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Zusamenfassung

Mischungen telecheler Polymere und Mikroemulsionen sind von grofer Bedeutung auf-
grund ihrer vielfdltigen moglichen Anwendungen und da sie als Modellsysteme fiir selb-
staggregierte Netzwerke dienen kénnen, bei denen die Konzentration und Konnektivitét
der Verkniipfungspunkte unabhingig voneinander variiert werden konnen. Auferdem sollte
die Strukturrelaxationszeit getrennt iiber die hydrophoben Enden der telechelen Polymere

gesteuert sein.

Diese Arbeit présentiert eine umfangreiche Untersuchung des Assoziationsverhaltens
telecheler Sternpolymere in wéssriger Losung, in Anwesenheit und Abwesenheit von Mikroemul-
sionstropfchen unterschiedlicher Grofie und mittleren Abstandes. Dabei wurde der Ef-
fekt unterschiedlicher Typen solcher mehrfach verbriickender Polymere und ihr Effekt
auf Struktur und Dynamik von Ol-in-Wasser Mikroemulsionstropfchen untersucht. Hi-
erzu wurden makgeschneiderte verbriickende amphiphile Polymere mit zwei bis vier hy-
drophoben Endgruppen verwendet, die durch RAFT (reversible addition fragmentation
chain transfer) Polymerisation hergestellt worden war. Diese erlaubt die getrennte Varia-
tion der Anzahl der Arme (Funktionalitét), der Lange des hydrophilen Blockes (maximale
Verbindungslidnge des Netzwerkes) und der hydrophoben Endkette (Verankerungsstirke).

Ein detailliertes Strukturbild wurde durch SANS Messungen, speziell beziiglich der
Tropfchengrdfsen und der durch das verbriickende Sternpolymer induzierten Wechselwirkun-
gen in der Mikroemulsion, erhalten. Diese Messungen zeigten, dass die Grofte durch das
Polymer nur wenig beeinflusst werden, wihrend die Wechselwirkung sehr wohl durch die
Anwesenheit des Polymer modifiziert werden. Weiterfiihrende Messungen der Dynamis-
chen Lichtstreuung und der Rheologie (bis zu hohen Frequenzen von 2000 Hz) erlaubten
eine Korrelation der mikroskopischen und makroskopischen Dynamik. Diese Experimente
zeigten eine erheblichen Einfluss der Lénge der hydrophoben Endgruppe auf die Rheolo-

gie und insbesondere die Strukturrelaxationszeit, die exponentiell mit der hydrophoben



Kettenlinge anwichst, was sich auf der Affinitéit der Endgruppe zu den Oltrépfchen be-
griindet. Das dynamische Verhalten des Systems wird mit steigender Anzahl der Arme
wesentlich komplexer und sehr langsame Relaxationsprozesse werden sehr bedeutend, was
eine wesentlich effektivere Netzwerkausbildung anzeigt. Offensichtlich ist die Funktional-
itat dieser verbriickten Systeme ein mafgeblicher Faktor bei der Netzwerkausbildung und
damit der Kontrolle der Mikroemulsionsrheologie, wéahrend gleichzeitig die Lange der Poly-
merketten die Léngenskala bestimmt, iiber die Vernetzung moglich ist. Zusammenfassend
lasst sich sagen, dass die Architektur der telechelen Polymere (Anzahl und Lénge der
Arme sowie die Lange der hydrophoben Verankerung) zentrale Parameter zur Kontrolle

des rheologischen, dynamischen und strukturellen Verhaltens von Mikroemulsionen sind.
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Abstract

Mixtures of telechelic polymers and microemulsions have a tremendous interest due their
wide range of potential applications and also because they serve as model systems of self-
assembled networks, where the concentration of nodes and the connectivity can be tuned
separately. Therefore, the rheological properties of these materials can be controlled by
different topological parameters over a wide range. In addition, as self-assembling systems
their characteristic structural relaxation time may be controlled via the hydrophobic ends

of the telechelic polymers.

This work presents a comprehensive study of the association behavior of telechelic
star polymers in aqueous solution, in the absence or presence of microemulsion droplets
of different size and spacing. We have investigated various types of multiply bridging
polymers and their effect on the structure and dynamics of oil in water microemulsion
droplets. For that purpose we employed tailor made bridging amphiphilic polymers with
two to four linkers that were synthesized by the RAFT procedure, allowing to control the
number of arms (functionality), the length of the hydrophilic block (maximum length for

connection) and of the hydrophobic chain (stickiness) in a clearly separate fashion.

A detailed structural picture was obtained by SANS measurements, especially with
respect to the effects on the droplet sizes and even more on the interactions in the mi-
croemulsion systems induced by the bridging star polymer. They showed that the size is
little affected by the addition of the polymer while the interactions are modified by the
presence of the polymer. In addition, dynamic light scattering and rheology measurements
going to high frequencies (2000 Hz) were carried out, which allowed to correlate microscopic
and macroscopic dynamics. These experiments show that increasing the sticker length has
an enormous impact on the rheology and, in particular, on the structural relaxation time
which rises exponentially with the length of the hydrophobic chain due to a stronger affin-

ity of the end-cap chain to the oil droplets. The dynamic response of the systems becomes
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much more complex with increasing number of arms and slow relaxation processes become
very pronounced due to a much more efficient network formation. Accordingly the func-
tionality of these bridging systems is an important factor in network formation and control
of rheology in microemulsions, while the length of the polymer chains determines the length
scale over which such networks are formed. In general, the architecture of the telechelic
polymers (number and length of arms as well as length of the hydrophobic sticker) has been
shown to be key points in controlling the rheological, dynamical and structural behavior

of microemulsions.
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Chapter 1

Introduction

1.1 Microemulsions

Microemulsions are isotropic, thermodynamically stable mixtures of two fluids forming
nanoscale domains separated by an interfacial fluid film. In general, these fluids are water
and oil and the film is made of surfactants. The surfactant at the oil-water interface lowers
the surface tension. Their structure can be oil-in-water (O/W) or water-in-oil (W/O)

droplets but also bicontinuous microemulsions are known [1-4].

The free energy of the surfactant layer at the liquid interface F' is the result of the sum

of the interfacial energy F;, a bending energy term Fj, and an entropic term

K _
F = E + Fb + Fent = ")/A -+ / |:3 (Cl + 02 — 00)2 -+ KOlcQ dA + nk’BTf(¢) (11)

where v is the interfacial tension, A the total surface area of the film, K the mean elastic
bending modulus, K is the Gaussian bending modulus, C; and Cy are the two principal
curvatures, Cy the spontaneous curvature, n is the number of droplets, kg is the Boltzmann
constant, and f(¢) is a function of the droplet volume fraction ¢ that accounts for the
entropy of mixing of the microemulsion droplets. For dilute systems where ¢ < 0.1, it has
been shown that that f(¢) can be approximated as In(¢) — 1. Microemulsion formation is

associated with ultra-low interfacial tension, v so the vA term can be neglected.

Consequently, the type of structure that is formed depends on the curvature of the in-

terface that is controlled by the bending energy of the amphiphilic film [5,6]. In many cases
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the film curvature can be estimated by simple geometrical requirements of the surfactant
molecule. The geometry of the amphiphile may be described by the packing parameter,
defined as the ratio of the hydrophobic chain molecular volume (vg), which is the volume
occupied by the surfactant in the assembly, to the product of the head group area (a,) and
the chain length (I5) [7].

(1.2)

In general terms, when p < 1/3 spherical aggregates are formed, cylindrical aggregates for
1/3 < p < 1/2, bilayers for p = 1 and inverse structures when p > 1.

In the case of non-ionic surfactants, based on ethylene oxide (EO) head groups, the
packing parameter changes with temperature [8]. The head group area of the EO chain
decreases with increasing temperature because the hydration of the EO groups decreases.
The temperature dependence decreases with increasing EO content for a given hydrophobic
group, and at constant EO content it will be larger by decreasing the hydrophobe size,
broadening the PEO chain-length distribution, and branching in the hydrophobic group.
The ternary systems based on C,E;/Alkane Oil/Water exhibit a rich phase behavior by
changing composition or temperature.

