where A is the wavelength of the radiation in the medium.

On the other hand, the total wave function is given by:
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exp(ikgr)

W(r) "2 Wi(r) + Uy(r) o< exp(ikr) + £(Q) (2.14)

x|

Where U;(r) and Uy(r) are the wave functions of the incoming and the scattered neu-
trons, kg is the propagation vector of the scattered beam and f(2) is the amplitude of
the scattered wave.

For the description of the scattering event we assume that the scattering is so weak
that:

o part of the neutrons pass through the sample undeviated, few are scattered and the

probability of double and higher-order scattering is negligible
o the incident beam is not distorted significantly by the medium.

The second assumption corresponds to the Born approximation. The last assumption
is that the scattering is quasi-elastic. Therefore, the scattering events leads to a very
small difference in frequency between the incident radiation and the scattered one. The

difference between the propagation vectors of the incident and the scattered radiation is
defined as:

q=ks—k; (2.15)

According to the quasi-elastic approximation, the energy transfer during the scattering

process is negligible, therefore the absolute value of the scattered wave vector is unchanged

(|ks| = |k;|). Hence, the scattering vector ¢ reads:
A .
g =lal = T sin(0/2) (2.16)
A sketch of the scattering vector ¢ in case of quasi-elastic scattering, is shown in Fig.2.18.
ky
\/
qg=ks—k;

ks\/ Scattering vector

Figure 2.18.: Scattering vector q as difference of the scattered wave vector kg and the incident

wave vector k;

In a neutron scattering experiment, the differential scattering cross-section is measured.
It is defined as:

do  number of particles scattered into the solid angle df2 per time

- 2.17
ds2 number of incoming particles per time and area ( )



2.2. Scattering methods: theoretical background 23

The differential scattering cross section can be rewritten in terms of the ampitude of
the scattered wave f(d2):

—= = |f(d)? (2.18)

Considering a sample containing Ng point-like scatters, the interaction potential with
the neutron radiation V'(r), can be described by the Fermi pseudo potential [55] [56].

27rh2 Ns

> bid(r —r;) (2.19)

mnzl

where Ng in the number of point-like scatters and b; is the scattering length, which
determines the interaction strength. For neutrons it is an experimentally derived charac-
teristic quantity of the nuclei.

The scattering amplitude f(£2) can be rewritten as:

F(Q) = — QWh/drV ') exp(—iks - (r' — 1)) (2.20)

Considering the free movement of the scattering centres and their possible orientations
relative to the scattering vector q, the cross section can be written taking into account
equation 2.18, 2.19 and 2.20:

d Ng Ng Ng 2
< > > bibj exp(—iqr;;) > = < > biexp(—iqr;) > (2.21)
=1 7=1 =1

where the relative coordinates r; = R; + ry; are explained in the scheme in Fig. 2.19.

The position of scattering centres within particles are given by rj;.

“R . . y

Figure 2.19.: Sketch of relative coordinates r; = R; + rj; [57]

Therefore, the scattering cross-section depends only on the absolute value of the scat-
tering vector |q|. In neutron scattering, the scattering length b; depends also on the spin.

Assuming statistically distributed spin states of the nucleus, the scattering length can be
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decomposed into an average |b;| and a deviation db;. Hence, the scattering cross-section

can be decomposed into terms:

filg(q) = < >+Z<b2> bi)? = <;l;(q)>wh+ (%(@)mh (2.22)

The first term represents the coherent contribution to the scattering cross-section, which

Ng

> (b;) exp(—iqr;)

i=1

contains the phase factor exp(—iq - r;). It results from the superposition of the scatter-
ing from pairs of scatterers. This term takes into account interference effects, and it is
therefore named coherent scattering. The second term does not contain any phase in-
formation, and it corresponds to the scattering from single atoms which superimpose in
an incoherent manner (adding intensities, not amplitudes). Therefore this second term,
called incoherent scattering is proportional to the number of atoms, or scatters, Ng. It
generates a homogeneous incoherent background. The real quantity that is measured in

a neutron scattering experiment is the macroscopic coherent cross section, defined as:

()= 2 ()
'Y= yga0'

With Vg being the sample volume. Introducing the relative coordinates r; = R; + rj;,

(2.23)

the system can be decomposed in N, particles at position R; with NV; scattering centres

each. Therefore, the macroscopic scattering function reads:

dE
dQ

Since eq. 2.24 contains the position of the scattering centers within the particles, r;;,

2

Zexp iqRi)ibij exp(—iqrj;) > (2.24)

j=1

the sum over N; only incorporates information about the inner structure of the particles.

This term is the so-called scattering amplitude:

N;
q) = Y bij exp(—iqry;) (2.25)
i=1

Inserting eq. 2.25 into eq. 2.24, one obtains the following expression for the macroscopic

scattering cross section:

33 <Z > A:()Av(a) exp(—ia(Rs - R1f>>> (2.26)

i=14'=1
Considering monodisperse and isotropic particles, the average over all particle orienta-

tions can be done individually for each sum:
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@ = 2 (@) + (@) <f:f:exp<—¢q<Ri—Ri/>>> (2.27)

i=1i'=1
The macroscopic scattering cross-section can be written in terms of the so-called form
factor, P(q), and structure factor, S(q) which are defined as:

Sy =1+ - HAGE (Q)f|2

<|A(q) > <Z Z exp(—iq(R; — Rl’))> (2.28)

i=114¢=1

P(q) = <]A( > <iblexp —iqr; Zb exp( z'qrj)> (2.29)

As seen in eq. 2.29, the form factor P(q) contains the intra-particle correlations. It
gives information about the inner structure of the sample, therefore about the shape of
the scattering objects. On the other hand, the structure factor S(q) (eq. 2.28), contains
the correlations between different particles. This means that it gives information about
the interaction potential between the particles in the investigated sample. Therefore, the
macroscopic scattering cross-section can be written in terms of the form factor and the

structure factor:

)=
ds? Vs

For infinite dilution the structure factor is fixed to the unity, i.e. S(¢) = 1 which means

— P(a)S(q) (2.30)

that the macroscopic cross-section in eq. 2.30 reduces to:

)=
ds? Vs

In the following sections, models for the form factor P(q) and for the scattering cross

—P(q) (2.31)

section do /dS) will be explained.
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2.2.3. Form factor for homogeneous spheres

In small angle neutron scattering, it is fundamental to consider that the atomic structure
cannot be resolved. Therefore, the distribution of scattering centers can be considered
continuous and their scattering length b; summed up to a scattering length density:
pj = szi- bi (2.32)
The scattering length density is normalized by the total volume of the summed scat-
tering centers >,_; V;; = V;. This volume is usually the volume of a monomer (in a
polymer) or of a molecule. Assumed it, the discrete Fourier transformation of the spacial
distribution of scattering centers can be rewritten as a continuous Fourier transformation

over the cell with volume V:

Ala) = |, drp(r) exp(—iq 1) (2.33)

Introducing the contrast Ap(r) = p(r) — p(0), the eq. 2.33 can be written like:

A(q) = /V drAp(r) exp(—iq - r) + po /Vz drexp(—iq-r) =

(2.34)
= /V drAp(r) exp(—iq - r) + pod(q)

The second term of eq. 2.34 results in a delta distribution, d(q), which gives a constant
distribution for g = 1. In the case of radial symmetric particles, we have Ap(r) = Ap(r),
and the scattering amplitude of the eq. 2.34, can be written in terms of polar coordinates

as:

00 1 2w
Alq) = / drAp(r)rQ/ d cos(6) exp(—igr cos(0)) dp =
o ! 0 (2.35)
27r/ drAp(r)r? / d cos O(cos(qr cos ) — isin(qr cosf))
0 ~1
If we integrate over cos 6 the expression of the scattering amplitude becomes:
o0 sin(qr) ,
A(q) = 47r/ drAp(r) o r (2.36)
0

It is common to split Ap(r) into a product of a constant factor dp and a r-dependent

function n(r), called density function. Therefore the eq. 2.36 can be written as:

A(q) = ApVpAo(q) (2.37)

with V,, being the volume of the particles, and Ay(q):
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A [5° drAn(r)‘”;L—;"TQ 2 33
47 [° drAn(r)r? (2.38)

The expression 2.38 is normalized to fulfil Ayg(¢) = 1. No analytical solution is given for

Ao(q) =

eq. 2.38, therefore, it is calculated through numerical methods and special object shapes.
The most simple case for which an expression of eq. 2.37 can be calculated is the case of
the sphere. In the case of a two-component system, composed of spherical particles with
radius R and scattering length density p and another component treated as background,

e.g. the solvent, the density function n(r) for a sphere assumes the values:

1, 0<r<R
n(r) = (2.39)
0, R<r

Inserting these conditions in eq. 2.37 and eq. 2.38, the scattering amplitude for spherical

objects reads:
dr o
Alg) = Ap(r) 5 R°P(q) (2.40)
where the term P(q) is the form factor of a sphere with radius R, which is given by:

P@)Ighm@R%;gfam@Rﬂ (2.41)
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2.2.4. Scattering from polydisperse core-shell spheres

The form factor of the sphere introduced in eq. 2.41 can be used to obtain the form
factor of a core-shell sphere, which is a simple way to describe systems like, for instance,
micelles. Considering the sketch in Fig. 2.20, if R.,.. is the radius of the core of the
core-shell particle with scattering length density peore, and t is the thickness of the shell,

the form factor of the spherical core-shell particle is given by:

3j1 (chore + qt)

qRcore + qt
(2.42)

whereas R... is the radius of the micellar core, ¢ the thickness of the shell, py the

le (chore) 4m 3
- 5 5 Rcore t shell —
chore * 3 ( * ) (p et pO)

4
F(Q) = ?Rgore(pcore - pshell)

scattering length density (SLD) of the solvent and j;(x) is the the first order spherical

Bessel function:

sin(x) — xcos(x)

Ji(x) = 5 (2.43)

T

Figure 2.20.: Sketch of a spherical core-shell particle with core radius R.ore and shell thickness
t

Considering a collection of spherical core-shell particles with polydisperse cores, as
described by Kotlarchyk and Chen in the analysis of the scattering from polydisperse
interacting colloids [58], we need to introduce the Zimm-distribution function f(Reore)
[58]. In a system of spherical core-shell particles with polydisperse cores, it describes the

distribution of the cores radii Reo... It is given by:

Z+1
Z+1 2 Z+1 1
= =—— —— 2.44
f(RCOTG) ( Rcore ) Rcore eXp < ) F( ( )

with I' being the function:

[(x) = /OOO "t exp(—t)dt (2.45)

in this case, the form factor of eq. 2.42 takes into account the polydispersity of the

cores with the Zimm-distribution function and it reads:
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2

(F@) =| [ F@) ) (Rare)dRer (2.46)

(F@E) = [ IF @RS (Ree) o (2.47)

where f(Reore)dReore is the probability of a sphere having a radius between R and
R+ dR.

The form factor of polydisperse core-shell particles of eq. 2.42, was used by Sarvesh and
co-workers to describe hydrogels composed of telechelic polymers, as a collection of flower-
like micelles connected by bridges consisting of the hydrophilic chains of the polymers
[59]. According to this model, as depicted in Fig. 2.21, each micelle is characterized by
hydrophobic micellar cores with radius R...., and a hydrophilic shell with thickness ¢.

Figure 2.21.: Sketch of the hydrogel composed of HEUR polymers: R, is the radius of the
hydrophobic micellar core, t is the shell thickness and Ry g is the distance between the flower-like
micelles

The overall scattering intensity of the micelles solution can be written as:

I(q) = NP(q)S(q) + bkg (2.48)

where N is the number density of the scattering centres (micelles), Ap is the contrast
of scattering length density between the micelles and the solvent, S(q) is the structure
factor and bkg is the incoherent background. The function P(q) contains the form factor

of the scattering particle F'(q):

P(q) = {|F(g)) (2.49)

with F(¢) being the form factor of polydisperse core-shell particles with radius Ry of
eq. 2.42.
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In the expression of the scattering intensity 2.48, the function S(g) is the structure
factor describing the interactions between the flower-like micelles. It is the unity for low

polymer concentration. According to this model, it is given by:

2
S(q) =1+ ‘<F(Q)>‘(5H5’(q) - 1) (2.50)

(IF(q)?)
where SHS(q) is the repulsion potential typical of hard spheres, which is defined by
the volume fraction of the interacting particles ¢, and by the distance Ryg between the

scattering centers.

2.2.5. Scattering from microemulsions: the Teubner-Strey theory

For concentrated systems, the factorization of the scattering cross section in to the prod-
uct of a form factor and a structure factor shown in the eq. 2.30 does not hold anymore.
In some cases, different approaches may be used for getting a theoretical expression of
the cross sections as a function of the microscopical characteristics of the system under
investigation. The thermodynamic description of the global phase behaviour of multi-
component mixtures, as microemulsions, provides an explanation of the features of their
phase behaviour. In particular, the phenomenological Landau theory [60], describes the
thermodynamic behaviour of such multicomponent systems. In the past, this approach
was employed to describe the scattering from microemulsions [61-64]. The phenomeno-
logical Landau free energy F' is obtained from an expansion of the order parameter 1 |

which describes the interaction between the components of the system. It reads like:

F:/f(¢,v¢,A¢)d3r (2.51)
with f being:

f=ao+ a1 + ax® + azv® + agh* + ash® + .+ 1 (V)2 + e AY)? + ... (2.52)

At which order the expansion is truncated depends on the system. According to Teubner

and Strey [65], the combination of coefficients:
e a; =0 except as >0

o ¢; =0 except ¢c; <0,c0 >0
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is sufficient to explain the typical features of the scattering curves of microemulsions. In
order to investigate the scattering of neutrons in the case of an isotropic liquid, one has to
study the fluctuations of the order parameter . For small fluctuations in a homogeneous
phase, orders higher than second in v can be neglected. Therefore, in the eq. 2.52 we only
have a; > 0. For ordinary liquids we have that ¢; > 0 and higher order gradient terms
can be neglected, leading to the Orstein-Zernike expression for the scattering intensity
distribution [66]:

1

_— 2.53
a? + c1¢? ( )

I(q) =

The surface tension o is proportional to ,/c;. In microemulsions the characteristic
feature is the tendency of surface active agents to create spontaneously interfaces which
corresponds to a negative microscopic surface tension, therefore it must be ¢; < 0. In
view of these considerations, stability requires at least one more gradient term of higher
order in the expression of the free energy (eq. 2.51), so that the simplest form of the free

energy F'is given by:

F= / lasth? + 1 (V)2 + ca( D)) dPr (2.54)

with as > 0, ¢; < 0, co > 0, and the stability condition is:

dagey — ¢ >0 (2.55)

Considering the change in free energy by fluctuations of the order parameter v, the free

energy of eq. 2.54 leads to a scattering intensity distribution which reads:

1

1(q) ~ 2.56
(@) as + c1¢* + coq? ( )
The correlation function leading to eq. 2.56 is given by [67]:
d 2
~y(r) = %exp(—r/ﬁ) sin(?) (2.57)

The Fourier transform of eq. 2.57 gives the following expression of the scattering in-

tensity from microemulsions:

8m/E(n?) oV
as + c1g% + cogt

I(q) = (2.58)

with (n?) = ((p — p)?) being the mean square fluctuation of the scattering intensity.
The coefficients of eq. 2.58 are defined as:

o ay= (g5 —&7?)
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o o =—2(¢g—¢7?)
] 02 = ]_

where ¢y is the position of the correlation peak appearing in the scattering pattern
of microemulsions. The eq. 2.58 is called Teubner-Strey formula. With eq. 2.58 we

introduced two length scales characteristic of microemulsions, defined as:

1 a9 1/2 1 C1 —1/2
_|L(a 1a 2.
¢ l2 (02) + 4 co (2.59)
and
1 (05} 1/2 1 C1 —1/2
d=2r|= <> - 2.60
m [2 Co 4C2 ( )

with £ being the correlation length and d the domain size (periodicity) of the microemul-
sion.

In the discussion of the results obtained from the structural characterization of the
nanocomposites investigated in this work (discussed in the chapter 5), we use these two
length scales to characterize our systems, i.e. polymer network formed by the HEUR
telechelic polymers (Fig. 2.2). The approximation of the HEUR polymer network to a
microemulsion system is justified by the presence of microscopic interfaces between the
hydrophobic domains and the hydrophilic chains/solvent. In this scenario, the character-
istic domain size d indicates the distance between the hydrophobic domains of the polymer
network (formed by the alkyl end-groups of each HEUR molecule), while the correlation
length & represents the correlation length of the network, i.e. the distance between two

monomers of different hydrophilic backbones of the polymers (Fig. 2.22).

Figure 2.22.: Sketch of the HEUR polymer network in aqueous solution. The domain spacing
d, resembling the distance between the hydrophobic domains, and the correlation length £ are

shown by the arrows (green and purple respectively)

A typical SANS pattern of bicontinuous microemulsions is shown in Fig. 2.23.
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Figure 2.23.: Typical macroscopic scattering cross section of a bicontinuous microemulsion as
a function of the scattering vector q. The Teubner-Strey fit is shown as a grey line, and the

extended formula including the Beaucage term is shown as a black line [68]

The main features of the SANS pattern shown in Fig. 2.23 are:

o high scattering intensity at low scattering vectors ¢, indicating strong long-range

fluctuations
e a correlation peak at ¢q, = 27/d which indicates the domain size
 a peak width which is proportional to the reciprocal of the correlation length &1

As discussed above, these two features, i.e. the domain size and the correlation length,
are well described by the Teubner-Strey (TS) formula (eq. 2.58). However, the Teubner-
Strey theory is based on an expansion of the free energy with long-range fluctuations,
neglecting the always present short-range undulations of the membrane surrounding the
domains. This means that the TS theory does not allow to fit the scattering data in
the Porod region, i.e. high ¢ values. An empirical approach based on the description
of fractal scattering by Beaucage [69] allows for the extension of the model fitting over
a large range of q. This theory consists in a Guinier term describing the overall size at

large wavelengths and an empirical term according to the fractal behaviour. The obtained

formula reads:

s _ [(dZ) | G erf®(1.06¢R, /V6)
dS ) 1 1.5¢* R}

where R, is the radius of gyration of single domains, and bkg is a background term [68].

] exp(—aQqQ) + bkg (2.61)
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2.2.6. Scattering from gels

In the section 2.1.1, we briefly discussed the phase behaviour of associating polymers. For
HEUR polymers, which represent the polymer matrix of the nanocomposites investigated
in this work, at polymer concentration ¢ > 4 wt % in aqueous solution, and extended
network is formed (Fig. 2.2). This phase is defined as gel. In the following paragraphs,
we will use the term hydrogel for defining the gel composed of HEUR polymers, since it is
a network composed of hydrophilic polymer chains. A gel is a system composed of cross-
linked polymer network and solvent. In the case of the gel network composed of HEUR
polymers, the crosslinks are not covalent bonds, but rather micellar cores formed by the
hydrophobic ends of the HEUR chain. Therefore, the gel is a multicomponent system.
When the components of the gel are compatible with each other, the polymer network
spreads out into the solvent to maximize the entropy of mixing. On the other hand, when
the components are incompatible, the network shrinks to minimize the surface energy.
This volume reduction of the network is also caused by a change in temperature. It was
found by Tanaka [70,71] that a critical temperature for this kind of phase transition
exists in gels, due to the existence of a wolume phase transition. A typical example
of such volume phase transition is the one occurring in poly(N-isopropyalacrylamide)
(PNIPAM) gel in water [72,73]. In a gel, the crosslinks are randomly distributed in the
space. Therefore, inhomogeneities are created. Because of these inhomogeneities, in gels
there are concentration fluctuations with polymer-rich and -poor domains. Scattering is a
powerful technique to investigate these kind of inhomogeneities. The typical SANS profile

of gels shows:
» high scattering intensity at low scattering vectors ¢

e a correlation peak, which is an indication of the microphase separation in gels.
Unlike the microphase separation in block copolymers, microphase separation in
gels does not have various morphologies. It is characterized by the repeat distance

of the concentration fluctuations in the gel.

According to the Panyukov-Rabin theory (PR) on the scattering from gels [74], the high
scattering intensity observed in the low ¢g-range is due to the contribution of the structure
factor to the scattering intensity. The structure factor of gels is a combination of two

contributions, and it reads:

S(q) = G(g) +Clq) (2.62)

where:

» ((q) is the dynamic or thermal correlator
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« ('(q) is the static correlator

The dynamic correlator G(q) represents the thermal concentration fluctuations of the
corresponding polymer solution. Its simplified expression follows the Orstein-Zernike

formalism [66] which is a special case of the Teubner-Strey theory (eq. 2.53):

__I(0)
1483

with &; being the correlation length of thermal density fluctuations. This contribution to

G(q) ~ Loz (2.63)

the scattering intensity describes a homogeneous system. On the other hand, the static
correlator C(q) can be expressed in terms of the Debye-Beuche theory, which describes
an inhomogeneous solid-like state [67]:
1(0)

ﬂ@thzﬁ:E?F (2.64)
with &; being the characteristic size of the inhomogeneities. This theory was used in
the investigation of the mesoscopic structures of charged gels and their evolution on
dehydration by Sugiyama and co-authors [75]. They found that, for a fully wet gel, the gel
inhomogeneities are suppressed, and the contribution to the low-g scattering intensity is
mainly due to the dynamic correlator contribution, G(¢q). Decreasing the water content, a
correlation peak is observed, indicating the presence inhomogeneities due to the randomly
distributed crosslinks in the gel network. This interpretation of the gel structure evolution
on dehydration was useful for the comparison between the structure of the hydrogel state
and the one of dry state of the HEUR-MNPs nanocomposites investigated in this work.
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2.3. Polymer dynamics

In the present work both, the structure and the dynamics of HEUR-MNPs nanocompos-
ites are investigated. We will now introduce some basic theory about polymer dynamics
which are relevant for the interpretation of the results obtained from the dynamic char-

acterization of the investigated systems.

2.3.1. Polymer dynamics at different length scales

Dynamic processes in polymers occur over a wide range of length and time scales. The dif-
ferent temperature ranges, with the corresponding length scales, in which we can observe

different kinds of polymer dynamics, are shown in Fig. 2.24.
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Figure 2.24.: Dynamic modulus in a bulk polymer as a function of the temperature and its

molecular origin [76]

We can distinguish four different temperature regimes in which we observe different

kinds of dynamics involving various entities:

o At low temperatures, the system is the glassy state and therefore, only small am-
plitude motions, like vibrations and rotations, are possible. The so-called secondary
relazations also occur in this temperature range. These are defined as motions which
involve only small portions of the polymer chain, like side groups or small sequences
of monomers. They are called with Greek letters from [ to § depending on the size

of the moving group.
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» At the glass transition temperature, T}, the system undergoes the phase transition
from the glassy state to the liquid state, and it can flow. This allows the motion of
the whole polymer chain. It is a cooperative motion involving all the monomers of

the chain and it is called primary relaxation or a-relaxation.

o Increasing the temperature, we observe large scale motions of the system. These
relaxations are limited by confinement effects caused by mutually interpenetrating
chains.

o Further increasing the temperature, rubbery flow sets in. The chain has lost the
memory of its initial state and the associated characteristic relaxation time is defined
as normal mode, which is the relaxation of the end-to-end vector of a given chain
(Fig. 2.25).

Figure 2.25.: Conformation of a flexible chain with R, being the end-to-end vector. The bond
vector ; goes to atom A;_; to atom A;, and ; goes to atom A,_; to atom A;. The angle

between the vectors *; and 7 is 6;; [40]

Then, the rubbery flow passes over the liquid flow which is characterized by the

translational diffusion coefficient of the chain [76].
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2.3.2. Relaxation processes in polymers

In Fig. 2.24 the polymer dynamics at different temperatures and length scales is shown. At
temperatures above the glass transition temperature 7,, the dynamic modulus decreases
and the system starts to flow. At this temperature, amorphous materials (or amorphous
regions within semi-crystalline materials) undergo a change from a hard and relatively
brittle “glassy” state into a molten or rubber-like state, as the temperature is increased.
The main difference between the glass transition and melting can be visualized in Fig.
2.26.
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Figure 2.26.: Enthalpy or Volume as a function of the temperature for a crystal and for an
amorphous material (glass). The melting point and the glass transition are shown as T},, and T}

respectively

As seen in Fig. 2.26, when a crystalline polymer, or a crystal, melts, it absorbs a certain
amount of heat, which is called the latent heat of melting, and it undergoes a change in its
heat capacity. This change is defined as a first order transition, where there is a transfer
of heat between system and surroundings and the system undergoes an abrupt volume
(or enthalpy) change. On the other hand, when a glass (or an amorphous polymer) melts,
the temperature increases at a rate determined by the polymer’s heat capacity, as for the
melting. However, when the T} is reached the temperature keeps rising, unlike the case
of melting, meaning that there is no latent heat of glass transition and the temperature
further increases but with a different rate as at 7' < T,. This is due to the fact that
the polymer undergoes an increase of its heat capacity. The glass transition is defined
as a second-order transition, because there is no transfer of heat, but the heat capacity
does change. The volume changes to accommodate the increased motion of the wiggling
chains, and, unlike the melting case, it does so continuously. Semi-crystalline polymers

undergo both glass transition and melting. The glass transition temperature T} gives
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hints about the dynamics of polymer chains, and in particular, how easily they can move.
In particular, higher is the T}, less mobile are the polymer chains, while the more easily
a polymer can move, the less heat it takes for the chains to commence wiggling and
break out of the rigid glassy state into the soft rubbery state, and therefore the T} is
low. It is customary to label relaxation processes in polymers as «, 3, v and so on in
decreasing order of temperature. The polymer motion associated to the glass transition is
called dynamic glass transition or, more often, a-relaxation. It is defined as the primary
relaxation in polymers as it is a cooperative motion that involves the whole chain, while the
relaxations occurring at temperatures below the T, are defined as secondary relaxations.
The secondary relaxations involve small portions of the polymer chain, as side groups or
small sequences. Not all the polymers show all the secondary relaxations. For instance,
only polymers with polar side groups or polar segments as carbonyl groups, show a (-
relaxation. The relaxation times 7 associated to the primary and secondary relaxations,
show a different kind of temperature dependence [77]. The relaxation times associated to
the secondary relaxations, such as 3, v and 9, depend on the temperature according to
the Arrhenius law [78]:

E
T =Ty eXp(—kBgJ (2.65)

where 7y is the fastest relaxation time for T — oo, and E,4 is the energy barrier
associated to the relaxation process. The Arrhenius law cannot explain the temperature
dependence of the a-relaxation. The explanation of its non-Arrhenius behaviour has
proven to be a difficult task: there are numerous competing theoretical models of the
glass transition which describe the observed behaviour with various level of precisions [79]
[80] [81]. Thus, most experimentalists revert to phenomenological approaches and the

most prominent one is the Vogel-Fulcher-Tammann-Hesse equation [82]:

B
T=T0 eXp<—w> (266)

where B is a parameter corresponding to the hindering barrier for the Arrhenius case
(i.e. Tyr). The non-Arrhenius behaviour is taken into account by introducing the Vogel-
Tammann temperature Ty r which is 30-40 °C below the glass transition temperature.
This temperature dependence is typical of cooperative processes. Nowadays, eq. 2.66 is
used in the form proposed by Angell [83], replacing B by DTy r. The strength parameter
D can be taken as a measure of the deviation from the Arrhenius behaviour and it is
related to the fragility of the material [84]. In particular, the higher B is, the more
fragile the material is. The comparison between eq. 2.65 and eq. 2.66 reveals that the

relaxation time increases much faster with decreasing the temperature, for the secondary
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processes than for the a-relaxation. The investigation of the temperature dependence of

the relaxation processes in polymers is crucial for their identifications.