O/W microemulsions are generally low viscous liquids that find applications in many
fields such as detergency, oil recovery and drug delivery [9,|10]. However, for a variety
of situations their technical applicability is limited by their low viscosity. Therefore, the
control of the viscosity of microemulsions is a highly interesting and important topic.
There are various options for increasing the viscosity of microemulsions, which often are
based on the addition of polymers. One logical option is to cross-link the oil droplets by
bridging amphiphilic polymers, a concept which works well with end-capped PEO. The
interconnection of droplets leads to a substantial increase in viscosity once passing an

effective percolation concentration of droplets and polymer.

1.2 Associative Polymers in aqueous solution

Associative polymers (APs) are hydrophobically modified polymers that, due to their am-
phiphilic character, tend to aggregate in aqueous solutions. Their major interest is their

applications as rheological modifiers. The properties of APs depend on the number of



associative groups. Polymers containing more than one associative group may associate
in aqueous solution so that these groups assemble into the same aggregate or different
aggregates.

In the following section the most relevant properties of associative polymers in aqueous
solutions will be introduced. In the literature a large number works deal with different
types of associative polymers, hydrophobically modified hydrophilic polymers or block
copolymers with a great variety of chemical compositions and molecular architectures.
All of them are based on the same mechanism and driving force. Some of this work is

summarized in a recent review by Chassenieux et al. [11] and Tsitsilianis et al. [12].

1.2.1 Telechelic Polymers

Telechelic polymers aggregate at low concentrations into flower-like micelles |13]. The
aggregation numbers are low (between 5 and 25) compared to those of surfactant micelles.
For example, SDS has an aggregation number of 65 surfactant molecules per micelle [14].
The aggregation numbers determined by different techniques yield different numbers. The
obtained aggregation numbers from fluorescence are lower than those obtained by static
light (or neutron) scattering and these are slightly lower than from dynamic light scattering
(DLS) and viscosimetry [15-17].

Moreover, the theory predicts that the aggregation number results from balancing the
interfacial energy, configurational entropy, and excluded volume interactions in the corona
against the deformation energy of the hydrophobic chains in the core. The polydispersity
arises from thermal fluctuations [18|. In the case of long hydrophilic chains, the back-
folding does not affect the free energy and, therefore, a solution of telechelic chains should
have the same aggregation number in terms of the number of hydrophobes per micelle as
a solution of double number of chains with one end-cap group [19]. In fact, this result has
been also found experimentally by Sérero et al. [13].

By increasing the concentration, the micelles come closer together and polymer chains
are able to reversibly form bridges between micelles |20]. This reversible intermicellar ag-
gregation leads to the formation of clusters (See Fig . The size of the clusters grow
with increasing concentration until a certain critical concentration, where one cluster oc-
cupies the entire volume. At this concentration, the percolation concentration, a transient

network is formed. The structure of the network is based on flower-like micelles bridged
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Figure 1.1: Sketch representing the aqueous behavior of telechelic polymers. At concentra-
tions higher that the critical micellar concentration the polymers aggregate into flower-like
micelles, at concentrations higher than an overlap concentration of the micelles (c;), clus-
ters of a few micelles form, and at concentrations higher than the percolation concentration
(cp) one cluster occupies the whole volume and a network is formed.

by telechelic polymers that have their two end-caps in two different micelles.

The structure has been successfully described with the model of a star proposed by
Fetters et al. [21]. This model describes the flower-like micelles as chains emerging from
the core, like a star polymer [22]. The model describes the small angle scattering data at
the low concentration regime, where the micelles are isolated, and the concentrated where
they are found to interact repulsively |13}23].

Regardless of the lifetime of the bridges, the strength of the interaction is of about
1kgT per chain. At constant concentration, an increase in the strength of the attraction
leads to phase separation [24].

The rheological properties of networks formed by telechelic polymers in aqueous solu-
tions have been studied in detail [25-28|. They exhibit shear thickening behavior prior to
a sharp decrease in viscosity of several orders of magnitude [29]. Oscillatory shear mea-
surements exhibit a rheological response that can be characterized by one single relaxation
time 7r and a plateau modulus Go that may be described by the Maxwell model. The
relaxation time is related to the exit rate of the hydrophobic sticker from the micelle since
it has been found to be the same as the relaxation times determined for micellar kinetics

for surfactants with the same chain length. [27]

1.2.2 Associative polymers with multiple linkers

Polymers with many hydrophobic groups attached to a hydrophilic backbone associate in

more complicated structures since the hydrophobes may associate with other hydrophobes
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of the same polymer molecule or of different molecules. Depending on the polymer ar-
chitecture and concentration, these polymers also form transient networks. They show a
strong viscosity increase in the semi-dilute regime that is more pronounced if the grafting
density is higher or the length of the stickers is increased. These solutions show a viscoelas-
tic behavior. The rheological response presents a broader distribution of relaxation times
compared to the HM-polymers [30}31].

A theoretical work proposed by Rubinstein and Semenov [32] predicted that the dy-
namics in such systems is mainly controlled by intramolecular association. With increasing
concentration, the polymer chain dynamics can be described by a sticky Rose model. The
increase in viscosity with the concentration is due to the intermolecular association.

In the case of just a low number of hydrophobes per polymer, i.e. more that 2 but less
than 10, considerably less work can been found in the literature. Recent investigations
on 3-arm end-capped polymers showed a preference for intra-association instead of inter-

association in agreement with the theory [33]

1.2.3 Addition of surfactants to telechelic polymers

The phase behavior of telechelic polymers may be modified by the addition of surfactants
preventing the system from phase separation. The addition of small amounts of surfactants
to associative polymer solutions induces a viscosity increase until the critical micellar con-
centration (cmc) of the surfactant is approached. However, an excess of surfactant induces
a drastic decrease in viscosity [34-37].

Depending on both the concentrations of telechelic polymer and surfactant, the binding
can be uncooperative or cooperative |38|. In terms of the structure, they form mixed aggre-
gates with a relatively constant size when the number of hydrophobes is kept constant [39]
and the surfactant aggregation number determined by SANS is lower than that observed

in pure water [23].

1.3 Microemulsion-ABA polymer networks

The admixing of doubly hydrophobically end-capped polyethylene oxide (PEO) to mi-

croemulsions has been studied intensely with respect to the formation of transient net-



works. In terms of the phase behavior, they exhibit an extended monophasic region with
a fluid sol region at low droplet and polymer concentrations and a viscoelastic region at
higher droplet and polymer concentrations separated by a percolation line and a two phase
region [40]. A typical phase diagram is depicted in Figure . The phase separation has a
purely entropic origin since the increase in polymer configurations overcomes the entropy

loss due to the phase separation and the formation of a dense phase [41]. The parameters

2¢

Gel Phase
Sol Phase

@ &
a0

Number of stickers per droplet

Droplet volume fraction

Figure 1.2: Phase behavior of micromulsions upon addition of telechelic polymers

that are controlling the system (see Figure are the radius of the droplets R, distance
between the microemulsion droplets d, the end-to-end distance of the polymer R,., the
length of the sticker and the concentration of both, polymer, and droplets. The distance
between the center of two neighboring droplets can be calculated assuming a primitive

cubic arrangement of the droplets as

o/ 1 G [4mR?
d:\/;—” 3 (1.3)

where n is the number density and ¢ the droplet volume fraction. The surface-to-

surface distance is d* = d — 2R. The most important parameter is the ratio of the droplet

distance and the polymer length, that for ideal chains is R.. = N'/2[ (N is the number
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of monomers in the polymer chain and [ the length of a monomer). If the inter droplet
distance is larger than the end-to-end distance of the polymer, the polymers form loops
decorating the droplets. If d is equal or shorter than R,. bridges between droplets can be
formed leading to the formation of clusters. By increasing the concentration of polymer,
percolation can be achieved and a network is formed.

The length of the sticker determines the residence time of the hydrophobes in the oil
droplets and, thus, the lifetime of the bridges [42].

Figure 1.3: Sketch indicating the relevant parameters in the properties of telechelic poly-
mers and microemulsion systems: the radius of the droplets R, the average distance be-
tween the droplets d given by the droplet size and volume fraction, the end-to-end distance
of the hydrophilic polymer chain R..

The structural characterization of these systems by means of small-angle neutron scat-
tering (SANS) [43H45] confirmed that the admixture of telechelic polymer does not lead to
a change of the droplet size and they exhibit a net attractive interaction in the sol phase
and a net repulsive interaction in the gel phase.

The gel phase exhibits a viscoelastic behavior with only one characteristic relaxation
process. The relaxation time of the network depends on the length of the hydrophobic
end-group. However, dynamic light scattering (DLS) experiments shows a rather complex
behavior with various relaxation times [42,46]. The inverse system consisting of a W /O
microemusion with end-capped linear hydrophobic polymers has shown the same phase
behavior, structure and dynamic properties as the classical system in water [47-49).

Computer simulations on such systems show that the minimum of the potential is

7



placed at a droplet separation similar to the end-to-end distance of the polymer [50].
Reference [51] showed that the fraction of polymers forming bridges was determined to
have a strong dependence on the length ratio of the polymer end-to-end distance and the
surface-to-surface distance between neighboring droplets for a lattice arrangement of the
droplets. This fraction was independent of the number of polymers and independent of the
polymer length and stiffness, except for very stiff or very long polymers. In fact, a universal
behavior of the investigated properties was found, when examining the results versus the
length ratio of the polymer end-to-end distance and the surface-to-surface distance between
neighboring droplets for a hypothetical homogeneous droplet distribution [52]

A theoretical study by Bhatia and Russel [53] of two spheres with associative polymers
predict that at a separation less than the end-to-end distance of the polymer (d < N'/2[)
the free energy exhibits an attractive minimum of 1kgT" per chain. They predict that for
colloids in solution with associative polymers the interaction can be several kg7, enough
for phase separation. But for chains in good solvent, the attraction may be weaker, ans
thus suppressing the tendency for phase separation. Helgeson and Wagner [54] go further
for a very similar system and describe the potential by a Hard Sphere Double Yukawa
(HSDY) potential. In this way they are able to predict the structure and phase behavior.

Further, the microemulsion networks are brittle according to the Griffith’s theory of
solid fracture [55]. The physical origin of this phenomenon is the reduction of the lifetime

of links when they are under stress [56].

1.4 Motivation of this investigation

So far multi-armed (multi-functional) polymers have hardly been studied with respect to
their ability of bridging microemulsions and their effects on the rheological properties.
Furthermore, the aggregation behavior of telechelic star polymers in aqueous solutions
should differ from that of their linear homolog.

Accordingly, such an extension of experimental studies on polymers with more complex
architecture is undertaken here. In this study we were interested in the effect that end-
capped star polymers of low functionality (f=2-4) have on the aggregation behavior in

water and the formation of microemulsion networks , where the linear polymer (f = 2)
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serves as a reference.

As model microemulsion, we chose the well known system of tetradecyldimethyl amine
oxide (TDMAO) with decane as oil phase. This system is known to form low viscous
microemulsions containing small spherical and rather monodisperse droplets [57]. This
microemulsion has rather small droplets (R =2.4 nm) and have a interdroplet distance
of d =13 nm for ¢ =0.033. The tailor made linear and star telechelic polymers have a
larger length, i.e. R.. > d. In this case, we expect the formation of a network. Our aim
is to study the structure and dynamic properties of networks formed with polymers with

varying architecture.

b)

Figure 1.4: Schematic representation of microemulsion networks with end-capped star
polymers with 2, 3 and 4 arms.

Moreover, we studied a microemulsion with composition Triton X100 / Brij 30 / Decane
in water. Here, the droplets are larger (R = 6nm) and the interdroplet distance can be
widely varied by changing the droplet concentration. For instance, for a droplet volume
fraction of ¢ =0.033, d =34 nm and for ¢ =0.1, d =24nm. With this system we can study
the case of R.. < d. Our aim is to investigate the phase behavior, the structure and the
dynamic properties of the microemulsion/polymer mixtures as a function of the polymer
architecture.

In our experiments, we varied systematically the concentration of the added polymer,
the length of the hydrophobic sticker, and, most importantly, the functionality, as given by
the number of arms. By combining the results from SANS, rheology, and DLS, our aim was
to derive systematic correlations between the architecture and amount of added polymer
and the structural, dynamical, and rheological properties of the microemulsion/polymer
mixtures.

The thesis is structured as follows. In Chapter 3 I present the characterization of the

end-capped linear and star polymers and in Chapter 4 the behavior of the polymers in



aqueous solutions. Chapter 5 includes the investigation of a model microemulsion network
based of TDMAO 100mM / Decane 35mM / water and a commercially available telechelic
polymer Cig — EOq50 — Cg (Rewopal® 6000DS). In Chapter 6 the structure and dynamics
of the microemulsion TDMAO 100mM / Decane 35mM / water with end-capped linear and
star polymers is presented. Finally, Chapter 7 reports the phase behavior and structural
investigation of the microemulsion Triton® X100/ Brij® 30/ Decane / water with end-

capped linear and star polymers.
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Chapter 2

Methods

2.1 Small-Angle Scattering

Scattering methods have become essential techniques for the characterization of mi-

crostructure and dynamics in the field of colloid and interface science [5§].

In a small-angle experiment, a source produces a beam (neutron, X-rays, or light)
scattered by the sample due to the inherent imhomogenities. The scattered intensity is

measured by a detector at an angle 6, as depicted in Figure [2.1

Sample

Figure 2.1: General set-up geometry of a scattering experiment with a light or neutron
source, the sample with dispersed particles scatter light that may be collected at a certain
angle 6 by a detector.

The scattering wave vector q is defined as the difference between the incident wave
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vector ky and the scattered wave vector kg, and its magnitude is given by:

q=la| = 47TTnsm (g) (2.1)

The vector wave for the electric field of the incident beam of plane-wave, monochromatic

electromagnetic radiation is defined for one particle by Equation as function of the
position r and the time ¢.

E(r,t) = EyelkAr—wh) (2.2)

Ey is the maximal amplitude, k the wave vector whose magnitude is |k| = 2Ax/\, and
the angular frequency is w = 27/, with A being the wavelength of light in the medium.
Assuming that there is a weak scattering so that most of the photons pass through the
sample undeviated and the incident beam is not distorted significantly by the medium,
the amplitude of the electric field of the scattered radiation E (R, t), in the position of
detection R and at the time t is obtained by applying the Maxwell equations, and the
total scattered electric field is the sum of the fields scattered by the individual particles:

k2E0 ei(kR—wt)
4T R

N
> b, t)e R (2.3)

j=1

Ey(R, 1) = —

where b;(q,t) is the scattering length of the particle j and it is defined by:

bi(q,1) :/ An(rj,t) e " Xidsr; (2.4)
Vi

Here, An(r;,t) is the scattering length density at the position r; of the particle j and

at the time t. The dependence on the scattering material properties (dielectric constant,

refractive index, density) depends on the type of radiation. The measured quantity is the

scattered intensity and it is related to the electric field by I(q,t) = |E(q,t)[>. Therefore,

the scattered intensity can be expressed by the following equation:

N N
Is(qa t) = ESE; = Do Z Z bj (q7 t)b3 (q7 t)e_iq(Rj_Rj) (25)

The ensemble average on time (I(q);) is necessary in order to obtain structural infor-
mation. It is assumed that the sample is spatially isotropic in order to set it as a function

of the modulus of the scattering vector q. In addition, if a dilute system is considered, the
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particles are enough spread out so that their behavior can be considered as uncorrelated

and the scattered intensity can be approximated by the equation:

I 2<|b 1) = 22 (1,001 Pla) (2.6)

P(q) is the normalized intensity form factor of the system and describes the structure of

the individual particle in the system and it is given by:

Plq) = % 2.7)

In a concentrated system the interaction of the particles between each other has to be

taken in consideration. The structure factor takes into account the interparticle correlations

and is defined as:

%Z 3 (el —R0)) (2.8)

7j=1 =1
Finally, we obtain that the scattering intensity (Eq. is the product of the scattering
by N uncorrelated particles (Nb?(0)P(q)) and the structure factor, defined by equation
which represents the modification of the intensity due to the spacial correlation between

the particles.