2.3.3. Dynamics of polymers in solution: the Zimm model

The first model of polymer dynamics was developed by Rouse, and it describes the dy-
namics of unentangled polymers in melts [85]. Afterwards, it was used for the study of
the dynamics of entangled polymer solutions [86]. In this model, the polymer chain is
represented as N beads connected by springs of root-mean-square size b. The beads only
interact with each other through the connecting springs. Therefore, the Rouse model ig-
nores hydrodynamic interaction forces, which are long-range forces acting on solvent aris-
ing from the motion of a particle in solution. This assumption is reasonable for polymer
melts, but it is not correct for polymer in diluted solutions. In this case, hydrodynamic
interactions between monomers within the polymer chain and between monomers and
the solvent within the pervaded volume of the chain, are strong. For this reason, the
best model for the dynamics of polymers in solution is the Zimm model, which treats
the pervaded volume of the chain as a solid object moving through the surrounding sol-
vent. The pervaded volume is the volume of solution spanned by the polymer chain. It

is proportional to the size of the polymer chain R:

VxR (2.67)

Considering that the chain drags with it the solvent in its pervaded volume, then it
moves as a solid object of size:
R ~ bN" (2.68)

with b being the root-mean-square size of the ideal springs which connect N beads (ac-
cording to the Rouse model [85]), which resembles the number of monomers, and v is the
reciprocal of the fractal dimension of the polymer. The friction coefficient of the chain of

size R being pulled through a solvent of viscosity 7 is given by the Stokes law [87]:

Cz = nsR (2.69)

From the Einstein relation [87] the diffusion coefficient of a chain in the Zimm model
reads:
kKT kKT KT

¢, T nsR " nbNv

In the Zimm model, the chain diffuses a distance of the order of its own size during the

D, (2.70)

Zimm time 75:



2.3. Polymer dynamics 41
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The full expression of the diffusion coefficient was calculated by Zimm in 1956 [88]:

Tz N* ~ 7yN* (2.71)

kT
D, = _ B (2.72)
3v673n,R
The chain relaxation time calculated by Zimm reads:
T s _ps (2.73)

~ 2\BrkT

In principle, a chain in a diluted solution could move a distance of order of its size by
Rouse motion, by Zimm motion, or a combination of the two. Comparing the eq. 2.71
with the Rouse relaxation time for polymer melts [85], we observe that the Zimm time
is shorter than the Rouse time. In fact, in diluted solutions, the Zimm motion has less
frictional resistance than the Rouse motion, and therefore, the faster process is the Zimm

motion.

2.3.4. Neutron scattering for the investigation of polymer dynamics

In order to study the dynamics of glass forming materials like polymers, that occur on
wide time scales, it is necessary to combine different techniques. Neutron scattering is
a powerful tool to investigate polymer dynamics. In the paragraph 2.2.2 we defined the
scattering cross section in eq. 2.22. It is important to consider that the expression for
the scattering cross section of eq. 2.22 depends only on the scattering vector q and it is
therefore valid for a static neutron scattering experiment. The link between the scattering
cross section and the real space is given by the fact that, in general, the scattering intensity
measured in a static neutron scattering experiment is the Fourier transform of the spatial
correlation function of the scattering length density. It was defined by Debye and Bueche
in 1949 [67]:

1) = o [ ool ey (2.74)

The scattering intensity 1(q) is given by:

1) = | ~(x) exp(—iqn))dr (2.75)

On the other hand, in a dynamic scattering experiment, the double differential cross

section is measured:



42 Chapter 2. Theoretical aspects

= VML) ~ ()Sie(a ) + (2S(a )] -

with N being the number of atoms in the sample, k; and ks the incident and final

scattering vectors during the scattering event and b the scattering length, which is char-
acteristic for each nucleus. The scattering functions S;,.(q,w) and Sen(q,w) provide
a direct link to the microscopic motion of the atoms. The coherent scattering func-
tion gives information about the inter-particle correlation and their time evolution. The
Fourier transform of the frequency-dependent scattering function S(q,w) is the so-called

intermediate scattering function S(q,t):

q,t =5 / w) exp(iwt)dw (2.77)

As the static scattering intensity /(q) depends on the spatial correlation function (eq.
2.75), the intermediate scattering function depends on the time-dependent van Hove cor-

relation function G(r,1):

/G ) exp(—iqr)dr (2.78)

In the classical picture, the van Hove correlation function can be expressed in terms of

the atomic positions:

G(r,t) = ]17 </d3r'lz5(r —r' +r;(t)o(r — rZ(O))> (2.79)

Therefore, the van Hove correlation function can be classically interpreted as the proba-
bility density for finding an atom at time ¢ at a distance r from the position of an atom at
time 0. For this correlation function it does not matter whether both atoms are the same
or not. Therefore, also the intermediate scattering function of eq. 2.77 can be expressed

in terms of the atomic coordinates:

S(q ZZ exp(—iri(0)q) exp(ir;(t)q)) (2.80)

It is usually expressed in the normalized form S(q,t)/S(q,0), whereas S(g,0) is the

static scattering function (at t = 0):
N N
S(q,t=0)=N"">" (exp(—ir;i(0)q) exp(irj(0)q)) (2.81)
=1 j=1

The coherent scattering function Sgo,(q,w) can be written in terms of the classical

expression of the van Hove function:
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Seon(q,w) = 27T1N/dt <Z exp(i(q(r;(t) — r;(0)) — wt))> (2.82)

It is important to consider that many polymer problems depend on the structure and
dynamics in a mesoscopic regime. In this case, a description in terms of atomic coordinates
r is not adequate. Rather a coarse-grained description in terms of scattering length
density Ap(r,t) is used. Thus, a molecular unit of type j is selected and the sum of
the scattering lengths of the contained atoms is related to the effective volume V' of this
unit, p; = >, ;0;/V. The same has to be done with the solvent. The scattering in
the low g-regime only depends on the scattering length density difference, the contrast
Ap(r,t) = ppolymer — Psolvent- The related time dependent scattering function is therefore

given by:

S(a,t) = [{Ap(r,)Ap(x',0)) explia(r - x'))d’r (2.83)

The corresponding small angle neutron scattering (SANS) intensity, defined in the eq.
2.27, is proportional to S(gq,t = 0).
The coherent scattering function is what is exactly probed in an inelastic neutron scatter-
ing experiment. In the investigation of polymer dynamics it gives information about the
time evolution of the motion of a single polymer chain, or of segments of it, respect to the
other chains. In many polymer problems, the intermediate scattering function in its nor-
malized form, S(q,t)/S(q,0), can be expressed in terms of the Kohlrausch-Williams-Watts
(KWW) function, or stretched exponential function F'(q,t) [76]:

S(q,1)/S(q,0) = Aexp|—(T't)”] (2.84)

where A is a constant and the KWW function F'(g,t) reads:

F(q,t) ~ exp{—(Ft)B} (2.85)

where I' = 1/7 is defined as the relaxation rate, with 7 being the relaxation time,
or decaying time of the normalized intermediate scattering function, 3 is the stretching
exponent, being 0.85 and 1 for the Zimm single chain motion (in the limit of short time
scales) and for collective diffusion, respectively.

For completeness we introduce the incoherent scattering function, which is related to

the self correlation function by:

Sineon(dl, @) = ;ﬂ [ [ atexpitar — w)Gur, ) (2.86)

with G(r,t) being:
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Gs(r,t) = G(r,t) = ]1] </d3r’2(5(r —r +r,(¢)d(r — rl(O))> (2.87)

This function is the probability density of finding an atom at time ¢ in a distance r from

its own position at time 0. Therefore, the incoherent scattering function can be written
like:

Sueolt.) = [ <;exp<i<qmi<t> - wt>>> (2.88)



3. Characterization methods

In this chapter the experimental techniques employed in this work are presented. They are
divided by characterization type. In particular, we first describe the techniques used for
the structural characterization of the HEUR-MNPs nanocomposites and then the ones
used for the investigation of their dynamics. We describe the basic principles and the

experimental set up of each experimental technique.

3.1. Structural characterization

In this section all the experimental methods empolyed for the structural investigation of
the HEUR-MNPs nanocomposites are described. The discussion begins with the descrip-
tion of small angle neutron scattering (SANS) for the investigation of the inner structure of
the investigated systems, and it concludes with transmission electron microscopy (TEM)
which investigates their surface structure. Finally, in a separate section (section 3.1.3),
the physical property measurement system (PPMS) for the investigation of the magnetic

properties of the nanocomposites is explained.

3.1.1. Small angle neutron scattering (SANS)

Small angle neutron scattering (SANS) is a powerful technique for the structural investi-
gation of the soft matter. Typically, it is employed for the investigation of structures on
length scales between 10 A and 10000 A. This range of real space lengths corresponds to a
scattering vector of magnitude between 107! A" and 1074 A7, In order to observe scat-
tering events under reasonable scattering angles, one chooses a rather long wavelength,
according to the eq. 2.16. Therefore, typically neutrons of wavelength between 5 and 15
A are used for SANS. The basic principles of a scattering experiments and the scattering
theory are explained in the chapter 2, paragraph 2.2.2. We now focus on the description

of the SANS experimental set up and on the data treatment used in this work.

45
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Experimental setup

The SANS instrument used in this work is called KWS1 and it is located at the research
reactor FRM-IT (20 MW nominal thermal power) of the Technische Universitdt Minchen
(TUM) in Garching (Germany) and operated by the Jilich Center for Neutron Science
(JCNS). There, the cold neutron source consists of liquid deuterium with a temperature

of 25 K. A scheme of the instrument with all the components is shown in Fig. 3.1.

Incident I Collimation I

Beam N 29\ > I

>

Monochromator ||

Sample

Intensity

Figure 3.1.: Sketch of the KWS1 instrument at research reactor FRM-II showing all the com-
ponents: the monocromator, the sample and the detector with the beam-stop (black rectangle),
which absorbs the transmitted beam

The wavelength band of the incident neutron beam is selected by the so-called velocity

selector, which is shown in the picture in Fig. 3.2.

Figure 3.2.: Velocity selector drum of SANS instruments. Neutrons with a specific velocity are

selected by the tilted lamellae made of a neutrons absorbing material (Mg-Li alloy)

In Fig. 3.2 it is possible to observe the screw-like twisted channels of the velocity
selector drum. They are separated by absorbing walls, which only neutrons of a certain

wavelength can pass through when the drum is turning.
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Covered g-range ¢ = 0.0007 0.5 A"
Velocity selector Dornier, FWHM 10 %, A =45 A —12 A, 20 A
Sample aperture rectangular 1 x 1 mm? — 50 x 50 mm?
Neutron lenses MgFs, diameter 50 mm, curvature 20 mm packs with 4, 6, 16 lenses
Detector 1 6 Li-Scintillator 1 mm thick + Photomultiplier Efficiency > 95 %

Table 3.1.: Specifications of the small angle neutron scattering instrument KWS1

The incident wave vector of the neutron beam k;, is defined by two distant apertures
of comparable size. The longer is the distance between the diaphragms, the higher is
the collimation for a given cross section of the beam. The sample is placed next to the
second aperture and the scattered neutrons are recorded on a detector which is at a large
distance from the sample. Typically, the sample-detector distance is comparable with the
collimation distance. The overall length of such an instrument can amount to 40 m up to

80 m. The main features of the instrument are reported in Tab. 3.1.

Data treatment

In a SANS experiment the intensity scattered by the sample, I, is measured. Once it is
measured, we have to related it to the structure of the sample. This is done comparing
the incident intensity I; and the scattered intensity I, measured at an angle # and a
distance L on a detector with area Agz; = AQL?. The ratio of both intensities is defined

as the differential scattering cross section, defined in eq. 2.17:

I, L? 1 _do
L Ay T dS

where T' is the sample transmission. If we normalize the scattering cross section for the

(3.1)

sample volume we obtain the macroscopic scattering cross section already defined in eq.
2.23. It is the quantitative representation of the interaction radiation-sample and contains
all the information on the structure and interaction in the sample. The macroscopic

scattering cross section and the measured intensity I/ are connected by:

dy
I =1D.AQATd (dQ) (3.2)
with D, being the detector efficiency, A the irradiated sample area, d the sample thickness,
T the sample transmission and A2 the angle of one detector element. The measured
intensity at the detector has to be corrected from errors induced by the instrument and
by the background. The first correction that has to be done is the absolute calibration. A
material with a flat cross section is used for the absolute calibration. For this aim, usually

plexyglass is used. The measured intensity is normalized with the one of the reference:
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() - Ll () 0
), ILu L% dg T, \dQ ol '
with s and pl being the indices for the sample and the plexyglass respectively and

assuming that AQ = Ay, L2 with Age; = const (with Az being the area of the detector).
The calibration constant is defined as:

X
popt = dpi Ty <d9>pl (3.4)

Therefore, the scattering cross section of the sample (eq. 3.3) can be written as:

dX Bl
(dQ)s = I (3.5)

with C' = I, T,d, L% /L?. It is important to consider that also the sample cell contributes
to the scattering intensity. This error can be corrected by measuring the intensity of the
empty cell and subtracting it from the sample measurement. Therefore, the measured

scattering intensity from the sample is given by:

dE . M Is - ]ec(Ts/TeC)
df) s n C Ipl - Iec(Tpl/Tec)

with the index ec indicating the empty cell. After the absolute calibration the scattering

(3.6)

intensity collected at the detector will be a 2-dimensional image function of the angle 6
that is converted in a function of the scattering vector q. Another important correction
to the measured intensity regards the resolution effects. The limited resolution of the
detector leads to smearing of the measured intensity. This effect has to be taken into
account in the measured intensity. At ¢ = ¢y the resolution effect are included in the

scattering intensity:

o) = [ R(aa0) L 5.7)

where R(q, qo) is the distribution function of the scattering vectors ¢ around the nominal
value qo. For radially averaged data it reads:

2+ 2
R(q,qO)—;éeXp<—q qo>fo (?) (3.8)

2
q0 2O-(ZO q0

where [ is the modified Bessel function. It takes into account the wavelength spread
(AX/X), finite collimation (AfS) and the detector resolution (AQp) through o2 :
9 1

o2 = g1 @AV + (koAB)? + (ko AQD)’ (3.9)
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The parameter (3 is defined as:

2r _ r3(+L)?

A/B _ 1’ L 2r112L
- 1 1 r2l
0, 2ry (Z + T) T L) Y < Q2

Q2> o (3.10)

where L and [ are the distances from the source to the sample and from the sample to
the detector respectively, ry is the radius of the source aperture and 7y is the radius of
the sample aperture. The angles are ay = r1/(L + 1) and as = ro/l. At low g-values, the
resolution is mainly due to the contribution from the spread in scattering angles, whereas,

at high g-values, it is mainly due to the wavelength spread.

SANS for the structural characterization of the HEUR-MNPs nanocomposites

Small angle neutron scattering (SANS) was employed for the structural characterization
of the novel HEUR-MNPs nanocomposites in two different morphologies: as dry films
and as hydrogels. We also performed SANS measurements on hydrogels containing only
the HEUR polymer at increasing polymer concentration, in order to investigate the phase
behaviour of the pure polymer matrix. SANS measurements on the nanocomposites in
both states and on the pure polymer matrix were performed on the SANS diffractometer
KWS1 at JCNS in Garching [89]. The scattering patterns were recorded in the range
of scattering vector ¢ between 0.0017 and 0.22 AT using a neutron wavelength of 4.7
A (£ 5 %). We measured the HEUR solutions and the hydrogel nanocomposites using
D50 as solvent in order to avoid recording the high incoherent scattering of HoO. All 2-
dimensional intensity profiles were radially averaged, corrected for transmission, thickness,
and background, and presented in absolute scales using a secondary plexiglass standard.
Concerning the structural characterization of the polymer matrix, we analyzed 8 HEUR
solutions with increasing polymer concentration, @pe: 0.46 wt %, 0.92 wt %, 1.4 wt
%, 1.8 wt %, 5 wt %, 10 wt %, 15 wt % and 25 wt %. The samples at high polymer
concentrations (¢po, > 1.8 wt %) were in a gel-like phase and therefore they exhibited
high viscosity. We used a polymer concentration of ¢, = 25 wt % to prepare the polymer
matrix of the nanocomposites in the hydrogel phase. We analyzed nanocomposites, in
the hydrogel and in the dried state, with increasing MNP concentration: 0.23 wt %, 0.46
wt %, 1 wt % and 3 wt %.
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3.1.2. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique which uses an electron
beam as probe. It is transmitted through an ultra-thin specimen, interacting with it as
it passes through it. Historically, TEM was developed because of the limited image
resolution in light microscopes, which is imposed by the wavelength of visible light. The
resolving power of an optical system can be defined as:

A

where R is the distance between distinguishable points, A is the wavelength of the
illumination source and N A is the “numerical aperture”, which is a measure of the quality
of the objective lens. The resolution in the visible-light microscope considering the blue
light source (A= 436 nm) is R=155 nm. In the case of the electron microscope, considering
an electron source of 120 keV with A= 0.00335 nm, the resolution is R=0.17 nm. Therefore,
with TEM it is possible to investigate the matter at much shorter length scales that with
the visible-light microscope. However, TEM microscopy has some disadvantages, first of
all the low penetrating power of the electron beam. This limitation requires that the
samples investigated through TEM must be very small (up to 3 mm of diameter) and
thin (<500 nm). The electron beam current in a TEM experiment can be as high as
~ 0.1 — 1pA which corresponds to ~ 102 electrons passing through the specimen plane.

The basic characteristics of the electrons are summarized in the table 3.2.

Charge (e) (-) = 1.602 107 C
1eV 1.602 10719 J
Rest mass (my) 9.109 103! kg
Rest energy (mgc?) 511 keV
Kinetic energy (charge x voltage) 1 | 1.602 107! N m (for 1 volt potential)= J

Table 3.2.: Basics characteristics of electrons

The basic principle of TEM is the interaction of the electron beam with the thin spec-
imen and it is illustrated in Fig 3.3. The specimen is illuminated with a broad beam
of electrons in which the intensity is uniform over the illuminated area. The electrons
which hit the specimen are called the incident beam and those scattered are called scat-
tered beams. The electrons coming through the thin specimen are therefore separated in
those that suffer no angular deviations, called direct beam, and those scattered through
measurable angles (the scattered beams). As the electrons pass through the specimen
they are either scattered by a variety of processes or they remain unaffected. The end
result is that a non-uniform distribution of electrons, which contains all the structural

and chemical properties of the specimen, emerges from the exit surface of the specimen.
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As illustrated in Fig. 3.3, TEM is constructed to display this not uniform distribution
of electrons in two ways: first, as the spatial distribution of scattering, which can be ob-
served as contrast in images of the specimen (Fig. 3.3 A)), or as the angular distribution
of scattering (Fig. 3.3 B)). By using an electron detector, of a size such that it only selects
electrons that have suffered more or less than a certain angular deviation, it is possible
to choose which electrons to detect and, therefore, which information to obtain for the
specimen [90]. In the present work, we used the first TEM-mode, in order to obtain the
TEM images of our samples.

(A)

“electron beam
with uniform

Incident

intensity
Thin specimen
~lma ge\/\/\/
Scattered
with

varying intensit
®) ying y

Incident electron
beam direction

Thin specimen

Diffractinn/\l:orward scattered

pattern beam directions

Figure 3.3.: A) Uniform intensity of electrons falls on a thin specimen. Scattering within
the specimen changes both the spatial and angular distributions of the emerging electrons. The
spatial distribution is depicted as a wavy line. B) The change in the angular distribution is shown

by an incident beam of electrons being transformed into several forward-scattered beams [90]
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Experimental setup

In Fig. 3.4 a detailed scheme of a typical electron microscope is shown. The main

components are:

Filament —
Wehnelt
Anode

Gun Deflectors

Fixed Aperture —
—Condenser Lens 1
Fixed Aperture —
Condenser Stigmator |
—Condenser Lens 2
Condenser 3
Aperture
t-Beam Deflectors
Objective Stigmator —|
- Objective Lens Upper

—0

—Objective Lens Lower

Sample Holder —

Objective
Aperture Ly

~Image Deflectors

Intermediate
Aperture i

-—Intermediate Lens
Diffraction Stigmator4

+—Projector Lens 1

+Projector Lens 2

Optic Axis

Viewing Screen

Figure 3.4.: Scheme of a generic transmission electron microscope showing all its components

[90]

an electron gun, which produces the electron beam, and the condenser system, which
focuses the beam onto the object. The electron gun contains usually a tungsten
filament or a small lanthanum-hexaboride (LaBg) crystal. These materials have high
melting temperature and a low work function that allows the produced electrons to
escape when heated, by passing high current through the filament. At temperatures
of = 1500°, electrons are emitted from the tip. The emitted electrons are accelerated
and sent through the column by the anode. Between the filament, being the cathode,
and the anode, is set a potential between 20 and 1000 kV.

the image-producing system, consisting of the objective lens, movable specimen
stage, and intermediate and projector lenses, which focus the electrons passing
through the specimen to form a real, highly magnified image. The lenses in TEM
are electromagnetic. A toroidal coil of wire surrounds the optic axis, generating a
magnetic field when a current passes through the coil. By changing the amount

of current in the coil, the strength of the lens can be adjusted, allowing a large
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range of operating conditions. In general, the lenses in the TEM instrument can
be divided into three groups: (i) the condenser lenses which illuminate the sample
(ii) the objective lenses which form the image and (iii) the projector lenses which

magnify the image.

o the image-recording system, that converts the electron image into some form per-
ceptible to the human eye. In particular, the image is viewed on a phosphor-coated

metal plate that fluoresces visible light-photons when hit by electrons.

Numerous deflectors (gun, beam and image reflectors in Fig. 3.4 are located at various
points on the column to keep the electron beam as straight as possible along the center

line of the column (optic axis).

TEM measurements on the investigated systems

Transmission electron microscopy (TEM) was employed in this work for two main pur-
poses: i) to obtain the shape and the size distribution of the MNPs and ii) to observe the
distribution of the MNPs in the polymer matrix in the dry films. In order to achieve the
purpose i), both types of the MNP solutions (hydrophobic and hydrophilic) used for the
preparation of the HEUR-MNPs nanocomposites as hydrogels, were investigated. Sam-
ples for TEM were prepared by placing a drop of the 2.3 g/L solution on a carbon-coated
copper grid. After a few seconds, the excess solution was removed by blotting with filter
paper. The nanocomposites in the dried state were also investigated with TEM. In this
case samples for TEM were prepared by depositing the powder sample on a carbon-coated
copper grid. After a few minutes, excess powder was carefully removed. In both inves-
tigations, the specimen was inserted into a high-tilt-specimen retainer (EM-21311HTR,
JEOL, Tokyo, Japan) and transferred to a JEM 2200 FS EFTEM instrument (JEOL,
Tokyo, Japan). Examinations were carried out at room temperature. The transmission
electron microscope was operated at an acceleration voltage of 200 kV. Zero-loss filtered
images were recorded digitally by a bottom-mounted 16 bit CCD camera system (FastScan
F214, TVIPS, Munich, Germany).
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3.1.3. Magnetic properties: physical property measurement system
(PPMS)

The physical property measurement system is an instrumental equipment which allows
the measurements of physical properties of materials, such as electrical and magnetic
properties. In particular, it can be used for magnometry applications, therefore, for
measuring the magnetization as a function of the applied field H and of the temperature
T'. For this kind of application, it is first of all important to control the applied magnetic
field and the temperature. The applied magnetic field can be varied between -9 and
+9 T. The field axis is hereby always longitudinal to the axis of the probed magnetic
moment. To control the temperature, a vacuum pump draws helium from the liquid
helium reservoir producing a gas flow around the sample chamber in the so-called cooling
annulus. In the cooling annulus heaters warm the gas to the correct temperature. The
possible temperature range spans between 1.9 and 400K. A sketch of the temperature

control system in shown in Fig. 3.5

PPMS Probe

Magnet

Thermometer

Sealed sample space

Cooling annulus

Puck

Heaters and thermometers (2)

Dual impedance system

Multiple thermometers accurately monitor

while heaters quickly control the system

temperature.

Figure 3.5.: Scheme of the temperature control of the PPMS systems. All the components are

shown in the figure

In order to perform magnetic measurements, the PPMS system is often used in the
vibrating sample magnometer (VSM) configuration. This configuration uses a linear motor
to vibrate the sample. The sample is oscillated near a detection coil and synchronously,
the voltage induced is detected. The oscillation amplitude is typically ~ 1 — 3 nm and
the oscillation frequency is 40 Hz. This system is able to resolve a magnetization change
in the sample of less than 107% emu at a data rate of ca. 1Hz. The VSM option for the
PPMS instrument is schematically shown in Fig. 3.6

The sample is attached at the end of a sample rod that is driven sinusoidally by the
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Novel Long-throw
Linear Motor Sample Drive

"Sample Puck" Mounted
Detection Coilset

Figure 3.6.: Scheme of the VSM set up

VSM motor. The center of oscillation is positioned at the vertical center of a gradiometer

pickup coil.

Magnetic response measurements on the HEUR-MNPs nanocomposites in the
dried state

The magnetic response measurements were carried out on the HEUR-MNPs nanocom-
posites as dry films with different MNP concentration: 0.23 wt %, 0.46 wt %, 1 wt % and
3 wt % . The measurements were performed using the Physical Property Measurement
System (PPMS) from Quantum Design in the vibrating sample magnetometer (VSM)
setup and the Closed Cycle Measurement System (CCMS) built by Cryogenics Ltd. For
the hysteresis curve, magnetization m as a function of the applied magnetic field H, the
magnetic field scan was set between -1 T and 1 T, while for the ZFC and the FC curves
the temperature scan was set between 8 K and 300 K with a set magnetic field of 0.01 T.
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3.2. Dynamic characterization

This section comprises the experimental methods employed for the investigation of the
dynamics of HEUR-MNPs nanocomposites. The description begins with the techniques
which probe short time scales, like dielectric relaxation spectroscopy (DRS) (7 ~ 10 ms)
and neutron spin echo (NSE) (7 ~ 10 ns). Then, the ones probing longer time scales (T ~
100 s), like thermally stimulated depolarization current (T'SDC) and differential scanning

calorimetry (DSC), are described. Finally, a short introduction on rheology is reported.