L) = St (B O)P) Pla) S(a) (2.9)

2.1.1 Small Angle Neutron Scattering (SANS)

The SANS experiment requires a source of neutrons. There are several types of neutron
sources depending on the mechanism to produce the neutrons, on which will depend the
energy and the rate of neutrons emitted by the source. The neutrons are particles that have
an associated wavelength. The maximum from the Maxwell distribution of wavelengths of
the neutron beam is the thermic De Broglie wavelength, A = h/v/2mkpT, that is related
to the mass of a neutron m and the temperature T'. Here, h is the Plank constant and kg
is the Boltzmann constant.

Subsequently, a small interval of wavelengths is selected and the beam is focused on
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the sample by a collimator. The scattered beam is measured by a bidimensional detector

that is situated at a distance R and an angle 6.

Velocity

Selector Apertures ‘ Sample ‘

un

Lcoll LSD

Figure 2.2: Scheme of a pin-hole SANS: The neutrons pass a velocity selector; the diver-
gence by two apertures in the collimation of length L.,;; then the neutrons hit the sample.
The non-scattered neutrons are absorbed by the beam-stop. The scattered neutrons are
collected by the position sensitive area detector at a distance Lgp.

The general set-up of a pin-hole SANS experiment is schematized in Figure 2.2l The

detected intensity at one pixel on the detector is:

I = QO(A)E(A)AdAQiT%(q) (2.10)

where @y is the incident flux, E()\) the detector efficiency, A the illuminated sample area,
d>/d2(q) the cross section, and AQ; the solid angle of a detector element. Af); can be

calculated from the area of a pixel a,,, and the sample-detector distance D:

AQ; = % (2.11)

All the intensities have to be normalized on the number of incident neutrons. This can
be done for example by dividing the measured intensity by a monitor count rate M. The

intensity is given as the ratio between the number of neutrons detected at the detector and
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those detected at a monitor situated before the instrument

"= — (2.12)

=

The incident intensity is:

_ IOfatt
M

10 = By(N)E(\) A (2.13)

Iy is the sum of neutrons detected at the detector, f,; the attenuation factor of the
attenuator employed to measure the direct beam, and M is the neutrons detected at the
monitor. If the incident beam were measured, this would saturate the detector. Therefore
an attenuator (different thickness of Plexiglass) is placed before the collimation.

The measured intensity of the sample requires a correction by substraction of the con-
tributions of the empty cell and background. The background noise corresponds to the
electronic noise, the cosmic radiation, and the detection of neutrons which have not passed
through the sample, e.g. scattered neutrons from neighboring experiments.

Therefore, the corrected and normalized intensity at a given pixel of the detector can

be expressed as:

Is; Ip; T Irc:, Iy
sam le,i — b B - a bed B (214)
e Mg  Mp Tpc \Mgc Mp
The index B stands for the background, EC for the empty sample holder, and S for the

Ts

sample in the sample holder. The factor T

accounts for the attenuation of the beam by
the sample.
The cross section can be calculated from the intensity from Equation [2.10]
s, . 15,/Ts

09 = a0, (219

The SANS measurements were performed on several instruments, located at different

neutron facilities in Europe. The specifications of each set of measurements are as follow:

SANS 2D, ISIS, England

The SANS measurements of Chapter 3 were performed at the pulsed source ISIS, England,
on the SANS 2D time-of flight instrument. The sample-detector distance, as well as the
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collimation were 4m. The wavelength was from 2 to 14 A. The range of the scattering
vectors was 0.05 < ¢ < 8 nm~!. The SANS data were treated according to standard pro-
cedures for absolute scaling, radial averaging, and background subtraction. The absolute
scaling was done with a monodisperse, partially deuterated polymer blend. The detection
efficiency was not taken into account. Each sample was measured for a total of 15 minutes

of acquisition time.

PAXY, LLB, France

The SANS measurements of Chapter 6 were performed at the spectrometer PAXY of the
Laboratoire Léon Brillouin (LLB, CEA-CNRS, Saclay, France) with a neutron wavelength
of 5 A and sample-to-detector distances of 1.145 and 5.045 m. The covered range of the
magnitude of scattering vectors was 0.08 < ¢ < 3.3 nm~!. For some samples an additional

configuration at 5.045 m and 15 A was measured going down to 0.04 nm™!.

Sapphire
cells with a 1 mm beam path were used for very viscous samples and Quartz Hellma cells

(110-QS) of 1 or 2 mm of thickness for the low viscous samples.

KWS 2, FRMII, Germany

The SANS measurements of Chapter 5 were done on the instrument KWS2 of the Jiilich
Center for Neutron Sciences at the Forschungs-Neutronenquelle Heinz Meier-Leibnitz (JCNS
at FRMII, Munich, Germany) [59], with scattered neutrons recorded on a 128x128 3 6Li
scintillation detector with CCDs detector of 68x68 cm?. Wavelengths of 5.0 and 1.2 A
(FWHM 20%) and sample-to-detector distances of 1.2, 8 and 20 m were employed with
collimation at 4, 8 and 20 m respectively, thereby covering a q-range of 0.02< ¢ <5.2 nm™*.
The sensitivity of the detector was accounted for by comparing to the scattering of a 1 mm

sample of water. Samples were contained in quartz cuvettes (QX, Hellma) of 0.5, 1 and 2

mm thickness and measured at 25°C.

KWS 1, FRMII, Germany

The SANS measurements of Chapter 7 were done on the instrument KWS1 of the Jiilich

Center for Neutron Sciences at the Forschungs-Neutronenquelle Heinz Meier-Leibnitz (JCNS
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at FRMII, Munich, Germany) [59], with scattered neutrons recorded on a 128x128 3 6Li
scintillation detector with CCDs detector of 68x68 cm?®. A wavelength of 4.5 A (FWHM
10%) and sample-to-detector distances of 1.2, 7.7 and 20 m were employed with collimation
at 4, 8 and 20 m respectively, thereby covering a q-range of 0.03< ¢ <5.2 nm~'. The sen-
sitivity of the detector was accounted for by comparing to the scattering of a 1 mm sample
of water. Samples were contained in quartz cuvettes (QX, Hellma) of 1 mm thickness and
measured at 25°C.

The sample thickness, the transmission, the dead time, and the electronic background
were accounted for, and the background due to the scattering of the beam with an empty
cell was subtracted. Hence, the scattering intensities given still contain the scattering
contribution of the solvent and the incoherent scattering. The obtained data was finally
radially averaged and merged using standard routines with the software BerSANS [60].
The obtained curves were fitted with SASfit [61], a program for fitting simple structural
models to small angle scattering data. The mathematical equations of the form and struc-

ture factor, which were employed, are listed below.

2.1.2 Model-Free Analysis of the Small-Angle Scattering Data

Guinier approximation

Regardless of the structure of the particle, at very low angles, the scattering curve can be
described by the forward scattering I, and the radius of gyration R around its center of
mass by the Guinier approximation [62]:

_ 2 R2
lim I(q) = lpexp q3 i (2.16)

q—0

The applicability of the Guinier approximation is restricted to low angles (¢Rg << 1)

and when the interparticle interactions are negligible [63].

Porod Law at the high q limit

At the high q limit, where very small distances are probed, there are no inter-particle

effects and the intensity decays with fourth power of q . The strength depends on the
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contrast d0p and the surface area S [64].
I(q) = 2rSAp*q* (2.17)

When the surface is not smooth, the Porod law can be extended by changing the power

law from 4 to n = 6 — d, being d the fractal dimension that can be extracted from n.

2.1.3 Model Analysis of the Small-Angle Scattering Data

The scattering intensity of monodisperse, spherically symmetric aggregates can be de-

scribed by the following expression:

I(q) = nV>Ap*P(q)S(q) (2.18)

where n is the number density of scatterers, V their volume, Ap the difference between the
coherent scattering length density of the micellar unit and the one of the solvent, P(q) the
form factor, and S(q) the structure factor that takes into account the interactions between

the aggregates.

Form factor

Generalized Gauss Coil

The curves of polymer coils swollen in good solvents can be described with a generalized

Gauss coil form factor.

UsT(g) ~ () — U5, U) +T(;.U)

'INVZAP*P(Q)eon = 1(0) 2y (2.19)
vUv
with
I'(a,z) = / t* " exp(t)dt (2.20)
and
2 2
U=(2v+1)2v+ 2)Q e (2.21)

6

v is the excluded volume parameter from the Flory mean Field theory. Typical values are

v = 1/3 (partially precipitated in poor solvents), v = 1/2 (thermally relaxed in "theta"-
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solvents), and v = 3/5 (swollen in good solvents) [65].

Homogeneous sphere

Microemulsion droplets can be regarded as homogeneous spheres or core-shell particles

depending on the scattering length density profiles.

ingR — qRcosqR\”
Pi(q) = (SSW" e ) (2.22)

(gR)?

Core-shell

The form factor of a core-shell particle with a core radius R.,.. and a shell thickness

tsnen 18 defined as:

VAPZP(q)shell = [Apshell(‘/core + ‘/shell)f(quhell) - (Apshell - Alocore)‘/coref(qficore))]2
(2.23)

where Rgneyn = Reore + tsheit; Dpeore and Apgren are the scattering length density contrasts
between the core and the solvent and between the shell and the matrix respectively. Vo,

and Ve are the volumes of the core and the shell respectively, and f(qR) is defined as:

(2.24)

singR — choqu) 2

flak) = <3 (¢R)3

Scattering length density contrast

The scattering length density contrast Ap between the sample can be calculated as the
difference of the scattering length density of the aggregates p,q, and the mean scattering

length density of the sample p:

Ap = pagg — P (2.25)

Pagg and p are the volume fraction pondered sums of the scattering length densities of
the individual components of the aggregates and the sample, respectively. The scattering

length density of all the components used in this project are listed in Table 2.1}

19



Log-Normal Size Distribution

When considering polydisperse particles a size distribution has to be introduced. In this

case, a log-normal distribution was chosen:

Ly = N/Ro(2m)?exp(—[In(R) — o]?/20?) (2.26)

where N is the number density of spheres. The polydispersity index PDI of this distri-

bution is identical to the variance o.

Structure Factor

The structure factor is related to the direct correlation function

1

=100

(2.27)

The direct correlation function C(q) is the Fourier transform of ¢(r), that can be calculated

by the Ornstein-Zernike integral equation [66]

h(ri2) = ¢(ria) — n/c(rlg)h(r23)dr3 (2.28)

Here, there are two unknown functions and, therefore, mathematical approximations, called
closures, are needed. These are typically the Percus Yevick (PY) for short range interac-
tions and Hypernetted-chain (HNC) for long range, and Roger-Young (RY) closure for
thermodynamically consistent S(q) where PY and HNC are used jointly [67].

We studied different systems with different type of interactions. Thus, several structure
factors were employed. In the following, we present a compilation of all the used structure
factors.

Hard Sphere Structure Factor

The potential in a hard sphere model is described by equation [2.29|

U(r) oo for0<r<o

keT 0 forr>o

(2.29)

where ¢ is the hard sphere diameter (0 = 2Rps).

With this restrictions and using the Percus-Yevick closure relation [68], the structure
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factor Sys can be calculated as follows [69,[70]:

1
1+ 24bys G(q,Rus,pHS)

Rusq

Sus(q, Rus, ous) =

(2.30)

where ¢ g is the hard sphere volume fraction and the function G(q, Rys, ¢ns) is equal

to:

_ inA—AcosA 2AsinA+(2—A%cos A—2)
G(q) — asm A2cos ‘I‘ 5 e +

2 o (2.31)

—Adcos A+4[(3A%—6)cosA+(A°—6A)sin A+6]

Y A5
and the parameters a, 3, 7, and A are defined by the following equations:
(1 + 2¢us)?

a=-—"" 2.32
(1 — ¢ns)* (2:32)

(14 dusp/2)?
=—6 2.33
_ drsa (2.34)

2

Sticky Hard Sphere

The interaction of systems with short range attraction and excluded volume repulsion
may be described by the Sticky Hard Sphere model proposed by Baxter |71]. In this model,

the interaction potential is defined by the following expression:

00 for 0<r<o

Ulr

k]iT) =4 1In flﬁ for o<r<o+A (2.36)
0 for >0+ A

where the hard sphere diameter is 0 = 2Rg.S, and A the width of the potential. When
applied, the limit A — 0 is taken. Thus, only a single parameter, the so-called stickiness

parameter 7, characterizes the adhesive strength. The Sticky Hard Sphere structure factor
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is defined as:

1

- (2.37)

Ssus(¢, Rus, ¢us, T)

where ¢pg is the hard sphere volume fraction and the correlation function C(q) is equal

to:

C(q) = 2% sin k — 2’72‘2 (1 —cosk)—
{ ak3(sink — kcosk) + Br*(2ksink — (k% — 2) cos k — 2)

+2 ((46° — 24K) sink — (k" — 12k* + 24) cos k + 24) } X 247

The parameters k, 1, €, v, A, i, a and 3 are described by the following equations:

¢ = 2R (2.38a)
B 2Rus + A ’
"= dus ( gt ) (2.38b)
e % (2.38¢)
B 1+mn/2
Y= ¢H53 (1— 77)2 (2.584)
\ % <6 _JET 7) (2.38¢)
f= (1 — ) (2.38f)
2
s (2+n) —2u(1+7njn2)+ﬂ2(2+”> (2.38¢)
2(1—n)
_+2m—p°
ot (2.38h)

Yukawa Hard Sphere

For systems with a long-range repulsion, a Hard-Sphere-Yukawa potential (Eq. [2.39))
was chosen, as it has been proven to successfully describe the long range repulsion in
non-ionic interacting systems [72,/73|.

00 for 0 < r < Rgs

U(r) = (2.39)
Aexp(—b(r — Ryg))/r forr > Rpyg
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where Rpg is the hard sphere radius. For r > Ryg, the radius and the volume fraction
of the hard sphere in this model are constrained to be defined by those of the sphere form
factor. A describes the maximum strength of the interaction and b its range. The structure
factor S(q) is obtained by solving the Ornstein-Zernike equation for the direct correlation

function C(r), which may be obtained under the rescaled mean spherical approximation

(RMSA) [74).

2.2 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) experiments are based on the analysis of the temporal
fluctuations of the scattered intensity due to density or concentration fluctuations of the
sample. The experimental set-up is just as in other scattering experiments (see Figure
where the detector is connected to a correlator that computes the correlation function from
the intensity fluctuations as a function of time (see Figure. These intensity fluctuations
can be calculated from the temporal correlation function of the photoncount rate of the

detector.