3.2.1. Dielectric relaxation spectroscopy (DRS)

Dielectric relaxation spectroscopy is a powerful technique widely used in the investigation
of the relaxation mechanisms occurring in amorphous materials, like polymers. Nowa-
days it covers the spectral range from 1075 to 10'? Hz. The molecular dynamics in this
frequency range is characterized by the superposition of different relaxation processes
which take place on a local scale (3, v and d-relaxations) and as cooperative fluctuations
(a-relaxation and dynamic glass transition) (Fig. 3.7).

Dielectric relaxation spectroscopy is based on the interaction of an external electric
field with a the electric dipole moment of the sample, often expressed by the permittivity
[92] [91] [93]. The application of the electric field to the sample is achieved by applying a
voltage V' across a capacitor consisting of two parallel plates electrodes whose separation
distance, d, is small compared with their surface dimension. When a constant voltage V'

is applied, a static electric field E is created:

E=— (3.12)

when there is vacuum between the two parallel plate electrodes the charges () per unit

area are stored on the plates and are proportional to the static field:
Q=¢ek (3.13)

where g is the permittivity of the free space, 8.85 x107!2 F/m. On the other hand, when
the space between the parallel capacitor’s plates is filled with a homogeneous dielectric
material, the charges will be distributed in the material: negative charges are attracted
to the positive electrode and vice versa. This effect leads to a storage of charges +P and
— P per unit area on the dielectric material surfaces adjacent to the electrodes (Fig. 3.8).
Therefore, the charges cannot move freely through the dielectric medium, but they are

displace in amount of D, the so-called dielectric displacement:

D =c¢cpe B =egFE + P (3.14)
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Figure 3.7.: Dynamic processes occurring in glass-forming liquids. Top: imaginary part of the
complex dielectric function as a function of the frequency. The a and the j-relaxations (34t is
often called ), together with the boson peak, are shown. Middle: Relaxation map (relaxation
time vs inverse temperature) of the loss processes shown on the top. Bottom: Calorimetric

measurement of the glass transition temperature [91]

with €5 being the static dielectric constant, or relative permittivity. The polarization

P in the dielectric material can be derived from eq. 3.14:

P = coxE (3.15)

where y = g, — 1 is the electric susceptibility.
In dielectric relaxation spectroscopy, a periodic electric field is applied on the dielectric

material:

E = Eycoswt = Re[Eyexp{iwt}] (3.16)

where w is the angular frequency. In this case, the dielectric displacement D will be

shifted by a phase lag 9:
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D = Dy cos(wt — §) = Dq cos d cos(wt) + Dg sin § sin(wt) (3.17)
Considering that:

2

€ energy dissipated per period
tand = — = _ . (3.18)
e’ energy stored reversibly per period
The dielectric displacement is given by two contributions:
D1 = DO cosd = €/€0E0, D2 = D() sind = E”goEo (319)

Therefore, in a dynamic electric field, the complex dielectric constant can be written as a
complex quantity:

*

e =¢'(w) —ig"(w) (3.20)

where the imaginary part of the permittivity £”(w), is the dielectric loss. Therefore, the

dielectric displacement D reads:
D = e*(w)egE (3.21)

Polarized by applied electric field
+ + + + + + + + + + + +

Figure 3.8.: Orientation of the electric dipole moments in a dielectric, upon the application of
an external electric field E

Assuming a material with dipoles with a single relaxation time, it can be proven that
[91]:

£ (W) = €00 + ——2 (3.22)
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The eq. 3.22 is the Debye equation. The term Ae = g, — £, is called the dielectric
strength and reflects the contribution of this kind of dipoles to the static dielectric con-
stant. The Debye equation is the dielectric relaxation response of an ideal, non-interacting
population of dipoles, with a single relaxation time 7, to an alternating external electric
field. It describes the evolution of £* for a relaxation following the exponential decay
shown in Fig. 3.9. The maximum of the symmetric function £”(w) corresponds to the
inflection point of the function £'(w). The dispersion peak in the plot £”(w) as a function
of the frequency allows a better resolution than the transition step in the plot &'(w) vs

frequency. Therefore it is more often used in dielectric relaxation investigations.

g 4

1 1 I ; I
01 1 10 100

Figure 3.9.: Real and imaginary part of the dielectric complex permittivity €* as a function of
wT of the applied periodic field E. €5 and €4 are the limits of the dielectric constant at small

and high frequencies, respectively

Therefore, with DRS, the momentary delay in the dielectric constant of a material as
a function of the applied electric field, is measured. This delay is caused by the delay
in molecular polarization with respect to a changing electric field in a dielectric medium,
and therefore, it is related to the molecular motion. It is important to consider that for
polymer relaxations, the profile of £”(w) vs frequency is not symmetric and broader than
the Debye relaxation, due to a distribution of relaxation times in the population of dipoles.

In this case, €* can be described with the empirical Havriliak-Negami (HN) function:

Es — €00
(1+ (iwr)*)?
The shape exponents a and 8 (0 < «a, < 1) are the shape parameters: « indicates

€' = €00 + (3.23)

the width of the peak and [ its asymmetry. Values of @« = 8 = 1 correspond to a single
relaxation time causing a Debye peak. In this case, the loss peak (represented in Fig. 3.9

in the case of a simple Debye relaxation) occurs at:

. o 1/
sin
Wmaz = ( 3 2(7?;_51)) ! (324)
S 3(5+1)
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DRS Experimental set up

A dielectric, conductivity and impedance spectrometer for material analysis measures the
electric properties of materials over a wide frequency and temperature range. A scheme
of the spectrometer used in this work is shown in Fig. 3.10:

Material Dielectric- |A°t'%ce”
Impedance Analyzer ICXCRG]
| -Broad Frequency Range
-Wide Impedance Range
\_-High Phase Aceuracy
B — -
-Systermn and
[ Measurerent Control
-Data Evaluation
“._ and Representation S Cryostat
M, Gas
S Temperature Cortrol ™\ Stream | | BEEL Sample
-Wide Range
L| -High Stability
-Fast Setting
-Automated and Save
Overright Operation
-Cryosystemn

“Macuurm System

Figure 3.10.: Sketch of an impedance spectrometer showing all the components and their
features

As shown in Fig. 3.10, the spectrometer consists of the following components:

A system to measure the complex impedance Z*(w) of the sample capacitor over a
sufficient frequency and impedance range. The measured broad frequency range is
between 3 x 107° and 2 x 107 Hz, including low frequencies for characterization of

dielectric relaxations and electrochemical effects.

o A sample cell that connects the sample capacitor to the impedance analyzer and

mounts it into a cryostat for temperature control.

o A temperature control system which adjusts the sample capacitor to fixed temper-

atures.

A computer with a software package for system control and evaluation.

DRS for the dynamic investigation of the HEUR-MNPs nanocomposites

Dielectric relaxation spectroscopy was employed for the investigation of the relaxation
processes occurring in the HEUR-MNPs nanocomposites in the hydrogel and in the dried
state. In both cases, a Novocontrol Impedance Spectrometer (Novocontrol Technologies
GmbH & Co. KG Montabaur, Germany) was used in the frequency range between 0.01
Hz and 1 MHz. Concerning the measurements on the samples in the hydrogel state, they
were performed in the temperature range between -100 °C to 25 °C in heating steps of
5°C or 10° C. Three HEUR hydrogels 25 wt % (aq) differing in the MNP concentration
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(0 wt %, 0.46 wt % and 0.8 wt %) were measured. A few mg of each sample was placed
between the gold plated electrodes (diameter 20 mm) of a liquid sample cell BDS1308
(Fig. 3.11). Silica spacers with diameter 0.5 mm were used for electric isolation and
control of the sample thickness. For the DRS measurements on the nanocomposites in the
dried state, the matrix and two nanocomposites with 1 and 3 wt % MNP concentration
were investigated. In this case the measurements were performed in the temperature
range between -85 °C and 25 °C, during cooling, in steps of 5 °C or of 10 °C. A film of
each sample (1 mm) was placed between two gold plated electrodes (diameter 20 mm)
of a parallel plate capacitor. For both types of samples, the capacitor was mounted in a
cryostat and its temperature was controlled by a heated gas stream of nitrogen evaporated
from the liquid state by a Novocontrol Quatro. The temperature was controlled with an
uncertainty of 0.1 °C. The complex dielectric function e*(w) = £'(w) — ie”(w) was then

recorded by a Novocontrol Alpha Analyzer as a function of frequency e.

Cell Closing Plate Open Sample Cell
Spring ; Side View

Upper Electrode —=

Teflon Isolation
Seal Rings
Lower Electrode
Silica Spacers Sample Material
(Liquid or Powder)

Cell Carrier Plate

Closed Sample Cell Ezo mmg

Figure 3.11.: Scheme of the liquid sample cell BDS1308 used for the DRS measurements on
the nanocomposites in the hydrogel state
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3.2.2. Neutron spin echo (NSE)

Inelastic neutron scattering (IENS) techniques are widely employed for the investigation
of polymer dynamics. In conventional IENS techniques, the incident beam has to be
monochromatized to a certain energy FE;. After the scattering process, the energy of
the scattered beam Ej is analyzed and compared with E;. In order to achieve high
energy resolutions, a very narrow energy interval must be selected from the low-intensity
neutron spectrum source. The neutron spin echo technique allows the study of polymer
dynamics achieving higher resolution than the conventional IENS techniques [94]. This
is possible because NSE measures the individual velocity changes of the incident and
scattered neutrons using the Larmor precession of the neutron spin in a magnetic field.
The velocities before and after scattering on one and the same neutron can be compared
and a direct measurement of the velocity difference becomes possible. Relative resolutions
in the order of 107® can be achieved with an incident neutron spectrum of 10-20 %
bandwidth.

A schematic setup of the neutron spin echo spectrometer is shown in Fig. 3.12.

. Detector
elocity selector
A

\y Polarizer

Figure 3.12.: Scheme of the NSE spectrometer. All the components, from the velocity selector

to the detector, are shown

The components and their functions are the following:

o A velocity selector filters out a wavelength interval of 10-20 % width of the primary
neutron beam. A polarizer orientates the neutron beam to a direction parallel to

its direction of flight (z direction).

o The neutron beam encounters the so-called 7/2 flipper. In this flipper, the polar-
ization of the neutron beam is turned from its flight direction (z direction) into

a perpendicular direction (z direction). In order to achieve this new polarization
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direction, the neutrons pass through a magnetic filed with a direction at 45° to the
z-axis whose the magnitude B/, and duration are chosen such that the neutron
spin performs a Larmor precession of 90° around the titled axis (Fig 3.13 b)). The

angular velocity of the Larmor precession is:
wr, = [Y|pBr/2h (3.25)

with v being the gyromagnetic ratio of the neutron, p the nuclear magneton and
B/ the magnetic field. Being [ the length on which the neutrons are affected by
the field and v = h/(m,A) their velocity, it is possible to calculate the precession

angle ¢:

h2

The polarization component along the x-axis is given by the beam average:

27|y A
¢ = (WM“ m”) Bl (3.26)

P, = {cos¢) = /f(v)cos(’yLlBﬂ/Q)dv (3.27)

where f(v) is the neutrons velocities distribution, [ is the length on the precession
coil and v,=2.916 kHz/Gauss.

At this point, the 7/2 polarized neutrons pass through a cylindrical coil with mag-
netic field B parallel to the flight path in which the velocities encoding by Larmor

precessions occurs. It accumulates a total phase ¢.

o After being scattered by the sample, the neutrons pass through a so-called w-flipper
which manipulate the spin of the neutrons inverting two spatial components of the
neutron spin (e.g. y and z) leaving the third one unchanged, as shown in Fig. 3.13

a). This operation is equivalent to a 180° rotation in the y — z plane.

o The m-polarized neutrons pass through a second precession coil called B’, where the

velocity decoding takes place, rotating “back” by a phase angle ¢'.

o Finally a 7/2 flipper restores the initial polarization of the neutron beam parallel

to its flight direction.

o Analyzer for the final neutrons polarization.
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Figure 3.13.: Spin angular operations used in the neutron spin echo technique. a) Motion of
the neutron polarization during the 7 and b) the 7/2 rotation [94]

The initial polarization is restored only under certain conditions. In order to under-
stand what is this condition, one has to consider that, in total, the neutron spin has
rotated in both main precession coils, by ¢ — ¢’ around the z-axis. Therefore, the final
polarization is identical to the incident one if ¢ = ¢'(4+27n), especially if \; = s (elastic
scattering) for Bl = B'l'. This condition is called spin echo. The spin echo condition can
be visualized considering the spin echo group which shows the oscillations of the neutron
beam polarization as a function of the flight path along the magnetic field (Fig. 3.14).
After the neutron beam is polarized on the z-axis by the 7/2 flipper with a polarization
P, it passes through the 7 flipper where the polarization is inverted, and therefore, in
the second coil, the precession will be opposite compare to the first one (part AC in Fig.
3.14). The point C in the diagram in Fig. 3.14 represents the spin echo condition, which
occurs at the time, t ygg defined as:

_ hylB

tnse(B) o (3.28)

with v being the average velocity of neutrons.

Besides the spin echo conditions, which occurs in case of an elastic scattering event, the
probability of a single neutron to reach the detector is reduced due to the polarization
analyzer by cos(¢ — ¢'). Considering an inelastic scattering event, the precession mis-
match which is the total Larmor precession angle from the first coil (Larmor angle of the
precession inside the coil is ¢) to the second coil (the Larmor precession inside the second

coil is ¢’ ) can be approximated by:

2m|y|pmay, m2\3Bl
Grot = ¢ — ¢ = <|’yh|éu> BI(\; — Af) = Wh?)w (3.29)
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Figure 3.14.: Larmor spin precession of neutrons in a beam and the simple spin echo effect.
PnsE is the polarization the out coming neutrons, i.e. the NSE signal [94]

with the quantity |v|um2\3Bl/h3 being the time measured by NSE ¢xgx(B). The basic
idea of the NSE spectroscopy is to use ¢, to measure w, which is the neutron energy
transfer. The equation 3.28 is used to chose the magnetic field B to obtain the spin echo
signal and to calculate the proportionality parameter ¢ ysg of the equation 3.29. Therefore
the mismatch factor cos(¢ — ¢/) of which the neutron beam is reduced at the analyzer,
can be written as cos(tyspw). Because the energy transfer for inelastic scattering is not
fixed, but distributed according to the scattering function S(g,w) the reduction factor of
cos(¢ — ¢') to the count rate at the detector has to be weighted by the S(q,w):

2% S(g, w)cos(wtnsp)dw

S(q,tNgE) = ffooo S(q,w)dw (330)

Equation 3.30 is the intermediate scattering function defined in eq. 2.78. It is called
intermediate scattering function because it is the Fourier transform in space of the mi-
croscopic van Hohe correlation function and, on the other side, the time-energy Fourier
transform of the scattering function S(g,w). The function S(¢,w) in eq. 3.30 is usually
the coherent scattering function. In this work, the coherent contribution is by far the
dominant part. The intermediate scattering function is given by the echo amplitude. The

most common way to determine it is the following:

o The scattered beam polarization is measured by counting for a given time spin up
(flipper m on) and spin down (flipper 7 off). These two points on the spin echo
group are on the left in Fig. 3.15. The difference up-down is the maximum echo

amplitude that is possible to recover.
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Figure 3.15.: Typical spin-echo group (counts as a function of the phase current) showing the
4 points echo measurement, E1, E2, E3 and E4 [95]

e The minimum reliable measurement sequence for recovering the amplitude is to

record four points on the spin echo group placed by 90° steps around the center.

These points are defined as:

E1 = Aver + Eqppi sin(¢) (3.31)
E2 = Aver — Egpp cos(¢) (3.32)
E3 = Aver — Egpp sin(¢) (3.33)
E4 = Aver 4+ Egpmp cos(¢) (3.34)

From the four equations 3.31 - 3.34 the average intensity (Aver), the echo amplitude
(Eamp) and the phase (¢) can be determined

Finally, the echo amplitude E,,;; is divided by the initial polarization (up-down/2),

thus giving S(g,t) in a normalized form:

Xsam e
S(¢,4)/5(¢,0) = 57— i (3.35)
reference
with oF
Xsample = ampl,sample (336)

)
Upsample - Downsample

2Eampl,reference (337)
Upreference - Downreference

where Up and Down are, respectively, the up and down initial polarizations. The

Xreference =

reference is a sample which scatters elastically in the probed g-range; usually acti-
vated carbon powder is used for this purpose because of its large surface area per

unit volume.
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NSE for the dynamic characterization of the HEUR-MNPs nanocomposites

In this work, the dynamics of the HEUR-MNPs nanocomposites in the hydrogel state,
was investigated using Neutron Spin Echo Spectroscopy (NSE). NSE measurements were
performed on the pure HEUR hydrogels 25 wt % (aq) as reference and on the hydrogels
containing MNPs at two different concentrations: 0.46 wt % and 0.8 wt %. In order to
achieve maximum contrast and minimum incoherent background arising from protonated
material, we used heavy water (D20) as a solvent for the hydrogel samples. The measure-
ments were performed at the J — NSFE spectrometer at the FRMII research reactor in
Garching, Germany [96], in the ¢g-range between 0.05 A~ and 0.21 A~' at a wavelength
of 8 A, probing Fourier times up to 40 ns. The samples were mounted in a thermostat

controlled sample environment at 25 °C.

3.2.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry is a technique in which the difference in the amount of
heat required to increase the temperature of a sample and a reference is measured as a
function of the temperature. It is useful to study the thermal behaviour of materials. A

scheme of the experimental setup is shown in Fig. 3.16.

polymer
sample sample reference

pan / pan

7

v
2]

& heaters j

N,

computer to monitor temperature
and regulate heat flow
Figure 3.16.: Differential scanning calorimetry device with the heaters connected to the sample

and the reference pans

As shown in Fig. 3.16, two heaters are connected to two pans. One of them is empty
and it serves as reference, and the other one contains the sample. The heaters heat the two
pans at a specific rate which stays exactly the same throughout the experiment. The two
separate pans, with their two separate heaters, heat at the same rate as each other. The
heater underneath the sample pan has to put out more heat than the heater underneath
the reference pan. The result of the experiment is the so-called thermogram which reports
the difference in heat output of the two heaters at a given temperature (also called heat
flow) as a function of the temperature. The heat flow is defined as the heat ¢ supplied by

the unit time ¢:
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heat flow = % (3.38)

By dividing the heat flow by the temperature rate, AT /t, we obtain the heat capacity,
Cp, which gives information about the phase transitions observed in the sample:

4
AT
In Fig.3.17 a typical DSC thermogram is shown.

C, = (3.39)

i Tg I Te iTm

temperature ———»

Figure 3.17.: Generic heating thermogram (heat flow as a function of the temperature) showing

three different phase transitions: the glass transition, the crystallization and the melting

During the heating of a sample, from room temperature to its decomposition temper-
ature, peaks with positive and negative heat flow may be recorded. The thermogram
shown in Fig. 3.17 is acquired during heating and, therefore, the endothermic transitions
occurs as peaks, while the exothermic ones as dips. The exothermic peak occurring at the
temperature T, is due to the crystallization of the sample and the T, is the crystallization
temperature. Increasing the temperature, we observe an endothermic peak occurring at
the temperature 7, which corresponds to the phase transition of melting. Both these
phase transitions occur in crystalline or semi-crystalline materials. In the thermogram
shown in Fig. 3.17, at temperatures below the crystallization temperature T, it is pos-
sible to observe a phase transition which appears like a step, with the inflection point
occurring at T,. This transition is the so-called glass transition occurring in amorphous
or semi-crystalline materials, and it is a very important phase transition in polymers. The
main difference between the glass transition and the other two phase transitions shown in
the thermogram in Fig. 3.17, i.e. crystallization and melting, is the fact that in the case
of the glass transition we observe a change in the heat capacity of the system but it is not
accompanied by a change in enthalpy. On the other hand, both melting and crystalliza-

tion involve giving off or absorbing heat, therefore, they present the so-called latent heat.
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Phase transitions as the glass transition which do not involve change in the latent heat
are called second order transition, while phase transitions as melting and crystallization
which involve a change in the heat capacity and in the enthalpy of transition are defined
as first order transitions. Obviously, not in all the samples we observe all the types of
phase transitions shown in the thermogram in Fig. 3.17 but possibly only in samples with

both amorphous and crystalline domains.

DSC measurements on the HEUR-MNPs nanocomposites

Differential scanning calorimetry measurements were carried out on the systems inves-
tigated in this work in order to study their thermal behaviour. Concerning the hydro-
gel samples, we investigated the pure HEUR hydrogel matrix (25 wt % (aq)) and the
nanocomposite hydrogels with two MNP concentrations: 0.46 wt % and 0.8 wt %. The
measurements were performed in nitrogen atmosphere. For the investigation of the phase
transitions of the HEUR-MNPs nanocomposites in the dried state, we investigated the
pure polymer matrix and the nanocomposites with 1 wt % and 3 wt % MNP concentra-
tion. For the hydrogel samples, the measurements were performed from -160 to 100 °© C
with cooling and heating rates fixed at 20 °C/min. In the case of the nanocomposite in
the dried state, three cooling scans were performed with starting temperatures of 150 °C,
80 °C and 40 °C down to -150 °C, and two heating scans from -150 °C up to 80 °C and up
to 90 °C with 10 °C/min. A TA Instruments Q200 differential scanning calorimeter was
used. For both the morphologies of the investigated samples, a few mg of sample were

placed in aluminium 7§ pans (by TA Instruments).



70 Chapter 3. Characterization methods

3.2.4. Thermally stimulated depolarization current (TSDC)

Thermally stimulated depolarization current is a technique useful for the investigation of
the structure, of the electrical properties and of the dynamics of the materials. It is ideal
for the investigation of polymer dynamics, because it is a more sensitive alternative than
other thermal analysis techniques for detecting the phase transitions which depend on
changes in molecular mobility [97,98]. It is possible to obtain similar information as in
the case of the Dielectric relaxation spectroscopy (DRS) (paragraph 3.2.1) but in a lower
frequency range (=~ 107Hz) and in the temperature domain. In Fig. 3.18, a scheme of

the TSDC experimental setup is shown.
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Figure 3.18.: Left: behaviour of the input variables (temperature and electric field) and of the
measured response (polarization and current) as a function of the time. Right: simple sketch of

the experimental setup for TSDC measurements

As it is possible to observe in the Fig. 3.18, the sample is placed between short-circuited
electrodes. It is placed in an oven and heated up to a temperature 7}, higher than its glass
transition temperature 7}, in order to eliminate surface and volume charges. Then a DC
clectric field E), is applied at a temperature 7, for a time ¢, longer than the expected
relaxation time for the reorientation of dipoles. In presence of the electric field, the
sample is rapidly cooled to a temperature 7y < T}, where all the dipole/ionic motions are
completely hindered. Then, the sample is short circuited for a few minutes to remove stray
charges, and then it is connected to an electrometer which measures the depolarization
current as a function of the temperature, while the sample is heated at a linear rate for 1
to 3 K/min. The resulting TSDC spectrum shows maxima corresponding to the various

decay precesses. The mechanisms which give rise to these decay processes are:

« in polar materials, the decay process may be caused by the orientation of permanent

dipoles
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o trapping of charges by structural defects or impurities and build up of charges
near heterogeneities such as the amorphous-crystalline interfaces in semi-crystalline

polymers and the grain boundaries in polycrystalline materials.

Therefore, the type of processes detected in TSDC measurements during discharge de-
pends on the nature of the polymer. The net charge of the polymer is generally due to
the aligned dipoles and space charges. In polar polymers the disorientation of charges
plays a prominent role. The discharge by dipole disorientation is thermally activated and
thus, can be speeded up by heating. As a result of the disorientation of polar side groups
at low temperatures, the peak related to the g relaxation is observed. When the polymer
is heated to its glass transition temperature, its dipoles are disoriented by the mobility of
the main chain large segments. This disorientation is responsible for the o peak, located

at the glass transition temperature 7} of the polymer.

TSDC measurements on the HEUR-MNPs nanocomposites

TSDC measurements were performed on the HEUR-MNPs nanocomposites in the dried
state, in order to have information about the dynamic processes occurring at low fre-
quencies (107 — 1072 Hz as equivalent frequency). In fact, these processes were not
observable in the Dielectric spectroscopy measurements, because of the high conductiv-
ity contribution. The investigated samples were the pure HEUR polymer film, and two
nanocomposites as dry films with 1 wt% and 3 wt% MNP concentration respectively.
Each sample was inserted between the plates of a parallel capacitor and was polarized
by an electric field E, at a polarizing temperature 7, for a time ¢,. With the electric
field still applied, the sample was cooled to a temperature T, which is chosen to be low
enough to prevent depolarization by thermal energy. Then, the sample was short-circuited
and reheated at a constant rate b. The discharge current generated during heating was
measured as a function of the temperature with a sensitive electrometer. TSDC mea-
surements were carried out in the temperature range from -150 to 20 °C using a Keithley
617 electrometer in combination with a Novocontrol sample cell for TSDC measurements.
Typical experimental conditions were 7, = 20°C and -60°C, E, = 5 kV/cm, ¢, = 5 min,
a cooling rate of 10 K/min, T, = -150°C, and b = 3 K/min.
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3.2.5. Introduction to rheology

In this section, a brief introduction about rheology is reported. Further details about
rheology and the behaviour of complex fluids can be found in the books of Larson [99]
and Barnes [100]. Rheology is defined as the study of the deformation and flow of the
matter. The response of the matter to an applied force is defined as deformation, and it
differs for different kinds of materials. The effect of the deformation of the material on its
properties, like for instance the viscosity 1, are measured by rheometry. The viscosity of
a fluid is defined as a measure of its resistance to flow, and it reflects internal relaxation
processes. The viscosity of a fluid can be significantly affected by variables such as shear
rate, temperature, pressure and time of shearing. The force that is required to produce

the motion of a fluid is called shear stress and it is defined as:

o= (3.40)

where F' is the force applied to the material, and A is the surface parallel to the direction
of the force F'. A sketch of the deformation that the shear stress produces in a solid is
depicted in Fig. 3.19.