C(7) = (n(0)n(t)) (2.40)

where n(0) is the count-rate in a time interval 0t and ¢ the delay time. The intensity

correlation function is defined as

o) — LOLD)
70 = (2.41)

The electric field autocorrelation function g(t) is defined as the ensemble of the product

of the scattered field at time ¢ = 0 and the one after a time, ¢.

g'(t) = % (2.42)

In the case of Gaussian scatterers and ergodic systems the intensity autocorrelation function
g®? (t) measured in a homodyne experiment is related to the field autocorrelation function
|9V (#)] by the Siegert relation [75]:

g?(t) =1+ BlgW (1) (2.43)
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Figure 2.3: Representation of the intensity fluctuations as a function of time of a dynamic
light scattering experiment indicating a delay time ¢; and a longer delay time t,.

where B is an instrumental constant that reflects the deviations from the ideal correlation.

It should have an ideal value of 0.33 on this set-up.

2.2.1 Dilute regime

For monodisperse particles in solution the field correlation function decays exponentially,
lg1| = 1 + e~ 1t with the decay rate I' = D - ¢?, where D is the diffusion coefficient of the
particle and ¢ is the magnitude of the scattering wave vector. In polydisperse systems the
correlation function g; is expressed in terms of a normalized distribution of decay rates
o
91| = / G(T);edl (2.44)
0

Experimentally, |¢(*)(#)| is obtained through the measured photocount correlation func-
tion.

The quantity measurable is the diffusion coefficient D. The particle shape is related
to the diffusion coefficient. In the simple case of a spherical object, the Stokes-Einstein
relation can be used to relate the diffusion coefficient with the hydrodynamic radius of the

particle:
kBT
" 6mnDr

(2.45)
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where kg is the Boltzmann constant, 7" the absolute temperature and, n the dynamic vis-

cosity of the medium.

2.2.2 Semidilute and concentrated regimes

The decay of the electric field autocorrelation function g(!)(¢) of a colloidal system can be
described by a single exponential function followed, in the case of complex systems, by one

or two stretched exponential functions

|g(1)(t)\ —aq - e—t/n + Z a; - e(—t/n)ﬁz’ (2.46)

The parameters a; are the amplitudes for the respective relaxation modes with decay
times 7; and 3;(0 < < 1) is a measure of the width of the distribution of relaxation
times [76]. The further g differs from 1, the broader the distribution of relaxation rates is.
The first relaxation mode is typically the simple diffusive mode that is related to the size
of the diffusing particles or elementary structural units. The other modes describe more
complex relaxation processes as they may arise from dense packing or other interactions
between the colloidal particles.

In some cases, when it was not clear how many modes the relaxation function had, a
CONTIN analysis 77| was performed to obtain further qualitative information.

Equation for the relaxation is of a generalized Kohlrausch-Williams-Watt (KWW)
type [78-80] and allows, in addition to the conventional diffusive relaxation, for two ad-
ditional relaxation modes. The slower relaxation processes, as described by the stretched
exponentials, can arise from different mechanisms that can be distinguished by the ¢-
dependence of the relaxation time 7, that typically follows a power law (1/7 ~ ¢). For
the case of viscoelastic polymer networks a g-independent (« = 0) relaxation has been re-
ported [81,82]. The exponent [ itself is typically smaller than 1 for such slower relaxation
modes.

The effective diffusion coefficient is related to the fast relaxation time as D.yy = 1/(77¢?)
and thus related to the hydrodynamic radius Ry through the Stokes-Einstein equation (Eq.
2.45|)

Dynamic Light Scattering (DLS) measurements were performed at 25°C using a setup
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consisting of an ALV /LSE-5004 correlator, an ALV CGS-3 goniometer, and a He-Ne Laser
with a wavelength of 632.8 nm. Cylindrical sample cells were placed in an index match-

ing toluene vat. Intensity autocorrelation functions were recorded under different angles

between 50° and 130°.

2.3 Fluorescence Correlation Sepctroscopy (FCS)

In an FCS experimente, the fluctuations of fluorescence intensity over time inside a confocal
volume are measured. This technique allows the determination of translational the diffusion
coefficients of fluorescent probes. The autocorrelation function G(t), for a one component

system in the absence of phosphorescence, is given by [83]:

G(t) = G(0) (1 + (f)a> B (1 + % (f)a) T Tealt)) (24

T T

S, the structure parameter, is the ratio of the transversal radius w,, to the longitudinal ra-
dius w, of the confocal volume (S = w,,/w,) In this way, the diffusion time of a fluorescence
molecule can be calculated as:

™D — ——= (248)

provided that the confocal volume is known.

The second term in Eq. accounts for the existence of a non fluorescent triplet
state [84], where 7/ is the relaxation time of the triplet state, and T is the average fraction
of fluorescent molecules that are in the triplet state.

In a crowded environment, the diffusion gets anomalous and the particle mean displace-

ment obeys a power law

< r¥(t) >= 6I't" (2.49)

The exponent « is the same as in Eq. [2.47] If it differs from 1, the diffusion is said to be
anomalous, and if a < 1, it subdiffusive.

The effective diffusion coefficient is defined by D(t) = I't*~!. Anomalous diffusion takes
place in crowded media and has been used to describe FCS data of viscous systems [85].

FCS measurements were performed with the Leica TCS SP5 II system. Excitation of
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Nile Red was performed using an Ar ion laser with a wavelength of 514nm. The confocal
volume was determined using the same experimental set-up and measuring a solution of
0.62 nM of Rhodamin 6G in MiliQQ water and assuming a diffusion coefficient value of

4.0 x 1071%mn2s~! [86).

2.4 Rheology

The study of the flow properties of self-assembling systems is relevant from a fundamental
point of view, and also for the potential applications of new materials. Therefore, rheology

finds applications in a great variety of fields [87-89).

2.4.1 Viscosity

The zero shear viscosity can be measured with the help of a calibrated capillary viscometer,
that is a u-shaped piece of glassware with a reservoir and a measuring bulb connected by
a capillary. The time that the liquid takes to pass through two calibrated marks is related

to the viscosity through Hagen-Piseuille s law:

4
% - _ng 513 | (2.50)
where V' is the volume of the liquid, ¢ the time, R the internal radius, L the length of the
capillary, AP the pressure difference between the two ends, and 7 the dynamic viscosity
of the fluid.

The solution of the differential equation gives

t
T~ A+ K2 (2.51)
p

with p the density of the fluid. A and K are constants that depend on the viscometer
geometry. Normally, A can be neglected and the dependence of the viscosity with the time
is linear n = pKt.

To measure the zero shear viscosity of samples with viscosities under 200 m Pas, a micro-
Oswald capillary viscometer (Schott) was used at a constant temperature (25.0 £ 0.1C).
By determining the capillary suction time ¢ of a given volume of around 2 ml, the viscosity

at a defined cross-section (radius R), could be described via the Hagen—Poiseuille equation
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2.50] K is a device-specific constant, given by certified calibration measurements of Schott
(model: Ic (~ 0.03 mm?/s?), lc (~ 0.3 mm?/s?)).

2.4.2 Oscillating Rheology

In an oscillatory measurement, a sinusoidal shear strain at a constant frequency w and
with an amplitude vy is applied, a steady sinusoidal strain or stress results with a fixed
phase angle & between the input and the output signals. For a sinusoidal shear strain

7(t) = yosin(wt), the stress o will oscillate sinusoidally as

o = ogsin(wt + 0) (2.52)

Since the stress always leads the strain, the phase angle § between stress and strain is
positive. The complex dynamic shear modulus G*(w) defined by G'(w) + iG"(w) is given
by

G"(w) = (00/70)exp(id) (2.53)

The storage shear modulus G’ (w) = (0¢/70)cosd is the measure of the elastic energy stored
and recovered, and the loss shear modulus G”(w) = (0¢/70)sind is a measure of the energy

dissipated as heat in the cyclic deformation.