Figure 3.19.: Sketch of an ideal solid on which a shear stress 0 = F'/A is applied. A is the area

of the upper surface of the cube and du is the deformation produced by the shear stress

For an ideal solid, like the one of Fig. 3.19, which is also defined as a purely elastic

material, the Hooke’s law states that the stress is proportional to the strain:
o=Gvy (3.41)

where the strain v is the ratio between the deformation du and the height h, and G is
the so-called shear modulus, which is constant. Therefore, in the case of purely elastic
materials, the response to the stress is linear. In this case, the material has undergone a
fully recoverable deformation, therefore, no flow has occurred. On the other hand, if we

consider a cube of material which behaves as an ideal fluid and we apply the shear stress
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o, the material will deform with a deformation which continually increases at a constant
rate (Fig. 3.20). The rate of change of the strain is called shear strain rate or shear rate
(%) and it is defined as:

ou
y = — 3.42
V=5 (3.42)
The relation between the viscosity of the fluid and shear rate is:
o
5 (3.43)

du, constant velocity v

Force
= / —

Figure 3.20.: Sketch of an ideal fluid on which a shear stress 0 = F'/A is applied. A is the area
of the upper surface of the cube and du is the deformation produced by the shear stress

If a fluid has a viscosity n which is independent on the shear stress o, then it is defined
as an ideal fluid or a Newtonian fluid. However, there are complex fluids with behaviour
which differ from the Newtonian fluids. These class of fluids are then defined as non-
newtonian fluids. For such fluids, the relation between the viscosity 1 and the shear
stress o (and the shear rate 7) is non-linear. There are different types of non-newtonian

behaviour, but here we focus on the discussion of only two of them, which are:

o shear thickening fluids, also called dilatants. They are characterized by a viscosity
that increases with the shear rate (green line in Fig. 3.21 [101]). Usually, suspensions

rather than pure liquids exhibit this kind of behaviour.

o shear thinning fluids, also called pseudoplastic fluids. They are complex fluids char-
acterized by an apparent viscosity that decreases when subjected to shear strain
(blue line in Fig. 3.21 [101]).

As seen in Fig. 2.5 aqueous solutions of HEUR polymers, investigated in this work,
exhibit a viscosity-shear stress profile which is a combination of newtonian, shear thick-
ening and shear thinning. Indeed, the viscosity dependence on the shear rate 4, depends

on the size and of the structure of the particles in the solution.
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Figure 3.21.: Viscosity-shear rate curves for newtonian (black line), shear thickening (green

line) and shear tinning fluids (blue line) [101]

Rheometry experimental set up

The response of the viscosity of a fluid upon the shear stress, and many other rheological
properties of fluid materials, can be measured with rheometry. The measuring system,
called rheometer, can be used in different geometries, depending on the nature of the
material under investigation, i.e. liquid, gel, etc. The geometry used in this work for

the investigation of gels is the so-called cone and plate geometry, which is schematically

represented in Fig. 3.22.

Cone diameter D

1
Sample <
~ Truncation | — = Cone angle o

Figure 3.22.: Measuring system with cone and plate geometry. The cone has a diameter, D,
and a cone angle, a. Its edge is truncated up to a height of 50 um. The sample is placed on

the plate, while the cone turns

There is a gap between the cone and the plate and strain and shear rate are calculated
using the angular displacement at the gap. For high viscosity samples, a cone and plane
or parallel plate is generally used; the latter is insensitive to gap setting but care must be

taken due to a slight shear rate gradient across the sample. A cone geometry eliminates
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this problem and is generally the choice for highly viscous pastes, gels and concentrated

suspensions.

Rheology measurements on the HEUR hydrogels

The HEUR aqueous solutions were investigated by rheology in order to obtain the flow
curves, i.e. the viscosity n versus the shear rate 4. We measured the viscosity of the
samples by varying the shear rate % in the range between 0.1 and 1000 1/s. We analysed
seven HEUR aqueous solutions with different polymer concentrations: 1 wt%, 2 wt%,
3 wt%, 4 wt%, 5 wt%, 10 wt% and 25 wt%. The flow curves of the HEUR solutions
were measured using a MCR-501 Anton Paar stress-controlled rheometer (used in strain-

controlled mode) using cone and plate geometry, which is suitable for gel-like samples.






4. Sample preparation

In this chapter, the chemicals and the preparation of the samples investigated in this
work are presented. In particular, the synthesis of the MNPs is described in details, and
their characterization, carried out with dynamic light scattering (DLS) and transmission

electron microscopy (TEM), are also shown.

4.1. Materials

The telechelic polymer used in this work is the commercial TAFIGEL® PUR 61 (25 wt%
water emulsion, M,, = 11857 g/mol +£1.3%, D = 1.09 + 2.7%) and was purchased from
Miinzing Chemie GmbH (Heilbronn, Germany). Its chemical structure is depicted in Fig.
4.1. For the synthesis of the hydrophobically coated magnetite nanoparticles, Fe(III)
acetylacetonate (Fe(acac)s, 99.9%), 1,2 hexadecanediol (C14Ha9CH(OH)CH,(OH), 90%),
oleylamine (CoH13=CoH17NHs, 70%), oleic acid (CoH;5=CgH15COOH, 99%) phenylether
(C12H100, 99%), and solvents (hexane, ethanol) were purchased from Sigma Aldrich.

H H
R—(O-CH20H2)X-|;D—C—N—R2—N—C—(O-CHZCH2);|-R
n

O NNNANNANANNNN_S

. Hydrophobic groups _AM Hydrophilic polymer chain

Figure 4.1.: Chemical structure of the HEUR polymer, with x=1, y=16, n=14, R,=C4 and
R=C14 [102]

7
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4.2. Magnetite nanoparticles (MNPs) preparation

4.2.1. Synthesis of hydrophobic magnetite nanoparticles

The hydrophobically coated magnetite nanoparticles were synthesized through thermal
decomposition of iron Fe(III) salt, Fe(acac)s [48]. A sketch of the hydrophobic MNPs is
shown in Fig. 4.2 a). Briefly, 0.71 g Fe(acac)s (2 mmol) was mixed in 20 mL of phenylether
with 2 mL of oleic acid (6 mmol) and 2 mL of oleylamine (4 mmol) under nitrogen
atmosphere with vigorous magnetic stirring and 2.58 g (10 mmol) 1-2- hexadecanediol
was added into the solution. The solution was heated to 200 °C and refluxed for 2 h.
After refluxing, the solution was cooled to room temperature and ethanol was added to
it. The product was separated by centrifuging using a Sigma 3K30 centrifuge at 10000 rpm
for 20 minutes and re-dispersed in hexane in order to obtain a stock solution of magnetite
nanoparticles (3.6 g/L). The product was characterized by Dynamic light scattering (DLS)
in order to obtain the size distribution of the MNPs (Fig. 4.3). Transmission electron
microscopy (TEM) was employed to obtain the shape and the size distribution of the
MNPs (Fig. 4.4 a)).

4.2.2. Preparation of hydrophilic magnetite nanoparticles

The principle of the functionalization of MNPs is covering the hydrophobic monolayer,
composed of oleic acid and oleylamine, of the MNP with a charged surfactant resulting in a
bilayer structure surrounding the MNP [103]. A sketch of the hydrophilic MNPs is shown
in Fig. 4.2 b). Trimethyloctadecylammonium bromide (CH3(CHs)16CHaN(CH;3)37Br™)
(C1sTAB) was chosen as charged surfactant for the functionalization. A solution of
Ci1sTAB in 2 mL of D,O (0.0164 M) was added to 0.8 mL of hydrophobic MNPs in
hexane solution (3.6 g/L). A phase separation between the two solutions occurred, and
sonication was applied at 50 °C in order to evaporate the hexane slowly and to stir the
MNPs and the surfactant molecules in the sample. In this way, the C;gTAB, interacting
with the external shell of the MNPs, forms a hydrophilic external layer that promotes
their transfer in the water phase during the hexane evaporation.

The final product was characterized by DLS. The intensity-weighted and the number-
weighted size distribution plots are shown in Fig. 4.3. The number-weighted size dis-
tribution peaks occur at Ry= (6.1 £ 0.3) nm for the hydrophobic nanoparticles and at
Ry=(8 £ 2) nm for the hydrophilic type. In the intensity weighted size distribution the
presence of MNPs clusters is visible for both types of MNPs. For the hydrophilic MNPs
the percentage of clusters (Ry=(151 + 5) nm) is higher than for the hydrophobic type.
In addition, the clusters composed of hydrophilic MNPs have higher hydrodynamic radius
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Figure 4.2.: Sketch of the a) hydrophobically coated magnetite nanoparticles b) magnetite
nanoparticles coated with an additional charged shell, which makes them hydrophilic [102]

than the clusters formed by the hydrophobic ones. This is due to the functionalization
procedure, because during the passage between the hexane and the water-phase the hy-
drophobic MNPs tend to aggregate between each other before the C1sTAB covers their

surface.
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Figure 4.3.: Size distributions of hydrophobic coated MNPs (red line) and of hydrophilic coated

MNPs (blue line). The error bars are smaller than the line width

In order to obtain the shape and the size distribution of the functionalized MNPs,
transmission electron microscopy (TEM) was employed (Fig. 4.4 b)).
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Figure 4.4.: a) TEM images of a 2.3 g/L hydrophobic MNPs solution in hexane b) TEM images
of the 2.3 g/L hydrophilic MNPs solution [102]

4.3. Preparation of the HEUR-MNPs nanocomposites

4.3.1. Preparation of the HEUR-MNPs nanocomposites as hydrogels

The nanocomposites in the hydrogel state were obtained by mixing 1 mL of telechelic
polymer emulsion in D,O (25 wt %) and 0.21 mL of a 3.6 g/L hydrophobic MNPs solution
in order to achieve a hydrophobic MNPs concentration of 0.23 wt% in the final gel. We
prepared the hydrogel with 0.46 wt%, 0.8 wt%, 1 wt% and 3 wt% hydrophobic MNP
concentration, using the same procedure. The nanocomposites as hydrogels containing
hydrophilic MNPs were prepared by adding to 1 mL of telechelic polymer emulsion in
D50 (25 wt%) 0.28 mL of hydrophilic MNPs solution 2.7 g/L in DyO for one sample, and
0.56 mL for the sample with double amount of hydrophilic MNPs. The concentration of
hydrophilic MNPs in these hydrogels was 0.23 wt% and 0.46 wt% respectively. For the
preparation of the nanocomposites with 1 wt% and 3 wt% hydrophilic MNP concentration,
we added to 1 mL of telechelic polymer emulsion in D,O (25 wt%), 0.97 mL and 3.0 mL of
3.4 g/L hydrophilic MNPs solution respectively. This resulted in a gel-like homogeneous

solution.

4.3.2. Preparation of the HEUR-MNPs nanocomposites as dry films

The nanocomposites in the dried state were obtained through casting solution, which
means evaporation of the solvent (mixture of DoO and hexane) from the polymer-MNPs
solution deposited on a solid support. A metallic frame with a specific depth of 0.1 mm was
used as support for the casting procedure. A mixture of 0.74 g of the telechelic polymer
emulsion in water (25 wt%) and 0.24 mL of a standard solution of hydrophobic MNPs
solution in hexane 1.76 g/L, was carefully spread on the metallic frame used as support.
Then the solvent was evaporated at room temperature for 48 h. Despite the different

polarity of the solvents the mixing was easy, thanks to the surface active properties of
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the TAFIGEL® PUR 61 polymer. The resulting nanocomposite as thin dry film, had a
hydrophobic MNP concentration of 0.23 wt%. In addition, we prepared nanocomposite

dry films with hydrophobic MNP concentration of 0.46 wt%, 1 wt% and 3 wt% following
the same casting procedure.






5. Structural characterization

This chapter comprises the results of the structure characterization obtained for the
HEUR-MNPs nanocomposites. Part of this chapter has been published in the article:
“Nanocomposites composed of HEUR, polymer and magnetite iron oxide nanoparticles:
Structure and magnetic response of the hydrogel and dried state”, Polymer, vol. 60, pp.
176-185, 2015 [102]. The structural characterization of the inner structure was carried
out employing small angle neutron scattering (SANS). Transmission electron microscopy
(TEM) was employed to provide information about the morphology of the nanocompos-
ites. The results are shown starting from the investigation of the pure HEUR polymer
matrix. The SANS results on the HEUR aqueous solutions are compared with the rhe-
ology measurements, in order to have a complete overview about the structural changes
occurring in solution when the polymer concentration is increased. Then, the results
of the structural investigation of the nanocomposites are shown and discussed starting
from the nanocomposites in the hydrogel state. In this section, a comparison between
the results on the hydrogels containing two different types of MNPs (hydrophilic and hy-
drophobic) is made. Furthermore, the structural investigation of the nanocomposites in
the dried state is also presented. Finally, we present a comparison between the results
achieved for the nanocomposites in the two different morphologies, i.e. as dry films and
as hydrogels. Besides the results obtained with the fit model based on the Teubner-Strey
theory [60] [68] [102], we discuss the results achieved with an alternative fit model, the
“polydisperse core-shell spheres” model. Finally, the results obtained with both models
are compared. The last paragraph focuses on the discussion of the magnetic response of
the HEUR-MNPs nanocomposites in the dry state.
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5.1. Structural investigation of the pure HEUR polymer

matrix

In order to have a complete overview of the structural organization of the novel nanocom-
posite systems, we characterized the structure of the polymer matrix without the pres-
ence of either hydrophobic or hydrophilic MNPs. The polymer which we chose is a
telechelic polymer, characterized by the presence of hydrophobic end-groups (C14 alkyl
chain) which are able to aggregate in polar solvents. The behaviour of similar kinds of
HEUR polymers in water was extensively studied with rheological measurements [10,13]
while the critical aggregation concentration was obtained through fluorescence and DLS
measurements [104]. According to the experimental evidences collected and on the ba-
sis of the behaviour of similar associating telechelic polymers [10,24], as explained in
the paragraph 2.1.1 (chapter 2) the telechelic polymers behaves in aqueous solution as
schematically drawn in Fig. 2.2. The CMC of the HEUR telechelic polymer under investi-
gation was measured through fluorescence measurements using the anionic dye 8-anilino-
I-naphtalenesulfonic acid magnesium salt (ANS) (Fig. A.l in the appendix A, section
A.1) [105,106]. The experimental CMC value is found to be (2.89 + 0.13) x 10™* g/mL.
As seen in Fig. 2.2 when the polymer concentration is ¢,o, = ¢* (with ¢,4, > CMC), a
reversible network is formed. This structure is characterized by attachment/detachment
of the hydrophobic end-groups from the micellar domains. Therefore, we define it as “dy-
namical gel”. We will also refer to it as “open gel” because the micellar cores are far apart
between each other, and this results in a homogeneous structure similar to the liquid-like
state. On the other hand, at high polymer concentrations (¢p., > ¢*) a dense network
structure is generated [107,108]. In this case, the hydrophobic domains become closer
between each other and entangling between the hydrophilic chains occur: Therefore, we
refer to this phase as “hard gel”. The scattering data obtained from the SANS measure-
ments on the HEUR polymer solutions in D,O at increasing polymer concentration are
shown in Fig. 5.1.

All the SANS data exhibit high intensities at low values of the scattering vectors ¢,
and a broad shoulder in the intermediate ¢ range is observed. This latter broad shoulder
increases as the telechelic polymer concentration (@poiymer) is raised and moves at to higher
q values. A correlation peak is observed for the hydrogels with 10 wt%, 15 wt% and 25
wt% polymer concentration. Thus, the experimental evidences suggest the presence of
a hierarchy of the structural organization of the polymer over several hundreds to a
few nanometers. This polymer organization builds up as the polymer concentration is
increased. For a quantitative understanding, the experimental SANS data are fitted with
the model base on the TS theory, written in eq. 2.61 [60]. In fact, the obtained patterns
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Figure 5.1.: Measured SANS data (points) of the aqueous HEUR solutions with different poly-
mer concentrations as function of the scattering vector q. The error bars are smaller than the
symbol size. The black curve is shown on absolute scale [cm~!] while all other curves are shifted
along the y-axis for clarity of the presentation. The solid lines refer to the equation 5.1 used to
fit the data [102]

show the same features of the SANS profiles of bicontinuous microemulsions shown in Fig.
2.23. Furthermore, we justify the choice of this fit model, considering that it was used for
the structural investigation of sulfonated polyether ether ketone (PEEK)/silesquioxane
composite membranes. These membranes contain ionic domains in the polymer matrix,
therefore they present a similar network-like structure as the HEUR one [109]. The exact

fit function used to fit data reads:

Ay N As erf'?(0.432¢R,)
(G2az + €72 = 2(Prae — P+ (qRy)*

where Ay, Ay, Az are amplitudes of the three different contributions, p is the exponent

fla) =A™+ +bkg (5.1)

of the power-law at low g values, g4, is the position of the correlation peak, & is the
correlation length, R, is the radius of gyration of the scattering objects with R, < 27/¢maz
and bkg is the constant background. By fitting the SANS data with the equation 5.1, we

extract the following key-parameters:

» The exponent p of the low-g power-law (¢ < 0.01 Afl) which contains information

about the fractal structure of the density fluctuations.
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o The peak position @4, which provides information about the distance between
the hydrophobic domains (d = 27/¢ma:) formed by the alkyl end groups of the
HEUR polymers. Indeed, the presence of a correlation peak is commonly found in
scattering spectra from networks with high functionality, resulting in the junction

points serving as scattering centers [110-112].

The concentration dependence of the key-parameters, provides information about the
phase behaviour of the HEUR polymers in aqueous solution. The plot of the exponent p

as a function of the polymer concentration ¢pymer is shown in Fig. 5.2.
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Figure 5.2.: Exponent p describing the fractal dimension of the polymer network as function of

the polymer concentration. The error bars are smaller than the symbol size [102]

As explained in the chapter 2 (section 2.2.6), and according to previous studies on the
mesoscopic structures of gel-like systems [75], the intensity “tail” which we observe at low
q values is well described with a combination of scattering factors arising from static and
dynamic density fluctuations which are typical, respectively, of the solid-phase and the
liquid-phase. The static fluctuations usually result from an inhomogeneous distribution
of cross-links: In our case the cross-links between the polymer chains are the hydrophobic
domains formed by the hydrophobic end groups as well as the entangling of the main
hydrophilic chains of the polymers. We can assume that, for hydrogels with high poly-
mer concentration, i.e. 10 wt%, 15 wt% and 25 wt%, the number of cross-links is high
and, therefore, the chain motions are impeded. Therefore, for polymer concentrations
Bpolymer > D Wt%, we have a “hard gel” structure. In this case, the main contribution to
the intensity fluctuations in the low ¢-region are the solid-like density fluctuations, i.e.
the static scattering factor. Thus, in case of high polymer concentration the scattering

function at low g-region is well described by the Debye-Bueche formalism, expressed in
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the eq. 2.64 [67]. According to equation 2.64, the exponent of the scattering vector
q is p = 4, which is in good agreement with the values which we have found for the
high concentrated hydrogels (10 wt%, 15 wt% and 25 wt%) under investigation. On the
other hand, at lower polymer concentrations ¢uoymer < 5 Wt% we have the “dynamical
gel” structure, where the hydrophobic end-groups dynamically move. In this case, the
thermal density fluctuations become important contributors to the scattered intensity
function in the low g-region. For this kind of homogeneous structure it is possible to
employ the Ornstein-Zernike formalism to describe the scattering of the system in the low
g-region (eq. 2.63) [66]. As seen in Fig. 5.2 the ideal exponent 2 is not observed in the
analyzed concentration regime. Instead, we find an increase of the exponent value from
2.5 to 3.3 at polymer concentration of 0.48 wt % to 5 wt%. Such increase in the exponent
can be interpreted as a change in the structure from a homogeneous “fluctuating” gel
into the formation of a “hard” gel structure, where the micellar domains are closer and
there are entanglements between the hydrophilic chains. Concerning the distribution of
the hydrophobic domains formed by the end-groups of the HEUR polymer chains, it is
possible to obtain information by plotting the peak position g, of the SANS curves as

a function of the polymer concentration (¢poiymer). This plot is shown in Fig. 5.3.
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Figure 5.3.: Position of the correlation peak ¢4, in the SANS data, resembling the distance
of hydrophobic domains, as function of polymer concentration (¢poiymer). The error bars are
almost of the same size of the symbols [102]

From the plot in Fig. 5.3 it is possible to observe an increase of the ¢, position as
the polymer concentration is increased. For the solution with ¢poiymer between 0.46 wt%
and 1.84 wt% we observed a shoulder instead of a peak in the SANS data shown in Fig.
5.1. The position of this shoulder is plotted in Fig. 5.3 as well. This shoulder does not



88 Chapter 5. Structural characterization

shift significantly in its position, i.e. from 0.020 A t00.021 A7, increasing the polymer
concentration (@poiymer). At Gpoiymer= 5 Wt% the occurrence of the peak is observed at
0.048 A" and its POSItion Gpq, increases up to 0.060 A~ at Gpoiymer= 25 Wt%. Increas-
Ing Ppoiymer the polymer network becomes denser, because of the increase of cross-links
(hydrophobic domains and entangling between the hydrophilic chains). Macroscopically,
this effect can be observed by the increase of the viscosity of the hydrogel samples. This
leads to a decrease of the domain spacing d = 27/@q. and, therefore, of the distance

between the hydrophobic domains of the polymer network.

5.1.1. Rheology measurements on the pure HEUR aqueous solutions

As observed in the SANS profiles of the HEUR aqueous solutions at increasing polymer
concentration (Fig. 5.1), when the concentration is increased from 1.80 wt% up to 5 wt%
a visible correlation peak occurs. Furthermore, the exponent p of the scattering vector
g in the low-¢ range, increases from ~ 3 to ~ 4 (Fig. 5.2), which is the typical value of
solid-like structures [67]. This suggests that a structural change in the HEUR organization
in water occurs when the polymer concentration is increased. To understand the nature
of this phase transition, we performed rheology measurements on the HEUR solutions in
the concentration range between 1 wt% and 5 wt%. In particular, we measured the flow
curves, i.e. viscosity-shear rate curves, to understand which kind of fluid is obtained at a
certain HEUR polymer concentration. We also measured highly concentrated gels, i.e. 10
wt% and 25 wt %. The obtained flow curves for the samples in the concentration range
between 1 wt% and 3 wt% are shown in Fig. 5.4. The first evidence that we observe in
the flow curves in Fig. 5.4 is an increase of the zero-shear viscosity 7, with increasing
HEUR polymer concentration.

For the lowest HEUR polymer concentration (1 wt%) we obtain a noisy profile of
the viscosity as a function of the shear rate 4. This is perhaps due to the very low
viscosity values that are close to the transducer limit. On the other hand, when the
concentration is increased to 2 wt % , we observe the typical HEUR polymer solution
behaviour explained in the chapter 2 (paragraph 2.1.1, Fig.2.5). A newtonian regime is
observed at low shear rates, slight shear thickening at ¥ ~ 40s™! and at ¥ > 40s7! a
steep decrease of the viscosity is observed (highlighted by the magenta arrow in Fig. 5.4),
due to shear thinning. The flow curve of the 3 wt% HEUR aqueous solution also shows
the same features of the one of the 2 wt% sample, with shear thickening at 4 ~70s7!.
This indicates that a percolating network of bridged flower micelles already forms at
concentrations higher than 1 wt%. Increasing the HEUR polymer concentration further,
the viscosity dependence on the shear rate changes drastically. The obtained flow curves
for the solutions at 4 wt%, 5 wt%, 10 wt% and 25 wt% are shown in Fig. 5.5
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Figure 5.4.: Viscosity-shear rate curves for the HEUR aqueous solution with polymer concen-

tration of 1 wt%, 2 wt% and 3 wt%. The error bars are smaller than the symbol size
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Figure 5.5.: Viscosity-shear rate curves for the HEUR aqueous solution with polymer concen-
tration of 4 wt%, 5 wt%, 10 wt% and 25 wt%. The error bars are smaller than the symbol
size

From the flow curve of the aqueous solution of HEUR at 4 wt% it is possible to observe
a newtonian regime followed by shear thinning at shear rate of ¥ ~ 320s~!. The shear
thickening effect has completely vanished. This phenomenon was also observed by Watan-
abe in his study on the concentration dependence of non-linear rheological properties of
HEUR aqueous solutions [12]. He observed the absence of shear thickening at HEUR
concentration ¢ ~ 4 wt%. Since this concentration is similar to the concentration range

in which we also observe the absence of shear thickening effect, we follow the same argu-
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ment proposed by Watanabe to explain this change in the viscosity behaviour. Watanabe
proposes that, the vanishing of the shear thickening effect is ascribed to the transition
between a sparse network, composed of superbridges connecting the cores of flower-like
micelles coexisting with single micelles, and a dense network, which is a well percolated
network where all the chains are connected through the hydrophobic cores. In connection
with the data of Watanabe et al, lanniruberto and Marrucci propose a new interpretation
for the lack of shear thickening in dense networks [113]. Their interpretation is based on
the idea that dense networks have interpenetrating cores, while sparse networks have cores
that are far apart. The presence of thickening in the latter, comes from the compression
or collision between these cores when there is sufficiently strong flow. These collisions
build in stress into the system and give rise to a slight increase in the viscosity (thicken-
ing). The lack of thickening can then be interpreted as an indication that the cores are
already very closed and cannot be compressed. This means that for ¢pepmer > 3 Wt %,
the networks are now sufficiently dense. Increasing the polymer concentration further, we
observe that the viscosity values decrease for polymer concentration ¢ > 3 wt%, as shown

in the plot in Fig. 5.6.
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Figure 5.6.: Zero-shear rate viscosity 77 as a function of the polymer concentration ¢,,;,. The

error bars are smaller than the symbol size

In the flow curves shown in Fig. 5.5 at ¢poyymer >4 wt%, the shear thinnig regime is
completely lost in the measured shear rates, and we observe a constant viscosity with the
shear rate. On the other hand, the decrease of the viscosity for concentrations much higher
than the network formation concentration ¢* was explained by Semenov considering the
fact that the telechelic chains forming the micelles are less stretched in a more concentrated

gel. Therefore, it is easier for the micelles to change their shapes and the potential barrier
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for rearrangement of the micelles is lower at higher concentration. The obtained behaviour
of the viscosity as a function of the polymer concentration ¢, (plot in Fig. 5.6) follows
pretty well the theoretical prediction by Semenov [10]. The liquid-like behaviour observed
for the HEUR solution at 25 wt% concentration is confirmed by the optical microscopy
image shown in Fig. 5.7 which shows that there are dense polymer regions and pure
water domains, meaning that when the polymer concentration is very high (¢ > 5 wt%),
the gel ruptures and it gives rise to dense polymer domains. This ruptured structure is
characterized by lower viscosity than the gel-like phase in the concentration range between
2 wt% and 4 wt%.

Figure 5.7.: Optical microscopy image of the ruptured hydrogel (25 wt% polymer) (scale bar
20 pm). The visible mesh-like network is composed of dense polymer networks and pure water
domains [102]

Therefore, the results obtained from rheology allow us to ascribe the change in the
SANS profiles from 1.80 wt% to 5 wt% HEUR polymer concentration to the transition
from a sparse, less percolated network to a dense, well percolated network which gives
rise to the correlation peak and to the increase of the exponent p of the scattering vector
q, observed in the SANS data.
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5.1.2. Scattering from polydisperse core-shell spheres applied on the
SANS data analysis

The model based on the Teubner-Strey theory for the scattering of microemulsions (eq.
5.1) fits nicely our SANS data, although its use is based on the strong approximation
that the systems under investigation present structural features similar to the ones of
microemulsions (Fig. 2.22). Thanks to this fit model, we were able to extract two key-
parameters which describe the investigated systems, such as the exponent p describing
the gel fluctuations, and the domain distance d, resembling the distance between the hy-
drophobic domains of the HEUR network. Therefore, the SANS data analysis presented
so far, can be also defined as “model independent”. However, despite the complexity
of the system, an attempt to describe it with a simple structural model can be done.
In particular, we employed the description adopted Sarvesh and co-workers to describe
hydrogels composed of telechelic polymers, based on the scattering from spherical poly-
disperse particles developed by Chen [58,59]. The scattering intensity is given by the
eq. 2.48, where the structure factor S(g) depends on the hard sphere repulsion potential
SHS(q). In turn, it depends on the distance Ryg between the scattering centres, given
by:

2T

Rps = (5.2)

Qma:p
where ¢q, is the ¢ values where the peak in the SANS data occurs [114]. In order to
fit the SANS data of the investigated HEUR aqueous solutions with this model, we add
an additional term to the scattering intensity of eq. 2.48, which is a power law that takes

into account the gel fluctuations (paragraph 2.2.6). Therefore, the final fit equation reads:

I(q) = Aq™" + NP(q)S(q) + bkg (5.3)

The fits were obtained by fixing the SLD of the solvent (D20) to py = 6.34 x 107° A?
and the SLD of the micellar core to peore = —4.89 x 1077 A7, The latter is calculated
by knowing the volume of the end alkyl chains, evaluated by Tanford [115]. The main
structural parameters, such as the average core radius Rcore, the shell thickness ¢ and the
exponent p, are listed in the table 5.1, and the fit curves are shown in Fig. 5.8.

An additional fit parameter not reported in the table 5.1, is polydispersity index of
the micellar core radii Zimm distribution o. It decreases when the average core radius
Reore increases. As seen in the table 5.1, the value of the exponent p of the g vector
at low g-values, increases with increasing the HEUR polymer concentration, as observed
in the plot 5.2 obtained by fitting the SANS data with the eq. 5.1. The exponent p

approaches the value 4, typical of solid-like structures [67], when ¢, >5 wt%. For the
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Figure 5.8.: SANS intensities as function of the scattering vector ¢ of the HEUR aqueous

solutions at increasing polymer concentrations. The black curve is to scale, and the other curves

are shifted by powers of 10 along the y-axis for clarity of the presentation. The red solid lines

represent the fit equation 5.3

dilute HEUR aqueous solutions, ¢pe, = 0.46 wt % and ¢p, = 0.92 wt % we consider the

structure factor S(g) being the unity. Looking at the structural parameters such as the

average micellar core radius R.,.. and the hydrophilic shell thickness ¢, we observe that

the former slightly increases with increasing ¢y, and it is consistent with the length of

the alkyl chains of the HEUR polymers, being Cy4. The non-dependence of the average

core radius Repre ON ®poly 15 in agreement with the theoretical models developed for the

associating polymers, according to which, the aggregation number N,g4, of the micellar

cores of the polymer network does not change significantly with increasing ¢, [10,13,24].

On the other hand, we do not observe a clear trend of the shell thickness ¢ with increasing

¢poly (Wt %)

0.46
0.92
1.40
1.80

5

10

15

25

¢ (v/v)
/

/
(6.34+0.1) x 107°

0.0031 £ 0.0001
0.0050 £ 0.0001
0.113 £ 0.0002
0.144 + 0.0002
0.149 £ 0.0002

Rcore (A)
18.83 £ 0
18.23£0
18.80 £ 0
18.80 £0
18.80 £ 0
23.21£0.01
24.71 £ 0.026
24.58 £0.03

t (A)
56.32 & 0.32
59.60 & 0.35
16.93 +0.31
20.12 + 0.06

/
22.17 £ 0.01
20.85 + 0.02
17.08 +0.03

pshen (A7)
(5.60 £ 0.06) x 10~°
(5.60 £ 0.06) x 10~°
(9.80 £ 0.08) x 10~
(9.80 £ 0.08) x 10~¢
(5.60 £ 0.06) x 10~
(7.59 £ 0.01) x 10~°
(7.81 £0.66) x 1076
(7.76 £ 0.01) x 107°

p
2.76 £0.01

2.62£0.01
3.28£0
3.58 £0.03
2.87£0.01
4.34£0
4.17+0.01
4.26 £0.02

Table 5.1.: Parameters obtained by fitting the SANS data of the HEUR acqueous solutions with

equation 5.3
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®poly- Further, the SLD of the shell pge; assumes unphysical high values. In the case of
the dilute solutions at ¢po, = 0.46 wt % and @pe, = 0.92 wt %, the shell thickness is
consistent with half of the end-to-end distance of the hydrophilic portion of the HEUR
polymer chain, being ~ 54 A [116]. Increasing the polymer concentration to @p., = 1.40
wt %, the shell thickness drops down to t = 16.9 £ 0.3 A. Further increasing the polymer
concentration to ¢,.,=5 wt %, the shell thickness assumes freak value. Further increasing
the polymer concentration up to 25 wt%, the shell thickness ¢ assumes values of ~ 20
A. This change of the shell thickness t observed at (o

indication of a structural change occurring in solution with increasing ¢p,. From the

oy = 9 Wt % is most likely an
SANS curves of the HEUR aqueous solutions (Fig. 5.1) we have a first suggestion about
the nature of this structural change: at ¢,., < 5 wt % we observe a shoulder which shifts
accordingly to the plot 5.3, while at ¢,,, = 5 wt % a very broad correlation peak occurs.
The occurrence of the correlation peak in the SANS data is a signature of the formation of
the dense HEUR network, where the hydrophobic domains are densely packed. Therefore,
in this concentration range we observe the formation of the dense HEUR network from a
sparse, or “dynamical” network. On the other hand, we could obtain reasonable values of
the shell thickness for higher polymer concentrations, ¢, > 5 wt %. These values cannot
be easily explained, however the eq. 5.3 fits nicely the data in this concentration range,
i.e. between 10 wt % and 25 wt %. Here, we observe high values of the volume fraction
¢ of the cores: This value drastically increases from ¢ = 0.0050 £ 0.0005, for ¢poy = 5
wt %, to ¢ = 0.149 % 0.0002 ¢po, = 25 wt %. This steep increase is an indication of
the rupturing of the HEUR gel at high polymer concentrations. The gel rupturing is also
confirmed by the decrease of the viscosity for ¢p., > 10 wt % in the rheology data (Fig.
5.6). Furthermore, the formation of the dense HEUR network from an “open” network,
= 4 wt % (paragraph 5.1.1).

Therefore, by combining the rheology results with the experimental evidence from the

was also observed in the collected rheology data at ¢,
SANS curves, we can state that with the polydisperse core-shell model we were able to
follow the formation of the dense HEUR network as well as we did by using the model
based on the Teubner-Strey theory (eq. 5.1). Furthermore, we could obtain the structural
parameters such as the the average micellar core radius Reor. and the hydrophilic shell

thickness ¢, and their dependence on the polymer concentration.
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5.2. Structural investigation of the HEUR-MNPs

nanocomposites

The inner structure of the nanocomposites in the hydrogel state was investigated with
SANS as well. In order to compare the structural organization of the polymer-MNPs
system in water by changing the polarity of the coating of MNPs, we investigated the

following two types of nanocomposites in the hydrogel-state (¢porymer= 25 wt %):
e hydrogel nanocomposites with hydrophobic coated MNPs embedded
e hydrogel nanocomposites with hydrophilic coated MNPs embedded

We performed SANS measurements on the hydrogels with 4 different (hydrophobic
and hydrophilic) MNP concentrations (¢ nyp) and we compared them with the reference
system, which is thepure HEUR hydrogel without MNPs. The obtained SANS profiles
are shown in Fig. 5.9 and Fig. 5.10.
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Figure 5.9.: SANS intensities of the nanocomposites hydrogels as function of the scattering
vector q (Ppolymer = 25 wt%) at different hydrophobic MNP concentrations. The error bars
have almost the same size of the symbols. The black curve is to scale, and the other curves
are shifted by powers of 10 along the y-axis for clarity of the presentation. The red solid lines

represent the fit equation 5.1 [102]

In addition to the hydrogel samples the nanocomposites in the dried state were inves-
tigated with SANS. We compare the scattering of the dry polymer film without MNPs
embedded and the nanocomposites as dry films with 4 different hydrophobic MNP con-
centrations (¢ vp), namely 0.23 wt %, 0.46 wt %, 1 wt % and 3 wt %, in order to observe

an influence of the MNPs on the polymer structural organization in the dried state. The
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Figure 5.10.: SANS intensities of the nanocomposites hydrogels as a function of the scattering
vector ¢ of hydrogels (¢porymer = 25 Wt%) at different hydrophilic MNP concentrations. The
error bars have almost the same size of the symbols. The black curve is to scale, and the other
curves are shifted by powers of 10 along the y-axis for clarity. The red solid lines represent the
fit equation 5.1 [102]

SANS data obtained for the nanocomposites in the dried state are shown in Fig. 5.11
together with the corresponding fits.
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Figure 5.11.: SANS profiles of the dry films at different MNP concentrations. The error bars
have almost the same size of the symbols. The black curve is to scale, and the other curves
are shifted by powers of 10 along the y-axis for clarity of the presentation. The red solid lines

represent the fit equation 5.1 [102]

The SANS data of all investigated nanocomposites, as hydrogels and as dry films, show
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high scattering intensities at low ¢ values (¢ < 0.01 A_l). Moreover, a correlation peak at
Gmaz = 27/d in the intermediate g range is observed for all of them. Therefore, they have
the same features of the scattering curves of the pure HEUR matrix, and they keep the
similarities with the typical SANS profile of the microemulsions. Thus, we could extract
the main structural information by fitting both sets of data with the model introduced
above (eq. 5.1). We used this model because it fits the experimental data much more
satisfactorily than the simpler “poly core-shell” model described in the paragraph 5.1.2.
This is probably due to the high complexity of the investigated system, which, in this
case, contains also the MNPs. The change in the slope p of the linear fit of the scattered
intensity fluctuations in the low g-region and in the peak position ¢,,.. was evaluated as
function of the MNP concentration ¢,;yp. For modelling the scattering of the dry film,
we added a Gaussian peak function to describe the presence of an additional peak in the
SANS data at large ¢ values (= 0.1 Afl) in the case of high MNP concentration (1 wt
% and 3 wt %). We ascribe the occurrence of this peak to the presence of dense MNPs
clusters, and its position resembles the inter-particles distance, being approximately the
diameter of the MNPs core, i.e. ~ 62.8 A. Furthermore, in the case of the dry films,
the peak observed at ~ 0.03 A" can be ascribed to a microphase separation between the
different portions of the polymer chains, rather than to the bare distance between the
hydrophobic domains of the polymer network. The Fig. 5.12 comprises the determined

exponents p for the different systems as function of the MNP concentration (¢anp).
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Figure 5.12.: Exponent p describing the fractal dimension of the polymer network as a function

of the MNP concentration for all the investigated nanocomposites

As seen in Fig. 5.12, in the case of the hydrogels with hydrophobic MNPs embedded
and of the dry films, the exponent p does only weakly depend on the MNP concentration.
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In contrast, for the hydrogels containing hydrophilic MNPs the exponent decreases with
increasing the MNP concentration and approaches the exponent of the “dynamical” gels,
i.e. p ~ 3.5. Such behaviour can be explained by the interaction between the hydrophilic
MNPs embedded in the polymer network, which leads to a decrease of the cross-links
number. Macroscopically, this effect is visible from the decrease of the hydrogel viscosity,
when the hydrophilic MNP concentration is increased. Additional insights are obtained
from the structures seen with optical microscopy (Fig. 5.7). The optical micrograph
shows that the dense polymer networks separate from regions of pure water. As a conse-
quence, the addition of MNPs does not change the network structure dramatically. In the
hydrophobic case, the network stays at the pure polymer hydrogel state even at higher
MNP concentrations, while in the hydrophilic case, adding nanoparticles leads to a similar
structure that finally is obtained in the dry state. More detailed structural information
about the nanocomposites in the dried and in the hydrogel state are obtainable by plot-
ting the peak position g4, of the SANS curves versus the MNP concentration ¢,/ nvp, as

shown in Fig. 5.13.
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Figure 5.13.: Position of the correlation peak ¢4, in the SANS data resembling the distance of
hydrophobic domains plotted as a function of the MNP concentration (¢ np) for the hydrogels
(hydrophobic in red, hydrophilic in green) and dry films (black). The dashed line corresponds to
the MNP concentration above which big and dense MNPs clusters are formed

A decrease of the peak position ¢,,.. and, therefore, an increase of the domain spacing
d = 27 /Qmas, increasing the MNP concentration (¢ynp) is observed for both types of
hydrogel samples (with hydrophilic and hydrophobic MNPs). The domain spacing d
increases more drastically for the hydrogels containing hydrophobic MNPs than for the
ones with hydrophilic MNPs. This slightly different behaviour is due to the different
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interactions occurring between the polymer molecules and the two kinds of MNPs. The
hydrophobic MNPs most likely interact preferably with the hydrophobic end-groups of
the telechelic polymer and most probably they are embedded in the hydrophobic domains
of the polymer network, which results in a considerably larger domain spacing due to the
particle dimensions. On the other hand, the hydrophilic MNPs interact with the network
in the aqueous phase, and most likely cut some connections between hydrophobic domains,
which only results in a looser binding. Therefore, the influence of the hydrophilic MNPs
on the hydrophobic domains of the HEUR network is not so important. This is the reason
for which the decrease of the domain spacing d, which is related to the distance between
the hydrophobic domains of the HEUR network, is weaker for the hydrogels containing
hydrophilic MNPs. Concerning the nanocomposites in the dried state, the peak position
Gmaz does not change drastically increasing the hydrophobic MNP concentration. The
average domain spacing d=27/¢ymqe is (217 & 5)A. TEM images of the nanocomposite in
dried state with 1 wt% MNP concentration are shown in Fig. 5.14.

e

Figure 5.14.: TEM images of the nanocomposite in the dried state with 1 wt% MNP concen-
tration. a) MNPs clusters distributed in the polymer matrix (scale bar 80 nm) b) small MNPs
clusters and isolated hydrophobic MNPs with average size of 5 nm (scale bar 70 nm) [102]

The dry nanocomposite structure is characterized by the presence of clusters of single
MNPs almost equally distributed in the polymer matrix (homogeneous part in the back-
ground). Besides these regions at high MNP density (Fig. 5.14 a)), there are regions with
smaller clusters and single MNPs (Fig. 5.14 b)). The average domain spacing found in
the SANS data is most probably an average of the distances between single MNPs and
between the MNPs clusters. Indeed, in 5.14 a) it is possible to observe a mesh-like struc-
ture where the MNPs clusters are separated by the polymer matrix. The visible “holes”
between the MNPs clusters have a length of approximately 25 nm. The same length can
be found by measuring the distance single-single MNPs (Fig. 5.14 b)). The occurrence
of the second peak at ¢ = 0.1 A" for the nanocomposite as dry film with 3 wt% MNP
concentration (and slightly visible also in the SANS data of the dry film with 1 wt%
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MNP concentration) is probably due to the increase of the number of big clusters with
little or no polymer, which are characterized by a domain spacing (MNP-MNP distance)
of roughly 6 nm. In general, the structural analysis can be summarized as following:
At a MNP concentration around 0.8 wt% a phase transition occurs (see dashed line in
Fig. 5.13). At concentrations below 0.8 wt% isolated MNPs are present, while at higher
concentrations dense and large clusters of MNPs coexist with isolated nanoparticles. The
hydrophobic MNPs are embedded in the hydrophobic domains of the network and the
hydrophilic MNPs are inside the cross-linked network and thereby most likely cut some

cross-links.

5.3. Magnetic response of the HEUR-MNPs

nanocomposites as dry films

Magnetic response measurements were performed on the nanocomposites as dry films.
Magnetic moments are measured as a function of the external magnetic field for the
nanocomposites with different MNP concentrations at T = 300 K and T = 5 K. These
data are shown in Fig. 5.15. The magnetization curves show the common S-shape with
a very narrow hysteresis which becomes wider at low temperatures (T = 5 K). This
temperature dependence of the hysteresis is the typical signature of a superparamagnetic
behaviour (chapter 2, section 2.1.5), common to magnetic nanoparticles with diameters
below the critical radius [46]. Such superparamagnetic behaviour was found in several
other polymer composites with embedded iron oxide nanoparticles as well, as for example
block copolymer matrices [117-119].

The saturation magnetization (M;) increases with the increase of the MNP content in
the nanocomposite. For the magnetic moments measured as a function of the external
magnetic field at 300K a saturation magnetization of 0.0176 A m?/kg is obtained for
the nanocomposite with MNP loading of 0.23 wt%. It increases up to 1.27 A m?/kg for
the nanocomposite with 3 wt% MNP concentration. The coercitivity is very low (uoH,
= 0.04 T) at 0.23 wt% MNP concentration and does not change with the increase of
the MNP loading, indicating that the HEUR polymer matrix obviously does not affect
the macroscopic magnetic anisotropy of the system and hence the overall alignment of
the particle easy axes [120]. Further information about the magnetic properties and the
size of the MNPs embedded in the polymer matrix are achievable by recording the zero-
field cooling (ZFC) and the field-cooling (FC) magnetization curves [121]. The applied
magnetic field is 0.01 T. The curves we obtained for the nanocomposites as thin dry films
at increasing hydrophobic MNP concentration are shown in Fig. 5.16.

From the shape of the ZFC and FC curves one can extract several characteristics of
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dry MNP-HEUR nanocomposites at T = 300 K with different hydrophobic MNP concentrations.
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the sample. The general shape of the ZFC curves typical of superparamagnetic (SPM)
systems, is observed for all of the investigated nanocomposites with different MNP con-
tents [122,123]. The maximum in the ZFC curves marks the blocking temperature of the
system, T’g. The blocking temperature does not change drastically with the increase of the
hydrophobic MNP concentration in the polymer matrix. The high-temperature branches
of both ZFC and FC above Tp display a typical 1/T Curie behaviour. The FC curve
splits from the ZFC curve near the blocking temperature indicating a narrow particle size
distribution. The blocking temperature of all the investigated samples is found to be (24.5
+ 3.1) K. Using this value one can estimate the size of the nanoparticles embedded into
the polymer matrix, which give the superparamagnetic properties to the nanocomposite
materials. In particular from the eq. 2.11, using K = 29.7 x 10* J/m3 [124] and Tz=
(24.5 £ 3.1) K, the calculated MNPs radius is found to be (3.1 & 1.1) nm. This value is in
good agreement with the hydrophobic MNPs radius obtained by DLS measurements, that
include the surfactant and the water layers (6.1 + 0.3) nm. It seems that the separation of
the hydrophobic MNPs by the surfactant (and possibly a little polymer) inside the dense
clusters is enough to reach superparamagnetism. The complementary structural analysis

would nonetheless favour the 0.46 wt% sample most for its homogeneity.



6. Dynamics of the HEUR-MNPs
nanocomposites as hydrogels

In this chapter the results achieved from the dynamic characterization of the HEUR-MNPs
nanocomposites as hydrogels are presented. Part of this chapter was published in the
article “Multi-stage freezing of HEUR polymer networks with magnetite nanoparticles”,
Soft Matter, vol. 12, no. 13 pp. 3214-3225, 2016 [125]. Dynamic characterization was
performed on the pure HEUR hydrogel and on the hydrogels with 0.46 wt%, 0.8 wt% MNP
concentration. The dynamics of the same systems was investigated with two techniques:
Dielectric relaxation spectroscopy (DRS) (paragraph 3.2.1 in the chapter 3) and neutron
spin echo spectroscopy (NSE) (paragraph 3.2.2 of the chapter 3) measurements. DRS
allows us to measure the imaginary part of the permittivity ”, also called dielectric loss,
as a function of the frequency w of the applied electric field, which is connected with the
energy dissipation related to the dipole relaxations. The frequency range investigated
by DRS is between 1072 Hz and 10° Hz. Therefore the investigated dynamics lies in
the time range of milliseconds up to several seconds. NSE is a powerful tool to measure
the coherent intermediate time-dependent scattering function, S(g,¢) on the time scale
of several nanoseconds (10° Hz), on the nanometer length scale. Even though these two
techniques probe different time-scales, they often probe the same type of dynamics [126]
[127], and can therefore complement each other in the study of the polymer dynamics.
Besides these two techniques, the differential scanning calorimetry was also employed
(paragraph 3.2.3). The DSC results are discussed before the DRS ones. The discussion
continues with the presentation and the detailed discussion of the NSE results. Finally,

the comparison between the DRS and the NSE results is made.
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6.1. Differential scanning calorimetry analysis on the

nanocomposites HEUR-MNP hydrogels

Differential scanning calorimetry measurements were performed on the investigated nanocom-
posite hydrogels in order to investigate the phase transitions occurring in the system. The
preparation of the samples for the DSC investigation is reported in the paragraph 3.2.3.
The DSC heating curve of the pure HEUR hydrogel 25 wt% (aq) is shown in Fig. 6.1
a). Starting from -160 °C, we observe the glass transition temperature (7}) step which is
enlarged in the inset in Fig. 6.1 a). The glass transition of the PEO portion of the HEUR
polymer is observed for all nanocomposites as seen in Fig. 6.1 b). With increasing the
MNP concentration, the T} of the polymer slightly decreases from ~-78 °C to ~-84 °C. At
higher temperatures, we observe an exothermic peak at -48 °C, which can be attributed
to the cold crystallization of water [128]. The cold crystallization process was found in
several kinds of polymer-water systems investigated by DSC, e.g. polysaccharide-water
systems [129] [130]. It occurs typically when the material is cooled sufficiently fast, such
that the crystallization dynamics is arrested before the phenomenon is completed during
cooling. When mobility is regained during the subsequent heating, the crystallization pro-
cess continues and gives an exothermic event. In particular, for the poly(ethylene glycol)
(PEG)-water system, which is similar to ours, it was found that the cold crystallization of
the water for a system containing ~ 60 wt% of HyO occurs at around -45 °C [129], which
is in good agreement with the one we observe at -48 °C. At 4 °C, a deep endotherm oc-
curs, accompanied by a shallower peak at -9 °C. They can be attributed to the melting of
D50 in the hydrogel. Please note that the heavy water (D,0) is expected to have higher
melting point than normal water [131]. Also in previous calorimetric studies on polymer
membranes containing water, a “double” endotherm peak assigned to the melting of the
water was found [132]. The peak at lower temperature was attributed to the melting of
water clusters bound to the polymer, while the second one at higher temperature was
associated to the “free” water molecules. i.e. those which are not directly bound to the
polymer. It was found that in a poly(HEMA) hydrogel, the state of the water can be
divided in three categories: interfacial, bound and bulk water [132]. The latter one crys-
tallizes to ice and probably gives rise to the deep endotherm at 4 °C. The first two types
supercool without crystallizing, remaining in the amorphous state, which is reflected by
the presence of a glass transition. According to Pathnathan and Johari, the T, of the
supercooled water lies at -138.2 °C [132] and, according to Cerveny, at -113 — -115 °C
for bulk water and around -100 °C for confined water (depending on the confining sys-
tem) [133]. In our case, we observe it as a very weak step at -116 °C, highlighted in blue

in the inset in Fig. 6.1 a). The thermograms of the nanocomposites present the same
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phase transitions observed for the pure HEUR hydrogel 25 wt% (aq) and they are shown
in Fig. A.2 in the appendix A, section A.2.
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Figure 6.1.: a) DSC curve of the pure HEUR hydrogel 25 wt% (aq). For clarity, since we
observed the same phase transitions for all the samples, we show only the curve of the matrix.
In the inset, the glass transition temperatures Ty are highlighted in blue and green. The phase
transition observed in the dielectric loss data is marked in red. b) Enlarged region in the glass
transition temperature range for the all composite samples with increasing MNP concentration.
The error bars are included in the line width [125]

6.2. Dielectric relaxation spectroscopy (DRS) analysis

The dielectric loss spectra recorded for the pure HEUR gel with 25 wt % (aq) are shown
in Fig. 6.2 at the selected temperatures. At -95 °C a prominent dielectric loss peak occurs
at Wynae ~ 100 Hz for the pure HEUR hydrogel. Similar intense dielectric loss peaks have
previously been found in other water containing systems, i.e. hydrogels [132], protein
solutions [134], and hydrated PEO, where it was associated to the non-freezable water
tightly bound to non-crystalline PEO segments [135]. Similar peaks were observed also
in the dielectric relaxation spectra of ice [136-138]. According to Pathnathan and Johari,
it is attributed to the thermally activated diffusion of molecules in supercooled water,
which is identified as its a-relaxation process, and the relaxation peak is observed at 1
kHz at a temperature of -95 °C [132]. As observed in Fig. 6.2 (black curve, indicated by a
black arrow) and in Fig. 6.4, in addition to the main relaxation peak and partially hidden
by it, there is a shoulder at w;,.; ~ 3 Hz. In the same frequency-temperature range
a relaxation peak was found for the poly(HEMA) hydrogel [132] and was attributed to
the breaking and reforming of the H-bonds in the polymer network, defined as S-process.

With increasing temperature, the contribution of the conductivity becomes visible, leading
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to a “shoulder” at low frequency, i.e. wpae ~ 0.1 Hz, (see Fig. 6.2). Nevertheless, an
additional relaxation can be detected at low frequencies (wyqe: ~ 1 Hz) concealed to a large
extent by the conductivity slope at low frequencies. Further increasing the temperature,
we observe a drastic change of the dielectric loss profiles which become flat in the low
frequency range (0.01 Hz < w0 < 1 Hz) and do not show any relaxation peaks in the
higher frequency range, i.e. 10 Hz < wyq, < 10% Hz. The transition temperature at which
this change occurs is -15°C (Fig. 6.2).
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Figure 6.2.: Dielectric loss data of the pure HEUR hydrogel with 25 wt% (aq) in the temperature
range between -95°C and 20°C. For clarity, only the curves at temperatures where significant
changes in the DRS data occur are shown. The black arrow indicates the shoulder at ~ 3 Hz
at -95°C, and the red one indicates the “flat” profile of the DRS data in the low frequency
range [125]

In order to follow more closely the temperature evolution of the relaxations, we plot
the €” values at selected fixed frequencies, as a function of the temperature, which are
shown for the pure hydrogel in Fig. 6.3.