2.4.3 High Frequency measurements

The Piezoelectric Rotary Vibrator (PVR) [90] consists of a piezo drive, the lower plate, and
the column that connects them (see Figure . The piezo drive is composed of a six-spoke
wheel made out of an aluminum alloy plate. Each spoke has two piezo elements. Three
spokes receive a constant amplitude U,.; and apply an angular momentum of frequency
independent amplitude M on the central column and its plate. The angular deflection ¢
of the plate is detected by the other three spokes connected to the input of the amplifier,
which measures the complex voltage U = |U|e®.

At very small rotary vibrations, the voltage U is proportional to ¢, the incoming signal is
@/M and it is related to the sum of the restoring torques of the empty PVR Dy, and the

contribution from the material D*. Therefore, the complex torque of the material is given
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Figure 2.4: Schematic representation of the rheometer with the PRV unit and the top view
of the wheel with the piezo elements.

The resonance of the chosen plate must be taken into account assuming that the restoring

by

torque D; of the column and the inertia ©; get into resonance at w; = D1/0;. R is the
plate radius, d the gap and p the density of the material.

A(l—wé)z

wi

D:OT?"<W) =
A w?
A )

The restoring momentum D* is equal to the reaction torque of the viscoelastic vibration.

(2.55)

In the case of a plate-plate geometry, the complex modulus G* is related to D} . via

. TRY ([ . w2d?p
DCOTT(W) ~ 57 (G (OJ) — 2 + ) (256)

where R is the radius of the plates, d the gap distance, w the angular frequency, p the

density of the material. Note that the dependency with the radius is R* and with the gap

distance 1/d, meaning that in order to achieve more sensitivity, it is better to use larger
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plates that lower the gap distance.

Oscillating Rheology measurements were performed with two instruments

Malvern Instrument

Rheology measurements were carried out using a Bohlin Gemini 150 rheometer equipped
with a high-frequency extension with a piezo rotary vibrator [90]. A plate-plate geometry
of aluminum was used with a diameter of 40mm. This set-up then allows for measure-
ments from 10 up to 2000 Hz. This overlaps nicely with the conventional set-up in which

frequencies of 0.001-20 Hz are covered. The Gap size was 0.1mm and the deformation 0.1.

Ares AG2

Oscillatory measurements presented in chapter 5 were performed at the Rheology Labo-
ratory at the University of Guadalajara (Guadalajara, Jalisco, Mexico) on the instrument

Ares AG2 from TA Instruments. A cone-plate geometry of 40mm diameter was used.

2.4.4 Maxwell model for viscoelastic behavior

The relaxation function G(t) describes the decay of the stress after the deformation of the

material as a function of time. The complex modulus is related to G(t) via
G"=G(0)+ iw/ G(t) exp —iwtdt (2.57)
0

Assuming that G(t) decays exponentially with time, G(t) = Goexp(—t/7r), and G(0) is

zero, one obtains:

inRGO
G'(w) = ——— 2.58
(w) = TR0 (259)
The elastic modulus G’ is described by the real part
w272
G =Gy—— 2.59
1 4+ w2r? (2.59)
and the viscous modulus by the imaginary part
G = Gy — 2.60
1+ w2r? (2.60)
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2.5 Materials and Sample Preparation

2.5.1 List of chemicals

Table presents a list of the relevant technical data and physical properties of all the
chemicals that were used. The chemical structure is depicted in Figures [2.5 and [2.6]

Chemical Molecular Formula ~ Provider ~ M, /gmol™" p™/gml~' psrp/100cm=2
D50 D50 Euroisotop 20 1.1056 6.36
dgTHF C4DgO Aldrich 80.16 0.985 6.37
THF C4HgO Merck 72.11 0.89 0.184
Decane CioHao Fluka 142.29 0.73 -0.448
TDMAO C16H35NO Huntsman 257.46 1 -0.23
Triton ® X100 |  C14H20EOQg 5 Aldrich 526 1.07
Brij ® 30 C12Hao5EO, Aldrich 362 0.95
Rewopal ® 018 — E0150 - 018 Evonik 7130 1.1 0.263
Nile Red CQOH18N202 Fluka 318.37
Rhodamine 6G 028H31N203CI Fluka 479.01

Table 2.1: List of relevant technical data and properties of the chemicals: Chemical struc-
ture, provider, molecular weight M,, and mass density p™ given by the provider, and

scattering length density pszp

Decane

THF

TDMAC
OH
8]
Brij® 30 4

Triton® 3100

Figure 2.5: Chemical structure of the oils and the surfactants.
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Nile Red

Figure 2.6: Chemical structure of the fluorescent dyes.

Rodamin 6G

2.5.2 Microemulsion

TDMAO /Decane/Water

Tetradecyl dimethyl amine oxide (TDMAO, C14HooN(CH3)20) was obtained from Hunts-
man (Empigen OH 25, 24-26%) as a gift. The solutions were freeze-dried until the amount
of water reached a value of 2.5 wt%, which was determined via Karl-Fischer-Titration.
N-decane (> 98%) was obtained from Sigma Aldrich and used as supplied. The samples
were prepared by taking the required amount of a stock solution of 200 mM of surfactant.
The appropriate amount of oil and water was added to achieve the final composition of the

monodisperse [57| microemulsion with 100 mM TDMAO/ 35 mM decane /water.

TX100/B30/Decane/D>0

The appropriate amounts of Triton® X100 (TX100), Brij® 30 (B30) and Decane (>
98%) were purchased from Sigma Aldrich and were used as supplied. They were weighted
to obtain a final mixture with final composition 38.9 wt% TX100/ 31.4 wt% B30/ 29.7
wt% Decane, which was diluted with D,O (Euroisotop, > 99% D) to obtain a final dipersed
volume fraction of 14.65%. The turbid solution was stired for 5 hours until an homogeneous
transparent solution was obtained. The microemulsion was kept under 25°C to avoid

segregation
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initiator (V40),
benzene
90°C |

Figure 2.7: One-step preparation of end-capped linear and star polymers via RAFT poly-
merization using N,N -dimethylacrylamide (DMA) and tailored chain transfer agents.

2.5.3 End-capped Star Polymers

The telechelic star polymers were obtained from the group of André Laschewsky (U.
Potsdam). All details concerning synthesis and characterization of the polymers are given
elsewhere [91]. The polymers were synthesized using reversible addition fragmentation
chain transfer (RAFT) polymerization. The reaction schema is depicted in Figure
Multifunctional chain transfer agents for RAFT polymerization, designed for this purpose,
were used for the polymerization of the hydrophilic monomer N,N-dimethylacrylamide.
The polymers are based on hydrophilic blocks with n units, with 2, 3 and 4 arms, with
an aliphatic end chain of 4, 12, or 18 carbon units (see Fig. . Table gives the
molecular weight as weight (M,,), and number (M,,) average as well as the polydispersity

index (PDI= M,,/M,,) of all polymers employed in this study.
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Entry Polymer f Cuoy | Mb4/KDa | M,’/KDa M,’/KDa PDI® n | R, /nm
#1 (C4PDMA); 1 C4 53 61 1,15 533 32.4
#2 (C4,PDMA), 2 C4 87.2 84 96 1.14 422 28.8
#3 (C4,PDMA); 3 C4 91.3 147 169 1.14 493 31.2
#4 (C,PDMA), 4 C4 21.9 24.5 1.12 53 10.3
#5 (C,PDMA), 4 (4 85.0 104 111 1.07 261 22.6
46  (C1,PDMA), 2 C12 24.1 nd nd
#7 (C1oPDMA), 2 Cl12 48.2 590 61 1.05 293 24.0
#8 (C;oPDMA), 2 Cl12 92.6 112 121 1.08 563 33.3
#10 (C;oPDMA); 3 Cl12 66.5 68.9 1.04 221 20.9
#11 (C1oPDMA); 3 Cl12 71.0 80.7 84.1 1.04 269 23.0
#12 (C1oPDMA); 3 Cl12 86.3 87.9 1.06 289 23.8
#13 (C1oPDMA); 3 Cl12 87.4 104.2 116.1 1.11 348 26.2
#14 (C;oPDMA), 4 Cl12 44 .4 nd nd
#15 (C;,PDMA), 4 Cl12 77.6 83.4 1.07 193 19.5
#16 (CoPDMA), 4 CI12 91.8 96.6 1.05 229 21.2
#17 (C1oPDMA), 4 CI12 97.6 110.9 118.1 1.06 277 23.4
#18  (CixPDMA), 2 C18 24.0 nd nd
#19 (C;sPDMA), 2 (18 98.0 nd nd
#20 (CisPDMA); 3 C18 37.6 nd nd