The step at ~ -15 °C highlighted in Fig. 6.3 by a dashed line does not shift with
frequency, meaning that in this temperature range a phase transition in the sample occurs.
Looking at the DSC curve in Fig. 6.1 a), we observe that this temperature corresponds
to the onset of the water melting (indicated by red lines in Fig. 6.1 a)). This means
that the water melting in the gel is reflected in the dielectric loss spectra as a steep
increase of the conductivity, as indicated by the high value of £” (~10°) at low frequencies
(Wmaz ~ 1 Hz) (indicated by the green arrow in Fig. 6.3). The high values of ¢’ (~10%)
at low frequencies at temperatures above -25 °C is a sign of the electrode polarization
process [139]. Therefore, the dielectric data between -25 °C and 25 °C, will not be
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Figure 6.3.: Isochronal plot of the pure HEUR hydrogel 25 wt% (aq).The red dashed line
indicates the position of the step at ~15°C, indicating the phase transition observed in the DSC

data. The error bars are smaller than the symbol size [125]

discussed in detail here. By comparing the dielectric loss data of the pure HEUR hydrogel
with the ones containing MNPs, as done in Fig. 6.4, it is possible to observe the influence
of the MNPs on the dielectric loss profile. We now focus on the effect of the MNPs on
the a-relaxation of water. This relaxation is visible in a rather wide temperature range.
In Fig. 6.4, the corresponding £” peak is shown at two temperatures namely -95 °C
and -65 °C. Interestingly, for the pure HEUR hydrogel and the hydrogel with 0.8 wt%
MNP concentration, we observe only a very weak shoulder at wpq, ~3 Hz (indicated
by an arrow marked f in Fig. 6.4) at T= -95 °C. This peak is attributed to [-process.
According to the frequency-temperature range, to the assignment done by Pathnathan
and Johari for poly(HEMA) hydrogels [132] and to the relaxation process found by Huh
and Cooper in polyurethane block polymers [140], this process is related to the motion of
the dipolar segments ~OH and —C=0 along the C-O axis. The most prominent peak at
-95 °C occurring at wy,q, ~100 Hz for the pure HEUR hydrogel and the one with 0.8 wt%
MNP content is shifted to wyqe ~20 Hz for the HEUR hydrogel with 0.46 wt% MNP. A
similar shift is also observed at -65°C.

This shift is not well understood. In order to quantify our results in terms of time scales
as a function of temperature, we performed a fitting procedure. The dielectric loss data
were fitted by a sum of Havriliak-Negami (HN) model (eq. 3.23) [91]. From the fitting,
we extract the relaxation time at maximum 7,5, = 1/Winee (eq. 3.24). The contribution
of the conductivity in the temperature range between -80°C and 25°C, is accounted for in

the fit of the €” spectra by including a term of the form: io/(w,), where g is the vacuum
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Figure 6.4.: Dielectric loss data at -95°C (black symbols) and at -65°C (red symbols) of all
the investigated composites and the pure HEUR hydrogel. The error bars are smaller than the
symbol size. The black arrows indicate the 3-process and the a-process related to D2O at -95°C.

The red arrows indicate the a-process of the polymer and the a-process related to D2O at -65°C

permittivity, o the dc-conductivity of the material and ¢ an exponent with a value close
to 1. The dielectric loss data in the temperature range, i.e. between -100°C and -80°C |,
are fitted with two HN functions, namely the S-process and the a-process related to DoO

(the blue and the red peak in Fig. 6.5 a) respectively).
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Figure 6.5.: Example of the fitting of the dielectric loss data of the pure HEUR gel 25 wt%
(aq) at a) -100°C and at b) -65°C. The error bars are smaller than the symbol size. Details are

explained in the text [125]

At higher temperatures, the dielectric loss data are fitted with three HN functions
taking into account the S-process, the a-process related to DO and the a-process related
to the polymer (magenta peak in Fig. 6.5 b)). The a-relaxation of the polymer starts to
be visible at -70 °C. For fitting of the dielectric loss data at T > —80°C, the conductivity
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contribution is also taken into account (black line in 6.5 b)). Fitting the dielectric loss
data in this way allows us to construct the relaxation map, also called Arrhenius plot, of
all the relaxation processes occurring in the temperature range between -100 °C and -25

°C (Fig. 6.6).
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Figure 6.6.: Arrhenius map showing: the a-process related to the polymer chain including the
NSE relaxation time at ¢ = 0.05 A~" and the relaxation time at the Ty (100 s) (the green
arrow indicates the increase of the curvature at 0.8 wt% MNP), the S-process and the a-process
related to the supercooled water (a-water). The error bars are almost of the size of the symbols.
The lines are VFTH fits and the dashed ones are Arrhenius fits. The vertical blue line indicates
the melting of D3O detected by DSC [125]

In the low temperature range, i.e. —100°C < T < -25°C, two processes are detected:
one between -100°C and -25°C and another one between -100 °C and -75°C (visible up to
-70°C for the sample with 0.46 wt% of MNPs). The first one is obtained collecting the
relaxation times 7,4, of the process shown in red in Fig.6.5 a) and b). Its temperature
dependence follows the empirical Vogel-Fulcher-Tamman-Hesse (VFTH) model (eq. 2.66)
characteristic of cooperative processes [141]. We therefore assign this relaxation to the
a-process associated with the dynamic glass transition of the supercooled water.

On the other hand, the second low-temperature process, i.e. detected in the temperature
range between -100°C and -75°C, shown in the fit examples in Fig. 6.5 a) and b) as
the blue curves, follows the Arrhenius temperature dependence, characteristic of local,
non-cooperative dynamics (eq. 2.65). The activation energies obtained from the fits are
reported in the table 6.1. Because of the linear temperature dependence, the process
occurring at low temperatures is a secondary process, usually related to localized motions
of side chains. We assigned this process to the motion of the dipolar segments as -OH and

—C=0 along the C-O axis, namely the S-process. In our system, because of the presence
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of water, H-bonds are present between the water molecules and the hydroxyl (-OH) and
carbonyl (-C=0) groups of the polymer chains. Thus, the activation energy of the (-
process is determined by the breaking and reforming of the H-bonds in the hydrogel
network. As seen in the table 6.1, the activation energy F 4 decreases with increasing the
MNP concentration. This means that the rotation of the -OH and -C=0 groups becomes
“easier” in terms of energy barrier. This effect might be explained considering the blob
model adopted for star polymers by Halperin [44]. As explained in the paragraph 2.1.3
in the chapter 2, according to this model, the polymer chain can be described in terms of
“blobs”, i.e. spherical regions occupied by segments of the polymer chain. The polymer
concentration is higher nearby the branch point of the star polymer, which, in our case,
is replaced by the hydrophobic domain. When the MNPs are added to the hydrogel,
they interact mainly with the hydrophobic domains, being embedded into them. The
increase of the hydrophobic domain size, due to the presence of the MNP clusters, leads
to a “dilution” of the polymer concentration nearby the “branching point”. Therefore, the
“blobs” feel less constrains, and as a consequence also the rotation of the polar groups
~OH and C=0 becomes easier. The activation energies E4 of the S-process are shown in
the table 6.1.

Sample Ty diet, 0,0 (°C) | Tg,p,0 (°C) | Ty potymer (°C) | Ea(B)(kJ/mol)
pure HEUR gel —-119+2.3 -116 -78 455+ 1.8
+ 0.46 wt % —115.1+2.2 -116 -81 39.2+24
+ 0.80 wt % —124.5+5.2 -116 -84 34.6 £ 3.2

Table 6.1.: For each sample listed in the first column, the glass transitions T}, of the supercooled
water (a-water) and of the polymer (a-polymer) and the activation energies E'4 of the 3-process

for all the investigated hydrogels are reported

With increasing temperature, we observe an additional process in the temperature
range between -70°C and -50°C for the hydrogels with 0.46 wt% and 0.8 wt% MNP
concentration, and between -65°C and -35°C for the pure HEUR hydrogel (25 wt% (aq)),
which is partially hidden by the conductivity and the a-water process. It is shown in one
fit example in Fig. 6.5 b) (magenta curve). The relaxation time was measurable only in
three temperatures and therefore it is not clear whether its trace in the activation plot (Fig.
6.6) is an Arrhenius or a VFTH one. Note however, that assuming a VETH behaviour, it
corresponds well to the points related to the glass transition of the polymer as observed by
DSC. Hence, we assign it to the a-relaxation of the HEUR polymer, in particular to the
PEO portion of the polymer chain [142,143]. We would like to point out that DSC shows
a systematic acceleration of dynamics with MNP concentration (decrease of T, while
DRS shows that the higher loading nanocomposite has slightly faster dynamics than its
low loading counterpart. By extrapolating the fitted VI'FH lines to the time 7 = 100 s,
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we get a measure of the glass transition temperature related to the supercooled water,
namely the dielectric glass transition temperature T} 4. The obtained values are shown
in the table 6.1. These values are in agreement with the experimental T} values obtained
by DSC. The observed decrease of the T, with increasing MNP concentration (Fig. 6.1
b)) indicates an acceleration of the dynamics at T~ T, therefore at long relaxation times
7. This fact can be related to the change of the curvatures of the VFTH traces (Fig. 6.6).
This curvature is often expressed in terms of the fragility index, which is a measure of the
cooperativity of the dynamics, which reads:

m = loglr) (6.1)

d(T'/T,)

T=T,

where T} is the glass transition of the glass-forming material and t is the relaxation time
of the a-relaxation [144]. From the Arrhenius map in Fig. 6.6, we observe an increase of

the cooperativity with increasing MNP concentration.

6.2.1. Conductivity data

In order gain insights into the correlation between the charge transport mechanism and
the segmental relaxation (a-relaxation), the conductivity data collected in the DRS ex-
periments turn to be useful. In Fig. 6.7, the real part of the conductivity ¢’ is plotted as

a function of frequency at -55 °C.
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Figure 6.7.: Real part of the conductivity, o' (Sem™!), as a function of the frequency at -55 °C
for the HEUR gels (25 wt% (aq)) for increasing MNP concentration. The error bars are smaller
than the symbol size [125]
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The plateau in the conductivity data at ~ 107! Hz increases when MNPs are added to
the pure HEUR hydrogel. However, for the intermediate MNP concentration (0.46 wt%),
the plateau is higher than that for the composite having the highest MNP concentration
(0.8 wt%). This suggests that the difference in the conductivity might be related to the
difference in the polymer mobility (i.e. segmental motion) and not exclusively to the
conductive nature of the MNPs [145]. Indeed, according to the classical theory [146] ionic
conductivity in a polymer is inversely proportional to its segmental relaxation time 7.
This means that ion motions are possible only when polymer segments undergo large
amplitude rearrangements. In order to test this relation we compare the a-relaxation
process and the conductivity of all samples. We plot the plateau value of ¢’ as a function

of the relaxation times of the a-relaxation, 7,, for all samples (Fig. 6.8).
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Figure 6.8.: Double logarithmic plot of the real part of the conductivity, o' (S em™'), as a

function of the relaxation times of the a-process, 7, (s), for all the investigated gels [125]

The lines of the pure HEUR hydrogel and the nanocomposites do not coincide, mean-
ing that a different relationship subsists between the conductivity and the a-relaxation
for the pure hydrogel and for the nanocomposites. On the other hand, the traces of
the nanocomposite gels in Fig. 6.8 coincide. This means that the a-relaxation of the
polymer and the conductivity of the nanocomposites are directly coupled and they can
be compared. Therefore, we can attribute the decrease of the conductivity observed for
the nanocomposite with 0.8 wt% MNPs to a decrease of the segmental mobility of the

polymer.



6.3. Neutron spin echo (NSE) measurements 113

6.3. Neutron spin echo (NSE) measurements

In a neutron spin echo experiment, the normalized intermediate scattering function defined
in the eq. 2.80 is measured. The probed intermediate scattering functions of the pure
HEUR hydrogel measured at different g-values are shown in Fig. 6.9. The intermediate
scattering functions of the nanocomposites hydrogels are shown in Fig. A.3 in the section
A.2.2 of the appendix A.
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Figure 6.9.: Intermediate scattering functions of the pure HEUR hydrogel 25 wt% (aq). The
error bars are almost of the size of the symbols. The red lines are the fitting curves (eq. 6.5)
while the dashed line represents a simple exponential decay at ¢ = 0.21 A [125]

The intermediate scattering functions of the pure HEUR hydrogel (25 wt% (aq)) decay
exponentially with time in the ¢ range between 0.05 A~ ' and 0.15 A™", while for ¢ =
0.18 A" and q = 0.21 A they do not decay exponentially for longer Fourier times, as
seen when comparing the data with a simple exponential decay (dashed line in Fig. 6.9).
The same result is found for the HEUR hydrogels containing MNPs. For a better under-
standing the intermediate scattering functions at ¢ = 0.21 A" are compared in Fig. 6.10
for all investigated samples. It is observed that the time decay is slightly slowed down
for the hydrogel with 0.8 wt% MNPs, i.e. the intermediate scattering function tends to
zero more slowly than the one of the pure HEUR hydrogel. Detailed differences in the
dynamic processes occurring in the investigated hydrogels in the nanosecond time-scale
can be investigated by fitting the intermediate scattering function with an appropriate
dynamic model. From Fig. 6.9, it is possible to observe that the intermediate scattering
functions for ¢ > 0.08 AT clearly decay exponentially up to Fourier times of t ~ 20
ns. In contrast, for longer Fourier times the decay is strongly delayed, and at ¢ = 0.18

A7 and qg =021 A7 it reaches a plateu value within the observation time of the NSE
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Figure 6.10.: Intermediate scattering functions of the pure HEUR hydrogel 25 wt% (aq) (black
squares), with 0.46 wt% MNP content (red circles) and with 0.8 wt% MNP content (green
triangles) in the time range between 0 and 10 ns at ¢ = 0.21 A~". The error bars are almost of

the size of the symbols. The fit lines correspond to eq. 6.4 [125]

experiment. The origin of this effect arises from the gel structure. In fact, the dynamics
probed by NSE is dominated by the segmental mobility of the polymer chain. However,
in a gel-like network, cross-links and entanglements constrain the local segmental mobility
of the chain, leading to a non-decaying intermediate scattering function. The scattering
from these inhomogeneities such as crosslinks, entanglements and regions with different
polymer densities gives an elastic contribution to the intermediate scattering function.
This contribution was generally observed in polymer gels [75] and in our previous SANS
investigation on the HEUR hydrogels with embedded MNPs (chapter 5) as an excess
scattering, i.e. very high scattering intensity in the low-g region of I(q) [147]. According
to earlier studies on the mesoscopic structure of charged gels, [75] the scattering intensity
in the low g-region of highly concentrated gels arises from solid-like density fluctuations,
coming from an inhomogeneous distribution of crosslinks of the polymer network [147].
The scattering from these so-called static inhomogeneities can be described by an addi-
tional term included in the scattering function, which, according to the Debye—Bueche

formalism, reads [67]:
S(g=0)
0= Teey

where &; is the correlation length of static density fluctuations. According to our scenario,

(6.2)

this extra-scattering term arising from the static inhomogeneity was taken into account in

the intermediate scattering function expression, in terms of a fraction of a non-decaying
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components, P(q). Therefore, the normalized intermediate scattering function expression

reads:

S(q.1)
5(q,0)
where 0 < P(q) < 1 and F(q,t) is the stretched exponential function (eq. 2.85).
In the case of the investigated HEUR hydrogels, the intermediate scattering functions

= P(q) + [1 = P(q)]F(g.1) (6.3)

shown in Fig. 6.9 are well fitted using the Zimm model for the segmental dynamics of
polymers in solution. In particular, since we observed a time-decay up to Fourier-times
of t ~ 20 ns, we used the limit of the short-time scale of the Zimm model, with § = 0.85.
[76,148]. Therefore, taking into account the contribution of the static inhomogeneities to
the intermediate scattering function time-decay, the total expression of the intermediate

scattering function used to fit our data reads:

S(q,t)
S(q,0)

= P(q) + [1 = P(g)] exp|—(I't)"¥] (6.4)

6.3.1. Interpretation of the NSE results

The relaxation rates I obtained from the fits with eq. 6.4 divided by the square of the
scattering vector ¢ give the diffusion coefficients of the diffusing objects in the investi-
gated systems. By plotting I'/¢? as a function of the scattering vector ¢ it is possible to
investigate the probed dynamic regimes. The plot obtained for the investigated hydrogels
is shown in Fig. 6.11. From the plot I'/¢? vs ¢ shown in Fig.6.11 it is possible to observe

two distinct dynamic regimes, i.e. two different dependence of the quantity I'/¢* with ¢:

o a diffusive region where I' o< ¢2, in the ¢ range between 0.05 A and0.11 A" where
the diffusion coefficient is a constant. In this case, the normalized intermediate

scattering function reads:
S(g,t)
S(q,0)

with I' = Dg¢? whereas D is the diffusion coefficient of the diffusing objects. In

— exp|—(T')] (6.5)

our case, we observe the diffusion of the whole gel network, the so-called breathing
modes [149].

o Zimm-like internal dynamic regime where I < ¢3, in the ¢ range between 0.15 A
and 0.21 A~ Indeed, the relaxation rate Iy calculated in the Zimm model [88] is
given by:

1 k5T
FZ(Q)_iB ’

_ 6.6
— (6.6)

which represents a straight line in the plot in Fig. 6.11
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Figure 6.11.: Diffusion coefficients I'/¢? of the pure HEUR hydrogel (black squares), with 0.46
wt% MNPs (red circles) and with 0.8 wt% MNPs as a function of the ¢ vector. The black
lines are linear fits. The value ¢* indicates the crossover between the simple diffusion and the

segmental dynamics regimes [125]

The dynamic cross-over from the ¢? - to the ¢3-regimes occurs at ¢* (indicated by an arrow
in Fig. 6.11), which is the length scale at which the two lines intersect, and it indicates
the dynamic separation of the gel at large length scales and the blob scattering at smaller
length scales. In simple gels, also called topological gel, this typical size corresponds to
the size of the blob &, depicted in Fig. 2.8 a), which is the polymer chain between two
topological cross links, ¢* = 1/£. Therefore, this cross over length depends on the distance
between the cross-links. In the case of the HEUR network, adopting the blobs model [25],
the chain between two cross-links (namely the hydrophobic domains) can be divided
in many blobs, which increase in size when the distance from the hydrophobic domain
increases (Fig. 2.8 b)). In this case, the cross-over size represents the length [ containing
n blobs, ¢* = 1/1. It corresponds to 42 A, which is smaller than the hydrophobic domains
distance measured by SANS, i.e. d ~ 97 A (chapter 5). Furthermore, as seen in the
plot T'/¢* vs g, the cross-over ¢* does not depend on ¢, however from the structural
characterization we found an increase of the distance between the hydrophobic domains
of the HEUR network increasing the MNP concentration (chapter 5, paragraph ?77). We
explain this experimental evidence considering the fact that the observed shift of the
correlation peak ¢, of the SANS profile, increasing the MNP concentration, is very
small, i.e. ~ 0.015 Afl, therefore it does not affect significantly the cross-over value ¢*.
We focus now on the effect of the MNPs on the segmental dynamics of the polymer. In

the diffusion regime, I' is a constant function of the MNP concentration, ¢y, np. This can
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be explained by assuming that the functionality f, i.e. the number of “arms” per micellar
core, is constant, and, therefore, the entropic springs are the same. On the other hand,
from the plot T'/q* vs ¢ (Fig. 6.11), we observe a decrease of the relaxation rate I' in
the Zimm-like internal dynamic regime when the MNP concentration is increased up to
0.8 wt%. This effect can be explained using two different interpretations. The first one
involves the blob concept, and it considers the work of Halperin on star polymers [44].
It describes the field of blobs and the monomer density around their center. Close to
the center of the star the blobs are small due to the higher polymer density, while in
the remote regions the blobs are bigger. This principle is also true for our system where
close to the hydrophobic domains the blobs must be smaller due to the high polymer
concentration compared to the ‘middle’ region between the hydrophobic domains. Apart
from the simple Zimm dynamics of dilute polymer solutions, the theory of Leibler et
al. [150] describes the relaxation times within blobs of differing segment lengths, as in our

assumption for the HEUR polymer network (Fig.2.8), like:
TR ™~ 77,2 (67)

with n being the number of monomers in the blob. In the g-range between 0.15 and
0.22 A_l, the largest blobs in the ‘middle’ region between the hydrophobic domains are
highlighted, because they are the next neighbouring size in the system. According to the
blobs model for star-shaped polymer [25,44], the blob’s size £ is directly proportional to
the distance from the center of the star (in our case the micellar core), r, and to the
number of monomers within the blob, n. Therefore, in the case of a good solvent, the

number of monomers in the blob is given by:

n o r? (6.8)

where D is the fractal dimension being 5/3 [151]. In our system, the distance r is pro-
portional to the distance between the hydrophobic domains, i.e. spacing d = 27/¢maz-
Therefore, according to the theory of Leibler et al. [150] the relaxation times should show
the following proportionality:

7r o< [(d)7]? (6.9)

Therefore, the relaxation rate scales with the spacing like I' ~ d=1%/3 ~ ¢0/3 The
change of the SANS peak position ¢, (paragraph 5.2, chapter 5) can now be compared
to the different slopes in Fig. 6.11. Since we investigated by SANS only the nanocomposite
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containing 1 wt% MNPs, we consider the ¢,,q, value at this concentration, which is close
to 0.8 wt% (investigated by NSE). In particular we find that:

Sl0p€1 (qmazl ) 10/8

1
Slope2 (6.10)

Gmaz2

where Slope 1 and Slope 2 refer to the slopes of I'/¢? vs ¢ in Fig. 6.11 for the pure hydro-
gels and for the hydrogel containing 0.8 wt% MNPs. In either case we observe a factor
of about 3, which supports our viewpoint. Therefore, embedding of the MNPs within the
hydrophobic domains of the polymer network leads to an increase of the size of the largest
blobs.

A different point of view about the decrease of the slope in the plot I'/¢* vs ¢ for the
hydrogel with 0.8 wt % MNP concentration is based on the observation that the relax-
ation rate I' in the Zimm-like regime, is inversely proportional to the viscosity of the
solvent 7,, as seen in eq. 6.6. In a previous study on the cononsolvency effects on the
structure and dynamics of microgels, in the case of partially collapsed microgel particles,
a typical Zimm-like dynamic behaviour was found in the ¢-range between 0.08 and 0.18
AT [152]. By fitting the intermediate scattering functions with the Zimm model, the
obtained solvent viscosity 7, was found to be seven times higher than the one of the pure
solvent measured by capillary viscosimetry. This finding was explained as an effective
increase of the viscosity, considering the effective viscosity being not barely the viscos-
ity of the solvent, but rather of the medium made up of “solvent + other chains” in a
highly crowded environment. Using the same argument, we can explain the decrease of
the slope of I'/q? vs q observed for the hydrogel with 0.8 wt% MNP concentration. We
claim that, increasing the MNP concentration, we increase the effective viscosity of the
medium composed of "solvent + other chains”, which is now made up “solvent + other
chains + MNPs”. This effect is not already visible at 0.46 wt % because of the low MNP
concentration. In order to obtain the solvent viscosity value according to the eq. 6.6,
we performed the linear fit of the I'/¢? vs ¢ data for the hydrogel with 0.8 wt%wt MNP
concentration, fixing the intercept at 0, as in the pure Zimm — dynamics regime. We
found a solvent viscosity of 7y = (0.00526 £ 0.00040) Pa s, which is almost five times
higher than the pure D2O viscosity (np,0 = 0.00125 Pa s), which supports the effective

viscosity interpretation.
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6.3.2. Contribution of the scattering inhomogeneities to the total

scattering function

The intermediate scattering functions of the investigated hydrogels were fitted with the
eq. 6.4. From the non-decaying component P(q) obtained from the fits, it is possible
to calculate the static contribution Sy (q) to the total scattering intensity S(¢) measured
by us previously using SANS (chapter 5). Indeed, the total scattering intensity of a
gel measured by SANS is given as an incoherent sum of the scattering from the static
inhomogeneities, S (¢), and the scattering due to the thermal concentration fluctuations
in the gel, Sy,(q) [153-156]:

S(q) = Ssi(q) + Sun(q) (6.11)

Thus, it is possible to calculate the static contribution Sy (q) for the ¢ values investigated

using NSE from the relation:
Sst(q) = P(q) x S(q) (6.12)

The obtained static contribution Sy (q) to the total scattering intensity S(q) of all the
investigated hydrogels is shown in Fig. 6.12.
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Figure 6.12.: SANS intensities of (a) the pure HEUR hydrogel and (b) the one containing 0.46
wt% MNPs. The green points represent the static scattering contribution Sg(q) to the total
scattering intensity S(q) (black squares). The error bars are smaller than the symbol size. The

red lines represent the Teubner—Strey fits [125]

Despite the few ¢ values for which it is possible to calculate Sy (q) from the NSE data,
it is possible to observe that Sy (q) follows the shape of the S(¢) curve in the g-range
where the correlation peak occurs, i.e. at ¢ ~ 0.062 A" As explained in our previous
SANS investigation (chapter 5) of the HEUR hydrogel nanocomposites, the scattering
intensity S(q) shows a correlation peak at ¢4, = 27/d, where d is the domain spacing,

i.e. the distance between the hydrophobic domains of the HEUR polymer network, having
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a width proportional to 1/£, where £ is the correlation length of the density fluctuations
of the dense polymer network [68]. The SANS data were fitted with a model where
a simple power law describing the long range fluctuations and the Teubner—Strey (TS)
theory [65] were combined. The latter theory is a thermodynamic approach with a simple
order parameter indicating essentially two major phases, i.e. hydrophobic and hydrophilic
domains. The used model for the fits of the SANS data of the HEUR-MNPs hydrogels
is reported in the eq. 5.1. We focus now on the pure HEUR hydrogel, and analyse the
correlation length calculated from the bare SANS intensities and that of the deducted
static scattering contribution. The correlation length determined in the analysis of the
overall SANS scattering is Esans = (17.2 £ 0.3) A whereas the correlation length of the
frozen density fluctuations is éygr = (43 £5) A. In turn, this means that the system
comes to a more structured state by the relaxation process. This suggests that the static
scattering contribution Sg(¢) arises from a more ordered system than the one which gives
the total scattering intensity S(q), and it is therefore characterized by a longer correlation
length {nsg. The TS fits on the main correlation peak at ¢ne. ~ 0.062 A_l cannot be
performed for the static scattering contribution of the hydrogels containing MNPs, due
to the interference of the second correlation peak of S(q) at ¢ = 0.1 AT arising from the
MNP clusters (Fig. 6.12 b)). This means that for the HEUR hydrogels containing MNPs,
the MNP clusters contribute to the frozen inhomogeneities which cause the retardation

in the time decay of the intermediate scattering function.

6.4. Comparison between the DRS and NSE results on

the polymer segmental relaxation

The neutron spin echo (NSE) and the dielectric relaxation spectroscopy (DRS) probe the
same type of dynamics, although at different time scales. Therefore it should be possible to
compare the NSE and the DRS results on the segmental dynamics of the HEUR polymer
for all the investigated hydrogels. The NSE results are summarized in Fig. 6.11, were the
relaxation rate I is plotted as I'/¢? as a function of the scattering vector ¢. At ¢ > 0.15
A™" we observe a decrease of the relaxation rate T' for the sample with 0.8 wt% MNP
concentration compared to the pure HEUR hydrogel. This we addressed to the change of
the biggest blob size upon adding considerable MNPs to the system. From the activation
energies of the J-relaxation (see Arrhenius plot in Fig. 6.6 and table 6.1) we see the similar
trend of changing blob sizes just from the smallest blobs, that act on the polymer segments
in terms of differing monomer density. So the evidence of the blob field as a function of
the MNP concentration is found in both the DRS and the NSE results. Furthermore,

we compare the relaxation times obtained with NSE, 7ysg = 1/I', with the relaxation
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times of the a-relaxation obtained with DRS. Assuming that we probe the same kind of

dynamics with DRS and NSE | i.e. polymer segmental motions, we would expect the Ty sg
in the segmental dynamics regime (¢ > 0.15 A_l) to follow the VI'FH trend of the a-
relaxation times obtained with DRS. Astonishingly, by plotting the 7ysg in the activation
plot in Fig. 6.6, we found that only the 7ysg at ¢ < 0.15 Afl, i.e. in the diffusion regime,
follow the VFTH temperature dependence of the a-relaxation times. This indicates that
the two techniques probe different length scales. Indeed, although the direct comparison
between NSE and DRS data on the segmental dynamics has been made in some previous
studies, it is still an open question [126,127,157]. On the other hand, quite astonishing
was the conductivity, which increased strongly for the middle concentration of MNP, and
dropped down for the highest MNP concentration. Apart from the blob interpretation we
saw initial trends of interpretation from the conductivity/relaxation time plot (Fig. 6.8)
that displayed different mechanisms for the system without and with MNPs. Following
this plot (Fig. 6.8) on the fast relaxation times, and reading the relaxation times from
the NSE data at higher ¢ (Fig. 6.11), one would expect two steps: from 0 to 0.46 wt%
MNPs the relaxation time does not change, but the mechanism of conductivity changes,
which leads to a considerable increase of conductivity. From 0.46 wt% to 0.8 wt% of MNP
concentration, the relaxation time increases, but the mechanism is identical, which leads
to a moderately decreased conductivity. So, two competing trends finally can explain the

conductivity dependence of our system.






7. Dynamics of the HEUR-MNPs
nanocomposites as dry films

In this chapter, the results obtained from the dynamic investigation of the HEUR-MNPs
nanocomposites in the dry state are presented. Part of this chapter has been published
in the article “Dielectric relaxations of nanocomposites composed of HEUR polymers and
magnetite nanoparticles”, Polymer, vol. 96, pp. 70-80, 2016 [158]. The dynamic and
the thermal behaviour of the nanocomposites as dry films was investigated and compared
with the results achieved in the case of the hydrogels. As seen in the chapter 6, the MNPs
influence the segmental dynamics of the HEUR polymer matrix for the hydrogel nanocom-
posites. In the following we will see whether the same kind of effect is observed in the dry
state. We employed dielectric relaxation spectroscopy (DRS), which is a powerful tool
for studying the polymer dynamics in a broad temperature and frequency range (chap-
ter 3, paragraph 3.2.1). Along with the conventional alternating current (AC)-dielectric
spectroscopy, we employed the technique of thermally stimulated depolarization current
(TSDC) (chapter 3, paragraph 3.2.4). The results from the dielectric measurements are
compared with those from differential scanning calorimetry (DSC) (chapter 3, paragraph
3.2.3), which was useful in investigating the thermal behaviour. First of all, the DSC
results are presented, and some of the observed phase transitions were clarified through
water sorption measurements. Then, the DRS data are presented and discussed and we
relate the dielectric behaviour to the morphology of the system. We finally determine the
relation between the polymer dynamics and the MNP concentration. A detailed discus-
sion of the analysis of the DRS data in the low-frequency region is reported in the last

paragraph of this chapter.

123
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7.1. Determination of the water content: water sorption

measurements

In order to characterize the presence of water in the polymer matrix of the dry films,
the water content in the HEUR polymer film and in the nanocomposites was quantified
by water sorption measurements. The confirmation of the presence of the water trapped
in the prepared films and its quantification is important to understand the thermal and
dielectric behaviour of the investigated systems. In Fig. 7.1, the evolution of the sample

mass (pure HEUR film) with time during the water sorption process is shown.
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Figure 7.1.: Mass of the pure HEUR film as a function of the time at different relative humidity

values rh, as indicated in the graph. The error bars are smaller than the line width [158]

The step-like increase of the sample mass is due to the water uptake during the water
sorption process. For relative humidities 7k between 5 % and 80 %, the mass vs time
profiles reach a plateau within 2 h, i.e. they reach saturation within this time (green
arrow in Fig. 7.1). For rh higher than 80 %, saturation is not reached, which is due to
the fact that the sample starts to dissolve (blue arrow in Fig. 7.1). The sorption isotherm
at 25 °C for the pure HEUR film is shown in Fig.7.2.

It shows the water content as a function of the water activity «,, or relative humidity
rh. .

hqg = n (7.1)

where m,, is the mass of the absorbed water and m, the mass of the dry sample. In the
present case, the mass of the dry sample refers to the mass of the sample after vacuum
drying at room temperature for 24 h. The data points marked by black squares are the

ones which are out of equilibration during the sorption process, and the one marked by the
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Figure 7.2.: Water content iy (%) in the pure HEUR film as a function of the water activity
Q. The error bars are smaller than the symbol size. The inset graph is the sorption isotherm
for the equilibrated steps. The red arrow highlights the water content at 80 % rh, the highest
value where equilibrium is reached. The data points surrounded by black squares are the ones
acquired out of equilibration during the sorption process, and the one marked by the red square

was acquired during the desorption process [158]

red square is measured during the water desorption process. The sample absorbs up to
6% of water at a,, = 0.8 (relative humidity rh = 80%). Furthermore, the water content hy
vs the water activity ., does not show a linear behaviour for «,, > 0.6. This behaviour is
typical of hydrogel systems and is due to the formation of clusters of water molecules [159].
Therefore, we can state that in usual conditions, i.e. in a relative humidity range rh of
40% and 80%, the pure HEUR film has a water content, hy , between 1% and 6%. The
water sorption measurements on the nanocomposites monitoring both, the sorption and
the desorption process, imply that no hysteresis is observed for a relative humidity below
85%. In this case, the nanocomposite absorbs up to 6 % of water at «,, = 0.8 (relative
humidity rh = 80 %), as for the pure HEUR film, meaning that the presence of the MNPs
does not influence the water uptake of the polymer matrix. The presence of water in all
the investigated samples has to be taken into account in the investigation of their thermal

behaviour and in the interpretation of their dielectric relaxation spectra.
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7.2. Thermal behaviour: Differential scanning
calorimetry (DSC)

The phase transitions of the pure HEUR polymer film and the nanocomposites with
MNP concentration of 1 wt% and 3 wt% were followed using DSC. The DSC curves of
all samples feature the same phase transitions at the same temperatures. Therefore, for
clarity, in Fig. 7.3, the whole DSC curve (heating scans on the top and cooling scans
at the bottom) is only shown for the pure HEUR film (the DSC heating curves of the

nanocomposites are shown in Fig. A.4 in the section A.3.1 of the appendix A).

heating scan |

1 ' heating scan Il | __ II-|EURIf'| ' : '
= ! cooling scan | D |pure 1im
g : cooling scan Il ; 1+ 1 wt% MNPs 10'24 Wig Tendo up
; €0 'AOT(GE;Z)O ) \~: cooling scan lI ; + 3 wt% MNPs
8 ! = |
% . —_ Tendo up *g
2 | J <
- T ; 2
a T i 2 Wig N
E — £ ]
: | a) s 0)
< T T T T T T T T

100 50 O 50 100 -110 -100 -90 -80 -70 -60 -50
T(°C) T(°C)

Figure 7.3.: a) DSC heating (scan | from -150 °C to 80 °, scan Il from -150°C to 90°C) and
cooling curves (scan | from 40°C to -150°C, scan Il from 80°C to -150°C, scan IlI from 150°C
to -150°C) of the pure HEUR film with 10°C/min. For clarity, the curves are shifted vertically.
The dashed line indicates the melting/crystallization peak of the PEO crystallites at ~ -22°C
(the peak of the heating scan Il is enlarged in the inset). The melting/crystallization peak of the
crystalline PEO portion is highlighted by the orange rectangle. b) DSC heating thermograms
showing the glass transition steps of the 3 nanocomposites. For clarity, the curves are shifted
vertically. The glass transition temperatures T}, are calculated as the midpoint of the heat flow
step and are indicated by short lines. For all the curves, the error bars are smaller than the line
width [158]

In previous calorimetric studies on polymer membranes containing water [160], a very
similar endotherm transition was found in the same temperature range. According to
previous studies, one might tentatively assign the more intense endotherm peak at lower
temperature to the melting of the water clusters bound to the polymer chains and the
second one at higher temperature to the “free” water molecules which are not directly
bound to the polymer. From the water sorption measurements, we find that, in the
relative humidity range rh of 40% and 80% (which can be defined as usual conditions),
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the investigated “dry” films contain a certain amount of water (hy between 1% and 6%).
Therefore, we might also ascribe the observed melting/crystallization peaks at ~-22 °C to
the water trapped in the polymer matrix. However, in order to clarify whether the origin
of this endothermic transition at ~-22 °C is related to the water content, we acquired
DSC cooling curves starting from three different temperatures, namely 40 °C, 80 °C and
150 °C (curves LII and IIT shown at the bottom in Fig. 7.3). The aim of heating up
to different temperatures prior to the run is to affect the state of the water absorbed
in the film. Especially for scan III, the sample was heated up to 150 °C in order to
be sure that any “clustered” water was fully evaporated. In the cooling curves, the low
temperature exotherm (corresponding to the “double” melting peak in heating) is located
in all the scans in the temperature range between -40 °C and -10 °C. The fact that these
phase transitions appear similar in shape and that they occur at the same temperature
in all scans, irrespectively of the water content, suggests that they are not related to the
crystallization or melting of water. These crystallization/melting peaks may rather be
attributed to the PEO chains, or PEO crystallites, that experience constraints different
from the bulk PEO phase, leading to a remarkably strong suppression of crystallization.
It is worth noticing at this point that, contrary to what would be expected in such
systems, these crystallization (in the cooling scan) and melting (in the subsequent heating
scan) peaks appear at the same temperature. Probably, the polyurethane (PU) segments
interact with these PEO chains, leading to the observed thermal behaviour. Due to the
presence of these PEO crystallites, the system is quite heterogeneous. The well-known
and documented crystallization/melting of PEO [161] is observed in all scans in Fig. 7.3
a) at 50 °C (orange rectangle in Fig. 7.3) indicating that the HEUR polymer is, at least
partially, crystalline. The degree of crystallinity of the polymer can be calculated by:

X _ AI_‘[;EG'

= 2
A (72)

Where AH} . is the enthalpy of fusion of the PEG portion of the HEUR polymer (0.095
kJ/g from the DSC curve) and AH% . the enthalpy of fusion of 100% crystalline PEG
(AHY e = 0.19 kJ/g) [162]. Similar DSC results were obtained for the nanocomposites.
The degree of crystallinity, X, (with respect to the total polymer mass) and the enthalpy
of melting, AH,,, of all investigated samples are listed in table 7.1 and demonstrate that
the addition of MNPs only slightly affect the degree of crystallinity. Also in the presence
of the MNPs at concentrations of 1 wt% and 3 wt%, the crystallization /melting process of
the small fraction of PEO displaying strong supercooling is observed between -40°C and -
10 °C. Furthermore, the nanocomposites also show the crystallization /melting of the main
crystalline PEO portion at ~ 50°C" and the glass transitions at 7, ~ —75°C', as shown in
Fig. 7.3 b)). From the DSC measurements, we conclude that all the investigated systems
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Sample AH,,(J/g) Xe T, (°C) | A ¢, (J/g°C)
pure HEUR film | 73.7+2.2 | 0.37+£0.01 | =79 +2 0.05£0.01
+ 1 wt% MNPs | 75.14+2.3 | 0.38+0.01 | —78 +2 0.06 £0.01
+ 3 wt% MNPs | 77.84+2.3 | 0.39+0.01 | —80+2 0.04 £ 0.01

Table 7.1.: Enthalpy of melting AH,, , degree of crystallinity X, calorimetric T, and heating
capacities from DSC of the pure HEUR film and of the nanocomposites with 1 wt% MNPs and
3 wt% MNPs

are very heterogeneous. They consist of a main crystalline PEO portion, a small fraction
of crystalline PEO which crystallizes/melts at lower temperature, and an amorphous part
which gives rise to the observed glass transition. The MNPs do neither seem to affect
the relative proportions of these phases nor their dynamics. We only observe a slight
increase of the crystallinity degree X, with increasing the MNP concentration (table 7.1).
This result is in agreement with the SANS data shown in the chapter 5 on the structural
investigation of the HEUR-MNPs nanocomposites: The correlation peak at ¢ = 0.03 A
which is related to the domain size of the polymer structure, i.e. the distance between
the hydrophobic domains formed by the alkyl end groups of the HEUR polymer, does not
shift with increasing MNP concentration. Therefore, the morphology and the dynamics

of the sample are nearly not affected by the presence of the MNPs.
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7.3. Dynamic behaviour in the temperature domain:
Thermally stimulated depolarization current (TSDC)

measurements

In order to investigate the dynamics of the systems under investigation in the temperature
domain, TSDC measurements were performed. The thermograms of the pure HEUR film
and of the nanocomposites at two different polarization temperatures, i.e. T, = 20 °C and
at T}, = -60 °C are shown in Fig. 7.4. At T ~ 20°C, a very high depolarization current, I,,,
is observed, and it reveals strong dc electrical conductivity for all the investigated samples.
Besides the conductivity contribution, for all the samples, two dielectric dispersions are
found. Starting from low temperatures, in the global TSDC thermograms obtained with
T, =20 °C and T, = -60 °C, we observe a peak (indicated by an arrow in Fig. 7.4) at ~
-75 °C for the pure HEUR sample and at ~ -79 °C and ~ -80 °C for both nanocomposites.
This dispersion is attributed to the so-called a]-relaxation of the polymer, corresponding
to the dynamic glass transition of the amorphous PEO, and its peak temperature is a

good measure of the calorimetric T}, [163,164].

10 ‘b)

1049 o1
= 10" ) 45°C =10 -45°C 10.141
£ 6] £ o E10 1
‘E~10 1 -E_10 1 \107153
= ] > g1
<10 9 <10 < 107
—"10™] —107 107
10721" . . . . . . . 1024, . . . . . . 10-221 . . ' ' . . .
-150-120-90 -60 -30 0 30 -150-120-90 -60 -30 0 30 -150-120-90 -60 -30 0 30
T(°C) T(°C) T(°C)

Figure 7.4.: TSDC thermograms of a) the pure HEUR film,b) the nanocomposites with 1 wt%
MNPs and c) with 3 wt% MNPs polarized at T}, = 20 °C (black curve) and at T,, = -60 °C (red
curve). The error bars are smaller than the line width. The peak temperatures dispersions are
annotated [158]

In contrast to the TSDC results, no decrease of T, with increasing MNP concentration
is observed in the DSC data (Fig. 7.3 b)), but rather a step at ~ -75°C for all the samples.
We need to consider that the dispersion peak in the TSDC thermograms is affected by the
depolarization current; thus, the observed decrease in the peak temperature cannot be
attributed to a decrease in the glass transition of the amorphous PEO in a straightforward
manner. At higher temperatures, an additional dispersion is observed with the peak
temperature depending on the polarization temperature, 7,,: It is located at ~ -45°C for
T, = 20°C, and at ~ -55°C for T, = -60°C, indicated by the arrows in Fig. 7.4. The

dependence of the position of this process on the polarization temperature implies that



130 Chapter 7. Dynamics of the HEUR-MNPs nanocomposites as dry films

a charge polarization process may contribute to the electric dispersion. We also need to
consider that the temperature at which this dispersion occurs corresponds to the onset of
the melting/crystallization process at ~ -40°C, as detected in the DSC measurements (Fig.
7.3 a)). We remind here that we attributed this process to the melting/crystallization of
strongly supercooled, small PEO crystallites that coexist with the main crystalline PEO
phase and the amorphous PEO phase. Therefore, at this temperature, the sample is
strongly heterogeneous. Thus, the detected dispersion at ~ -45°C may be attributed to
a dipolar-like process as the Maxwell-Wagner-Sillars (MWS) polarization which usually

occurs in samples which are microphase-separated [165].

7.4. Dynamic behaviour in the frequency domain:
Dielectric relaxation spectroscopy (DRS)

measurements

The dielectric relaxation spectroscopy measurements were performed in order to inves-
tigate the molecular dynamics of the systems. The dielectric loss spectra of the pure
HEUR film at selected temperatures are shown in Fig. 7.5. The dielectric loss data of

the nanocomposites are shown in Fig. A.5 in the section A.3.2 of the appendix A.
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Figure 7.5.: Dielectric loss (¢") data of the pure HEUR film. The error bars are smaller than
the symbol size. The blue arrow indicates the segmental relaxation of the polymer («), the red

one the secondary 7-process and the green one the conductivity contribution [158]

Following those spectra starting from low temperatures, we observe between -85°C and

-45°C a weak relaxation process at frequencies of ~ 10° Hz. This process is attributed
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to the crankshaft motion of the methylene sequences in the PEO chain [142, 166], of-
ten termed as the ~-relaxation. At -65°C, a stronger relaxation enters the experimental
window from the side of low frequencies. The a-relaxation in PEO has previously been
observed at —50°C at ~ 100 Hz [143]. Since the observed relaxation process is located
in the same frequency range, we ascribe it to the a-relaxation of the amorphous PEO
portions in the HEUR polymer, associated to its dynamic glass transition. At even lower
frequencies (0.01 Hz — 1 Hz) and higher temperatures, a steep decay related to the DC-
conductivity dominates the spectra, especially between -20°C and 25°C. In the following,
we will show that more relaxations coexist in the DC-conductivity dominated region. At
this point, we would like to stress, that none of the three secondary relaxations, ¢, v and
(3 that are typically observed in PU-based systems [140] are found in the present systems.
Instead, the dielectric spectra are dominated by the PEO contribution. By comparing
the dielectric loss data (£7”) of the three films with increasing MNP concentration at the
same temperature, it is possible to observe differences in the dielectric behaviour of the
systems. For instance, in Fig. 7.6, we show the dielectric loss data of the three films at
-45°C. It is possible to observe an increase of the imaginary permittivity €” in the low
frequency range (0.01 Hz-1 Hz) as well as a moderate shift of the relaxation “shoulder”
(black arrow in Fig. 7.6) to higher frequencies with increasing MNP concentration. This
may be related to an acceleration of the segmental dynamics in the presence of nanopar-
ticles, but may also just be an apparent acceleration due to the influence of the increased

conductivity in the dielectric spectra of the nanocomposites.
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Figure 7.6.: Comparison of the dielectric loss data, ", of the 3 samples with increasing MNP
concentration at -45°C. The error bars are smaller than the symbol size. The black arrow

indicates the position of the shoulder related to the a-process
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7.4.1. Analysis of the DRS results

In order to quantify the effects on the segmental mobility and to investigate in detail the
frequency region dominated by the conductivity, we performed an analysis based on fitting
appropriate model functions. The dielectric loss spectra were fitted by a sum of Havriliak-
Negami (HN) model function terms (eq. 3.23). From the data fitting, the relaxation time
at the maximum of the processes, Tz = 1/Wmas, is extracted from eq. 3.24. The effect
of the conductivity in the temperature range between -80°C and 25°C was accounted for
in the fit of the €” spectra by including a term of the form: io /w°g, with ¢ being the DC-
conductivity of the material and ¢ is an exponent with a value close to 1 [91]. We fitted
all the data by one relaxation process for the data collected between -35°C and 25°C and
two relaxation processes for the data collected at lower temperatures, i.e. -45°C, -55°C
and -65°C. Two examples of the fit with two relaxation processes at -45°C and at -65°C
for the pure HEUR film are shown in Fig. 7.7.
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Figure 7.7.: Example of the fitting curves for the pure HEUR film at a) -45°C and b) -65°C. At
-45°C, the contribution of the conductivity is shown. The error bars are smaller than the symbol
size. At -65°C, the contribution of the ~-relaxation is better visible (the contribution of the
conductivity is not shown in order to emphasize the contributions of the relaxation processes)
[158]

The results about the involved time scales, 7, are given in an Arrhenius map in Fig.
7.8. For comparison, in the same plot, we also include the temperatures of the TSDC
peaks, at the equivalent relaxation time of 100 s.

The 7-relaxation follows the Arrhenius behaviour described in the eq. 2.65. This con-
firms its local nature.

On the other hand, for all the samples, the main relaxation process occurring in the whole
analyzed temperature range shows the Vogel-Fulcher-Tamman-Hesse (VFTH) tempera-
ture dependence (eq. 2.66), typical of cooperative processes, i.e. the a-process (dynamic

glass transition) [91].
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Figure 7.8.: Relaxation map showing the main processes and related fitting curves found for
the 3 samples (pure HEUR polymer and nanocomposites), namely the VFTH-like polarization
process (Mawell-Wagner-Sillars), the VFTH-like segmental relaxation («) and the Arrhenius-like
secondary relaxation (7). The error bars have almost the same size of the symbols. 75,» indicates
that the relaxation times of the MWS polarization process are obtained from the M” data (Fig.
7.9). Representative VFTH and Arrhenius fits are for the sample with 3 wt% are also shown.

The dispersion peaks at -55°C observed by TSDC are plotted at the equivalent relaxation time
of 100 s [158]

In order to compare the DRS results with those from TSDC and DSC, we use the
so-called dielectric glass transition temperature, Ty 4;;. It is calculated by extrapolation
of the VFTH fits (eq. 2.66) to a standard relaxation time of 100 s. The glass transition
temperatures T}, of the films are reported in the table 7.2 and it is not affected by the MNP
concentration in the polymer film. Therefore, we conclude that the presence of MNPs
has no remarkable effect on the time scale of the main process in the nanocomposites.
The glass transition temperatures calculated with eq. 2.66 are, within the uncertainties,
in agreement with the experimental values obtained by DSC. A difference in the VFTH
fits is revealed by the limiting values of the relaxation time for infinite temperature, 7,

MNP (Wt %) EA(’}/) Tcx,TSDC (OC) Tg,diel (OC) D T0 (Db) To(OC)
0 11.3+0.7 —75+£5 —71.1£12 | 3.3+0.5 71+3 —98.3£1.6
1 11.1+£0.3 —80+£5 —71.5£5.7 | 28+06 | 25030 | —97.4+2.9
3 16.5+0.9 —80 £ 51 —673+71|15+08 | 680£90 | —81.4+6.7

Table 7.2.: Activation energies F/4 related to the vy-process, Ti, from TSDC, T} 4;¢; calculated
from the VFTH fits, and the parameters used in the VFTH fits (according to the Angell's
formalism [83]) of the a-relaxation
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(table 7.2). It increases with increasing the MNP concentration. The quantity 7y is usu-
ally assumed to be equal to a typical phonon frequency, which is of the order of 2-10
THz [91]. Deviations from the expected range of 75 can be explained by a transition to a
different temperature dependence at very high temperatures. Another interesting differ-
ence in the relaxation map regards the y-relaxation detected at low temperatures [167].
Despite the limited number of experimental points related to the v-relaxation, we fit them
using the Arrhenius equation (eq. 2.65), and obtained the activation energy values E4(7)
reported in the table 7.2. The results suggest a slightly elevated activation energy for
the nanocomposite with 3 wt% MNP concentration. We believe that this effect might be
related to the changes in nano-morphology as demonstrated by the slight increase of the
degree of crystallinity (table 7.1) and the changes in the degree of microphase separation.
The methylene sequences, whose crankshaft motion gives rise to the y-relaxation, are ex-
pected to face in the interfaces between different energy landscapes that inhibit slightly
their mobility. The same kind of effects on the activation energy of the v-relaxation, was
observed in PU systems [168]. In general, the relaxation map shows no big difference
between the dynamics of the pure HEUR film and the nanocomposites, meaning that
the MNPs do not seem to influence the dynamics of the HEUR polymer. This is most
probably due to the fact that the MNPs, being coated with oleic acid and oleylamine,
interact mainly with the hydrophobic ends of the telechelic HEUR polymer. Therefore,
they do not influence the motions associated to the main PEO (polar) chain. This re-
sult is in agreement with the structural characterization previously performed by SANS
measurements (chapter 5, paragraph 5.2) in which we did not observe any influence of
the MNPs on the domain spacing of the polymer matrix. Therefore, the MNPs addition
neither affects the structure nor the dynamics of the polymer matrix. This means that
the morphology is not modified and that the fragility of the material is not increased
upon the addition of MNPs. However, as detailed below, the MNPs have an effect on the

conductive behaviour of the materials.
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7.4.2. High conductivity region-charge transport effects

In the following section, the details about the MWS relaxation are discussed. Increasing
the temperature to the range -20 °C to 25 °C, a very high conductivity contribution is
observed in the low frequency region. This region, however, cannot be fitted adequately
by a simple DC-conductivity process. In addition, following the results by TSDC, one
more relaxation is expected in this temperature range. For conductive systems, it is
advantageous to describe the conduction mechanism using the formalism of the electrical
modulus M* (w)= 1/e* (w) [169,170]. In the following, by comparing different formalisms
for the description of the dielectric response, we will try to extract information on the
underlying mechanisms. In Fig. 7.9, the dielectric loss data of the pure HEUR film at 10
°C are shown together with the corresponding M”(w) data. They exhibit a low-frequency
peak, highlighted in Fig. 7.9 with a magenta arrow. The peak at higher frequency
(indicated by the blue arrow) is attributed to the segmental relaxation associated with

the glass transition of the amorphous PEQO, i.e. the a-relaxation.
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Figure 7.9.: Example of the fitting curve (at 10°C) used for the dielectric loss data of the pure
HEUR film in the temperature range between -15°C and 25°C. The error bars are smaller than
the symbol size. The corresponding data in the modulus representation are shown, and the

assigned relaxation processes are highlighted (see text) [158]

In Fig. 7.10, the M”(w) curves at 4 different temperatures, namely 20°C, 5°C, -10°C
and -20°C, are shown. At this temperatures we observed very high conductivity in the
corresponding dielectric loss data. It is known that the M”(w) curves should exhibit
low frequency peaks at frequency wy,q., at the crossover frequency of the corresponding
conductivity data, ¢’(w). The crossover frequency in the conductivity data is the fre-

quency value where the ¢’(w) curves start to change from the dc plateau values at lower
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frequencies to the power law dependence at higher frequencies [171]. We compare the
M7 (w) curves with the conductivity data ¢’(w) in Fig. 7.10, and the crossover frequency
is highlighted in the conductivity data. The expected peak at such crossover frequencies
in the electrical modulus formalism are the manifestation of the so-called conductivity
relaxation [169]. However, in the case of the pure HEUR film we note that, except for the
data at -20°C, the maximum frequency of the low-frequency peak in the M”(w) is located
at higher frequency than the crossover of the conductivity data (see dashed lines in Fig.
7.10).
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Figure 7.10.: Real part of the conductivity ¢’ and imaginary part of the modulus M” as a
function of the frequency of a) the pure HEUR film, b) with 1 wt% MNPs and c) with 3 wt%
MNPs at 4 different temperatures (20°C, 5°C, -10°C, -20°C). The error bars are smaller than the
symbol size. The dashed arrows connect the maxima of the M”(w) curves at low frequency with
the crossover frequency in the conductivity data which are marked by short vertical lines [158]

For the nanocomposites, we observe the same “shift” of w,,q, of the low frequency peak
in the M”(w) curves to a higher frequency than the crossover frequency in the o'(w)
curves, also at -20°C. In this case, the peak at low frequency in the modulus formalism
is not very well separated from the one related to the a-process, as it is for the pure
HEUR film. This result suggests that another process occurs in the low frequency re-
gion in addition to the conductivity relaxation. This process is most probably due to
an interfacial polarization mechanism, because of the low frequency region of occurrence
(1071 — 10 Hz), probably of the type of the Maxwell-Wagner-Sillars (MWS) which occurs
typically in systems comprised of regions with different conductivities [165]. Additional
information about the processes occurring in the low frequency region in the temperature
range between -20°C and 25°C can be extracted from the first derivative of the real part

of the dielectric permittivity e4..” = 0¢’/dlnw. The e4.,.” data turn out to be useful for
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systems which exhibit low-frequency relaxations alongside an appreciable Ohmic conduc-
tivity [172], as the €'(w) values are in principle not affected by the Ohmic conductivity,
and according to the Kramers-Kroning relationships, its derivative is proportional to the
part of €”(w) which arises from dipolar processes. Indeed, in the derivative formalism,
the relaxation processes visible in the dielectric loss data appear as sharper peaks and
without the conductivity contribution [173]. In Fig. 7.11, we compare the dielectric loss
data £” and the corresponding derivative data de’/dlnw at 20°C for the pure HEUR film

(the data of the nanocomposites show identical results).

o¢,¢

10 10" 10° 10" 10° 10° 10° 10° 10°
Frequency (Hz)
Figure 7.11.: Dielectric loss data ¢” (black squares) and derivative of the real part of the
permittivity d¢’ (red squares) at 20°C for the pure HEUR film. The error bars are smaller than

the symbol size. The processes detected in the derivative data (the a-process and the MWS

polarization process) are highlighted by the arrows [158]

From the derivative e4..” = 0¢’/dlnw data, we identify three processes. The one oc-
curring at high frequencies (~ 10° Hz) is the a-relaxation of the polymer as observed
earlier in the conventional dielectric loss data. At low frequencies, we observe two shoul-
ders which are not visible in the ” formalism, namely at ~ 107! Hz and at ~ 70 Hz,
respectively (highlighted by a green arrow in Fig. 7.11). The origin of the process at
~ 107! Hz is not yet completely understood. In the TSDC measurements, we observed
a dispersion depending on the polarization temperature at T ~ -45°C and at T ~ -55°C
at low frequency (~ 107! Hz), which originates from a charge polarization process. The
low-frequency processes observed in the modulus and in the derivative formalisms can be
associated to the dispersion found in TSDC. Thus, they could originate from a polariza-
tion mechanism, most likely of the type of MWS, since it usually reflects a microphase

separation within the sample [174,175]. According to the small angle neutron scatter-
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ing data of the investigated HEUR, polymer-based nanocomposites (chapter 5, paragraph
5.2), indeed, a microphase separation is observed. It originates from the phase separation
between the hydrophobic domains (composed of the alkyl ends of the HEUR telechelic
polymer) and the hydrophilic backbone of the polymer chain, mainly composed of PEO.
The addition of MNPs up to 3 wt% leads to the formation of clusters of MNPs. On the
other hand, according to the DSC and TSDC measurements, the pure HEUR film, as
well as the nanocomposites, are characterized by high heterogeneity mainly caused by the

PEO portion which is present in three phases:
« the amorphous PEO, giving rise to the glass transition at ~ -75°C
o small crystalline PEO regions where strong confinement of the PEO chains occurs
e the main crystalline PEO phase which gives rise to the melting process at ~ 50°C.

Therefore, we tend to attribute the MWS interfacial polarization process, which con-
tributes to the detected low-frequency dispersions, to the heterogeneity of the PEO do-
mains. The dispersion process observed in the TSDC data at -55°C, which we assigned
to the MWS polarization process (Fig. 7.4), most likely corresponds to the relaxation
process detected in the derivative of the real part of the permittivity e4.,” at ~ 10? Hz
(indicated by the green arrow in Fig. 7.11). We do this assignment also taking into
account the frequency where the peak at low frequency occurs in the modulus represen-
tation (Fig. 7.9, magenta arrow), which is at wye, ~ 600 Hz. In fact, the wpq, values
of the relaxation processes detected in the modulus representation are shifted to higher
frequencies than in the permittivity formalism [91]. In the Arrhenius plot presented in
Fig. 7.8, we included the M” peak frequencies of the slower component of the composite
peak which corresponds to this low frequency peak in e4.,.”. Its trace follows a VFTH
temperature dependence and agrees well with the peaks observed with TSDC around
-55°C. This implies that the dispersion observed in the TSDC data corresponds to the
same mechanism as the one detected in the DRS data in the temperature range between
-20°C and 25°C. The origin of the smaller relaxation at ~ 10~ Hz is yet unclear, however
it may be related to slower dynamics of PEO at the interfaces between amorphous and
crystalline domains (the so called ') or in amorphous areas inside the crystallites (the
so-called a) [176,177].
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7.4.3. Comparison of the conductivity data of the pure HEUR film

and the nanocomposites-polymer conductivity effect

In the high temperature region of the Arrhenius map shown in Fig.7.8; it is possible to
observe a faster dynamics for the nanocomposite with 3 wt% MNPs. In fact, the relaxation
times 75> associated to the interfacial polarization mechanism (MWS-relaxation) are
smaller than those of the other two samples. This effect on the relaxation times 7y~
of the MWS relaxation can be explained by considering the proportionality between the
relaxation time and the conductivity, o', of the material. In particular, the relaxation
time is known to be inversely proportional to the conductivity of the sample [91]. Indeed,
looking at the conductivity data, o/, at -10°C shown in Fig. 13, we may observe that the
plateau of the conductivity profile is one order of magnitude higher for the sample with
the 3 wt% MNPs than for the other two samples.

m  pure HEUR film ‘:? ]
e +1wt%MNPs o
A +3wt% MNPs Aog

]

10 10" 10° 10" 10* 10® 10* 10° 10°
Frequency (Hz)

Figure 7.12.: Conductivity data ¢’ (S/cm) of all the investigated nanocomposites at -10°C.
The error bars are smaller than the symbol size [158]

The increase of the conductivity for the nanocomposite containing 3 wt% MNPs, is
reflected also in the increase of the permittivity value, €”, as seen in Fig. 7.6. In order to
understand the origin of such a steep increase of the conductivity upon an increase of the
MNP concentration to 3 wt%, we constructed the Arrhenius plot for the conductivity by
plotting the conductivity plateau values as a function of inverse temperature (Fig. 7.13).

The Arrhenius plot gives information about the conductivity mechanism occurring in
the samples. However, as shown in Fig. 7.13, for all the samples, the conductivity
shows the same kind of temperature dependence, i.e. a VFTH-like, with only small
differences in the curves. Therefore, the conductive mechanism occurring in the films

must be the same for all the samples. The fact that, upon addition of MNPs, we observe
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Figure 7.13.: Arrhenius map of the conductivity for all the samples. The dashed lines are guides
for the eyes [158]

the same kind of conductive mechanism as in the pure HEUR film, implies that the MNPs
affect only indirectly the conductive phase of the film, which is the amorphous PEO
phase. In the structural characterization of the nanocomposites (chapter 5, paragraph
5.2), we observed the formation of large clusters of MNPs at an MNP concentration of
3 wt% (Fig. 7.14). However, single MNPs coexist with the MNPs clusters in the final
nanocomposite formulation (Fig. 7.14 b)), indicating that the HEUR polymers partially
disperse the hydrophobic MNPs. As observed in the investigation of the dynamics of
HEUR hydrogel network with embedded MNPs (chapter 6, paragraph 6.2) the presence
of the MNPs clusters close to the hydrophobic domains of the network leads to a “dilution”
of the polymers near the hydrophobic domains, allowing a higher mobility of the polymer
backbone. Indeed, in presence of the big clusters of MNPs, the hydrophobic domains
become larger, leading to a considerably different grafting of the sticky hydrophobic ends
of the polymer on the hydrophobic domains. This gives more space to the amorphous
PEO to re-arrange. We believe that we observe the same effect in the dry films, thus,
the higher degrees of freedom gained by the amorphous PEO allows an easier charge

transport, leading to the observed increase of the conductivity.
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Figure 7.14.: TEM image of the HEUR dry film with a concentration of MNPs of 3 wt%
showing a) large cluster of MNPs and b) large clusters of MNPs coexisting with single MNPs,
indicating that the HEUR polymer matrix partially disperses the MNPs [158]






8. Conclusion and outlook

In this work I presented the structural and the dynamic characterization of a novel type
of nanocomposites based on hydrophobically modified ethoxylated urethanes (HEUR)
and coated magnetite nanoparticles (MNPs). The nanocomposites were studied in two
different morphologies: as dry films and as hydrogels. The structural characterization
of these novel materials was carried out with experimental techniques like small angle
neutron scattering (SANS) and transmission electron microscopy (TEM). In the struc-
tural analysis, because of the complexity of the investigated system, at first we focused
on the study of pure polymer matrix. For this purpose, rheology measurements were also
performed. Together with the structural characterization, the magnetic response of the
nanocomposites in the dry state was evaluated. On the other hand, the dynamic anal-
ysis was performed by employing several experimental techniques such as neutron spin
echo (NSE), dielectric relaxation spectroscopy (DRS), thermally stimulated depolariza-
tion current (TSDC) and differential scanning calorimetry (DSC). The neutron spin echo
spectroscopy was employed for the dynamic analysis of the systems in the hydrogel state.
In the following, I summarize separately the results achieved with the structural and with

the dynamic characterization respectively.

8.1. Structural characterization

The structural characterization of the pure HEUR polymer matrix was carried out analysing
HEUR aqueous solutions at increasing at increasing polymer concentration ¢, employ-
ing SANS. Because of the complexity of the system, the experimental data were fitted

with two different models:

e A model developed for bicontinuous microemulsions based on the Teubner-Strey
(TS) theory, and afterwards applied also on composite systems (chapter 2 paragraph
2.2.5) [65,68,109]. The use of this model is based on the assumption that the
investigated system can be approximated to a bicontinuous microemulsion because

of the presence of microscopic interfaces between different domains.
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o A model originally developed for a system of polydisperse interacting colloids [58],
called “poly-core shell model” . It describes our system as a collection of flower-
like micelles, connected between each other by hydrophilic bridges, having spherical

poly-disperse cores.

Both models described well the experimental data. In particular, with the model based on
the TS theory, we followed the change of the domain spacing d = 27 /¢4, of the HEUR
network as a function of the polymer concentration ¢, and with the “poly core-shell
model” we studied the concentration dependence of other structural parameters such as
the radii of the micellar cores R.,.. of the polymer network, and the shell thickness of
the hydrophilic shells ¢. In general, by combining the results obtained with these two
different data analysis, we could follow the formation of a well percolated, inhomogeneous
gel network at high polymer concentration (¢p., >5 wt%) from an “open” or “dynami-
cal” gel structure for low ¢y, (0.46 wt% and 0.92 wt%). In the “open” network regime,
the interactions between the hydrophilic main polymer chains are negligible. We find an
agreement between these results and the rheology data, obtained for HEUR aqueous solu-
tions at increasing ¢pq,. In fact, the transition between the “open” network to a “dense”
one was found to be the cause of the absence of shear thickening in HEUR solutions with
¢ > 4 wt%. Thus, the rheology results confirmed the structural results achieved by the
different analysis of the SANS data of the pure HEUR aqueous solutions.

In the second step, we investigated the structure of the nanocomposite hydrogels contain-
ing coated MNPs with SANS and TEM. We prepared the hydrogels using separately two
different types of coatings for the MNPs, one hydrophobic (consisting of oleic acid and
oleylamine) and the second one hydrophilic (with an extra layer of C;sTAB) and we com-
pared the results. The analysis of the SANS data was performed with the model based
on the TS theory, because the complexity of the system did not allow a good description
of the experimental data with the simpler “poly core-shell model”. We found that both
types of MNPs tend to form large clusters above a concentration of roughly 0.8 wt%
and above this value the coexistence of large, dense MNPs clusters with isolated MNPs
is observed. We believe that the hydrophobic MNPs are embedded in the hydrophobic
domains of the HEUR network, while the hydrophilic MNPs stay in the aqueous phase
within the polymeric network and cut or suppress some cross-links.

We prepared the nanocomposites as dry films containing only hydrophobic MNPs. In
this case, from the SANS results, we did not observe a significant influence of the MNPs
on the structure of the pure polymer matrix. Since we cannot assume the network-like
structure in the dry state, the peak at ¢4, detected in the SANS curves in better as-
cribed to a microphase separation between domains with different chemical nature than
to the bare distance between the hydrophobic domains of the HEUR network. On the
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dry films we performed magnetic response measurements and we could observe a high
magnetic response. Thus, the superparamagnetic properties of the MNPs are kept in the

final formulation.

8.2. Dynamic characterization

Dynamic characterization on the nanocomposite hydrogels

The dynamics of nanocomposite hydrogels composed of HEUR polymers and MNPs was
investigated by DRS and NSE. From the DRS results, we detected three relaxation pro-

cesses in the temperature range between -100 °C and 25 °C:

1. The so-called a-water relaxation, associated with the glass transition of the super-

cooled water inside the hydrogels. This relaxation is not affected by the MNPs.

2. The segmental polymer relaxation, the a-relaxation, related to the glass transition
of the polymer. In calorimetry, we observe that the T, is decreased by ~ 4°C
with increasing the MNP concentration, indicating an acceleration of the segmental

dynamics at long time scales (7 &~ 100 s).

3. The (-relaxation, which we relate to the rotation of dipolar segments like C=0
and O-H, forming H-bonds with the water. We observe a decrease of the activation
energy F, associated with this process, with increasing the MNP concentration.
This result suggests that the MNP clusters lead to an increase of the sizes of the
hydrophobic domains, which results in a dilution of the polymer blobs near the
hydrophobic domain. As a consequence, the mobility of the smallest blobs is higher.
In contrast, the smallest blobs of the pure HEUR hydrogel freeze stepwise at low
temperatures and effectively shorten the mobile connecting arms. This results in a

more mobile network with suppressed collective motions.

In general, due to the use of three different techniques, i.e. DSC, DRS and NSE, we can
observe the different effects of the MNPs on the segmental dynamics of the polymer at

different time and length scales. In particular, we observed:

o At long time scales (7 &~ 100 s), probed by DSC, an acceleration of the segmental

dynamics.

o At intermediate time scales (7 ~ 10 ms), probed by DRS, a cross-over region is

found, where the a-relaxation times of the different nanocomposites overlap.

o At short time scales (7 ~ 10 ns), probed by NSE, a deceleration of the segmental

dynamics appears.
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We explain this difference with the change of the curvature of VFTH traces, which is
related to the cooperativity of the a-relaxation. We find an increase of the cooperativity
with increasing the MNP concentration. Therefore, the present systems qualify as ab-
sorbers for electromagnetic fields, since decreased energies or slowing down facilitates the
energy dissipation. The addition of MNPs is a way to decrease the glass transition of the

polymer, and therefore to modify the viscoelastic properties of the material.

Dynamic characterization on the nanocomposite dry films

As final step of this work, we investigated the dynamics and the thermal behaviour of
the nanocomposites as dry films using three different techniques: DSC, TSDC and DRS.
Therefore we could have a complete overview on the dynamics of the nanocomposites in
the dried state. The thermal characterization of the systems yielded to the detection of
three main phase transitions, which reveal a high heterogeneity for all the investigated

samples:

1. the glass transition of the amorphous PEO portion at ~ —75°C

2. the crystallization /melting between &~ —40°C and at ~ 10°C of the PEO crystallites

which experience different constraints as compared with the PEO bulk phase

3. the crystallization/melting at ~ 50°C of the crystalline PEO phase.

The pure HEUR sample is found to be semi-crystalline with a degree of crystallinity
of 37% with a water content of 6% (at relative humidity rh = 80%). The dynamical
characterization was at first carried out with TSDC measurements, which was directly
related with DSC experimental findings, reveal the existence of two main dispersions.
The one at ~ —75°C, which does not depend on the polarization temperature, 7}, is
attributed to the segmental relaxation of the amorphous portion of PEO (a-relaxation).
The second dispersion observed at higher temperature, namely at ~ —75°C, has been
found to depend on 7, meaning that a dipolar-like mechanism, like the Mawell-Wagner-
Sillar (MWS) polarization process may be involved. The MWS process is usually observed
when the sample is microphase-separated. Since in the structural characterization we
detected a microphase separation between different parts of the polymer chains, this was
expected. The TSDC results were compared with the ones obtained with DRS. From the

dielectric measurements, three relaxation processes were detected:

1. at -20 °C < T < 25 °C a low-frequency process, which we suggest to be related to
the MWS polarization

2. at -65 °C < T < 25 °C the a-process associated to the dynamic glass transition of
the amorphous PEO
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3. at T < -55 °C, the y-relaxation attributed to the crankshaft motion of the methylene

groups.

Nearly no influence of the addition of MNPs on the a-relaxation of the HEUR polymer
was observed. This means that the structural properties of the material, such as the glass
transition 7, and its fragility, are not affected by the presence of the MNPs. This result is
in agreement with the structural characterization of the nanocomposites, which revealed
no change in the domain spacing of the polymer network with increasing concentration
of MNPs. We believe that the MNPs do not influence the a-relaxation of the HEUR
polymer because, being coated with an hydrophobic shell, they interact mainly with the
its hydrophobic ends and not with the amorphous PEO portion. Therefore, the change
of polarity of the MNPs coating could lead to stronger interactions with the PEO chains,
resulting in a modification of the dynamics of the nanocomposites compared to the pure
HEUR film. On the other hand, the addition of MNPs influences the v-relaxation at
low temperatures. In particular, we observe an increase of its activation energy FE(7)
for the nanocomposite with 3 wt % MNP concentration. We ascribe this effect to the
slight increase of the crystallinity degree of the PEO portion upon increasing the MNP
concentration. We believe that the increase of the crystallites size inhibits the crankshaft
motion of the methylene sequences of the polymer backbone. Finally, we observe a steep
increase of the DC-conductivity in the temperature range -20 °C < T < 25 °C upon
increasing the MNP concentration. We ascribe this increase to the formation of large
clusters of MNPs which leads to a lower “grafting density” of the hydrophobic ends of the
HEUR polymer than in the case of the pure film (characterized by smaller hydrophobic
domains). The lower polymer concentration near the clusters allows the polymer to
re-arrange more easily, thus, promoting the charge transport. This effect leads to an
increase of the conductivity of the system. Despite the not perfect MNPs dispersion into
the polymer matrix, we manage to achieve two main results upon the addition of MNPs:

the increase of the conductivity and the keeping of the glass transition temperature.

8.3. Results in brief

We can summarize in the following points the main results achieved in this work on the

preparation and characterization of the novel magnetic nanocomposites:

1. Identification of the best mixture composition.
2. Connection between the conductivity and the dynamics.

3. Achievement of a first picture of the response to external stimuli; how does the

material behave in external fields.
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8.4. Future plans

In this work, we focused particular attention on the understanding of the structure and
the dynamics of the HEUR polymer matrix and on their dependence on the MNPs con-
centration. Another interesting point of view for future investigations would be to focus
on the magnetic properties of the MNPs, for instance, by performing magnetic relaxation
measurements. In fact, they would give information about the relaxation of the dispersed
nanoparticles and allow to distinguish between physically trapped and mobile nanopar-
ticles [178]. Furthermore, NSE measurements carried out in paramagnetic mode would
be of some interest in order to have additional insights into the dynamics of the MNPs.
However, both types of measurements are beyond the scope of the present study. On the
other hand, future improvements regarding the preparation of the novel nanocomposites,
would be a shift from hexane to DMF or DMAC as solvent. This would improve the final
dispersion quality since both, the polymer and the MNPs, are soluble in those solvents.
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A.1. Supporting information to the chapter 5

A.1.1. HEUR CMC determination through fluorescence

measurements

In order to obtain the critical micelle concentration (CMC) of the HEUR polymer un-
der investigation, a simple fluorimetric method was used. The anionic dye 8-anilino-1-
naphtalenesulfonic acid magnesium salt (ANS) (0.50 g) was added to 3 mL of HyO. The
fluorescence measurements were carried out using the Spectrofluorometer Jasco FP-750,
at room temperature (300 K), using an excitation wavelength A of 375 nm. The dye
ANS is not easily soluble in water, therefore the fluorescence intensity recorded at 480
nm was very low. The TAFIGEL® PUR 61 was gradually added to the ANS-H,O mix-
ture. The plot of the fluorescence intensity recorded at 480 nm versus the HEUR polymer

concentration (@poiymer) is shown in Fig. A.1.
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Figure A.1.: Fluorescence intensity at 480 nm of the dye ANS as function of the HEUR polymer

concentration (@poiymer). The red line is a guide for eyes

The fluorescence intensity increases increasing the polymer concentration. This effect is
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due to the solubility of the dye ANS within the hydrophobic core of the micelle composed
of the HEUR polymer molecules. We could extract the CMC value from the inflection
point of the fitting function of the experimental data (red line in Fig. A.1). The calculated

CMC value is: (2.89 +0.13) x 107* g/mL.



A.2. Supporting information to the chapter 6 151

A.2. Supporting information to the chapter 6

A.2.1. Differential scanning calorimetry measurements of the

nanocomposites as hydrogels
The DSC heating curves of the HEUR hydrogels with 0.46 wt% MNP and 0.8 wt% MNP
are shown in Fig. A.2. Three main phase transitions are observed: the glass transition

(T,) of the PEO portion of the HEUR polymer at ~ -80°C, the cold crystallization of
water at -48°C and the melting of deuterated water at -4°C.
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Figure A.2.: DSC heating curves of the nanocomposite hydrogels. The glass transition T, the
cold crystallization temperature of D2O, and the melting point of D2O are highlighted by arrows

Besides the slight decrease of the glass transition of few degrees for the nanocomposite
with 0.8 wt% MNPs (T, = -83 °C), there are no significant differences between the DSC

curves of the pure HEUR gel and of the nanocomposites.
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A.2.2. Neutron spin echo measurements on the nanocomposites as
hydrogels

The intermediate scattering functions of the nanocomposite hydrogels with 0.46 wt% and
0.8 wt% MNPs are shown in Fig. A.3 a) and b). The time decays of the scattering

function for the nanocomposites present the same features as the one of the pure HEUR

gel 25 wt% (aq) Fig. 6.9.
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Figure A.3.: Intermediate scattering functions of the nanocomposite hydrogels containing a)
0.46 wt% MNP and b) 0.8 wt% MNP. The red lines are fits with equation 6.5

The data were fitted with equation 6.5 explained in the chapter 6, paragraph 6.3.
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A.3. Supporting information to the chapter 7

A.3.1. Differential scanning calorimetry (DSC) on the

nanocomposites as dry films

The phase transitions of the nanocomposites under investigation were followed by Differ-
ential Scanning Calorimetry. The heating DSC curves from -150 °C up to 150 °C with 10
°C/min, of the nanocomposites are shown in Fig. A.4. The phase transitions observed are
the same as those observed in the DSC heating curve of the pure HEUR film (Fig. 7.3),
i.e. the glass transition 7 at ~ -80 °C, the melting peak of the small PEO crystallities
at ~-22 °C and the melting peak of the crystalline PEO portion at 49 °C. As for the
pure HEUR film, the degree of crystallinity, X., of the nanocomposites was calculated

according to the equation 7.2.
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Figure A.4.: DSC heating curves of the nanocomposites from -150°C to 90°C with 10 °C/min.
The glass transition temperatures T}, are highlighted by the dashed blue line. The magenta
arrow indicates the melting peak at ~ -22°C and the green one indicated the melting peak of

the PEO crystalline portion. For clarity, the curves are shifted vertically
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A.3.2. Dielectric relaxation spectroscopy (DRS) measurements on

the nanocomposites as dry films

The dielectric loss data of the nanocomposites at all the measured temperatures are
shown in Fig. A.5 and A.6. The main features, i.e. the high conductivity contribution
at low frequencies, the shoulder related to the a-relaxation and the one related to the
~v-relaxation, the of the dielectric loss profile of the pure HEUR film shown in Fig. 7.5
in the main text are conserved. Furthermore, we observe the increase of the conductivity

value in the low-frequency region of one order of magnitude for the nanocomposite with
3 wt% MNP compared to the pure HEUR film (Fig. 7.5).
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Figure A.5.: Dielectric loss data of the HEUR film with 1 wt% MNP concentration
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Figure A.6.: Dielectric loss data of the HEUR film with 3 wt% MNP concentration
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