Table 2.2: Polymer structure, number of arms f, sticker length. “Expected molar mass
M, . ®Molar mass as weight (M,,), and number (M,,) average as determined by MALLS-
GPC |91] DMA units per arm (n) as calculated from M,, and polydispersity index (PDI)
and end-to-end distance of 2 arms (R..) calculated as < R%, >= C,2NI? (Cy = 9.1) [92]
of all the polymers included in this study.
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Chapter 3

Characterization of the telechelic linear
and star polymers in non-selective

solvent

The size of the polymers, given by the molecular weight is a very important parameter that
will determine the properties in solution. Telechelic polymers aggregate in aqueous solu-
tions into flower-like micelles. At a certain concentration the end-capped chains can bridge
two micelles and, therefore, form networks [24]. A similar scenario occurs when adding
telechelic polymer to microemulsions. The interaction potential and thus the elasticity
strongly depends on the degree of stretching of the chains |18]. Consequently, the length
of the polymer chain plays a very important role and has to be accordingly investigated.
This chapter presents a Small Angle Neutron Scattering study of hydrophobically mod-
ified linear and star polymers in a non-selective, good solvent. The molecular weight, the

second virial coefficient and the radius of gyration were determined.

3.1 Small Angle Neutron Scattering in ds-THF.

We performed Small Angle Neutron Scattering experiments of solutions of different con-
centrations of the polymer in deuterated THF', in order to determine the molecular weight
and the radius of gyration. THF is a good solvent both for the poly(dimethylacrylamide)
chain as for the alkyl chains and, consequently, the polymers will not tend to aggregate in

the considered concentration regime. Figure [3.1] shows, as an example, the SANS patterns
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of (C12PDMA); of concentrations 1, 2 and 3 wt% in dg-THF.

o1 10

q/nm”

Figure 3.1: SANS patterns of the aggregates of (C12PDMA); (sample 10) in dg-THF at
concentrations of 1 (squares), 2 (triangles) and 3 wt% (circles). Solid lines: fits using a
generalized Gauss model described by Eq.

The curves exhibit the typical form of a polymer coil. At the low q limit, we did a
Guinier analysis that allowed the determination of the forward scattering and the radius of
gyration. The results for the three polymer concentrations for all polymers are collected in
Table[3.1} Moreover, the extended Porod Law predicts at high ¢ that the scattered intensity
follows a power law of ¢". in the case of polymer coils, n is related to the excluded volume
parameter v as its inverse n = 1/v. From the slope at high q values of the log-log plot we
can determine that the excluded volume parameter is ~ 0.55. Fully collapsed chains have
a value of v = 1/3. Ideal Gaussian chains are expected to have a value of v = 0.5 and for
fully swollen coils ¥ = 0.6. Real chains in good solvents have experimentally values closer

to 0.6 [65)].
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Gauss coil Guinier ‘
Polymer | c-10%2/g-mi~t [ Rg/nm v 1(0)/em™! Rg/nm 1(0)/em ™t
1.04 6.84 0.55 2.84 5.3+0.1 2.46 +0.03
#1 2.15 6.01 0.54 5.04 49+0.1 4.55 + 0.06
3.15 5.53 0.54 6.03 4.6+0.1 5.48 +0.07
1.03 8.45 0.55 4.05 6.8+0.3 3.6£0.1
49 2.06 7.05 0.55 6.63 5.9+0.3 6.1 +0.1
3.12 6.62 0.55 7.15 5.6 £0.2 6.6 £0.1
1.04 11.3 0.55 6.40 8.5+0.3 5.5£0.1
#3 2.07 8.66 0.55 8.26 6.7 +£0.2 7.13+£0.09
3.16 7.80 0.56 10.1 5.8 0.2 8.5+0.2
1.05 4.06 0.46 1.52 3.5+0.1 1.38 £ 0.02
44 2.22 3.87 0.48 2.98 3.31+0.07 2.71+£0.03
3.14 3.72 0.48 3.87 3.024+0.07 3.39+0.04
1.05 9.05 0.51 5.39 6.4+0.1 4.25 £ 0.07
#45 2.26 7.67 0.52 8.48 5.6 £0.1 6.93 + 0.08
3.15 6.86 0.52 9.67 5.10£0.06 8.12+0.06
1.05 6.71 0.54 2.90 5.44+0.2 2.60 £+ 0.06
#6 2.12 5.95 0.55 2.57 4.8 +0.2 2.27 +£0.05
3.12 5.60 0.55 5.88 4.6=+0.1 5.31 +0.07
1.05 9.33 0.55 4.77 7.4+0.5 4.2+0.2
e 1.97 7.64 0.55 7.78 6.34+0.2 7.1£0.1
3.14 6.83 0.55 8.10 5.7+ 0.2 7.44+0.1
1.04 7.16 0.53 3.33 5.7+£0.2 2.93 +£0.06
#8 2.21 6.03 0.53 5.67 484+0.1 4.97 £ 0.07
3.13 5.73 0.54 6.58 4.6+0.1 5.83 £ 0.08
1.05 8.57 0.54 4.32 6.74+0.3 3.72+0.03
#9 1.94 7.11 0.53 6.48 5.5 +0.1 5.60 £ 0.08
3.11 6.62 0.53 8.46 5.3+0.1 7.5+0.1
1.05 8.14 0.53 4.28 5.94+0.2 3.52 £ 0.07
#10 2.13 6.75 0.55 3.35 5.3+ 0.2 2.91 £0.05
3.15 6.16 0.54 7.47 494+0.1 6.59 + 0.08
1.04 8.73 0.54 4.47 6.4+0.3 3.7+£0.1
#11 2.13 7.70 0.54 7.42 5.9+0.2 6.4+0.1
3.13 6.95 0.55 8.55 5.50+0.1 7.5+0.1
1.05 8.23 0.51 4.65 6.0+0.2 3.81 £ 0.07
#13 2.09 7.15 0.52 7.52 5.27+0.09 6.25+0.07
3.14 6.48 0.52 8.49 4.88+0.08 7.18£0.07
1.04 9.16 0.52 5.50 6.38+0.2 4.30£0.08
#14 1.97 7.92 0.53 7.97 5.7+ 0.1 6.54 + 0.09
3.15 7.18 0.53 9.95 5.28£0.09 8.26 £0.08
1.05 9.15 0.56 4.58 8.6 +0.9 4.54+0.2
#15 2.24 7.45 0.55 7.73 7.1+ 0.6 7.5£0.2
3.14 6.73 0.55 8.00 5.6 = 0.2 7.3+0.1
1.05 8.43 0.53 4.32 6.34+0.2 3.64 +0.07
#16 2.24 7.26 0.54 7.11 5.6 +0.2 6.1 +0.1
3.14 6.49 0.54 8.30 5.14+0.2 7.3+0.1

Table 3.1: Structural parameters obtained by fitting the SANS patterns of linear and star
telechelic polymers of several concentrations to the equation of a generalized Gauss coil
(Eq. [2.19): radius of gyration R, excluded volume parameter v, and results of the Guinier
analysis (Eq. at low q: forward scattering I(0) and radius of gyration Rg.
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A more detailed structural picture can be obtained by a model analysis of the curves.
We have already determined that the polymers in THF are relatively swollen coils. For this
reason, the model of the coil needs to include the excluded volume parameter . This can be
done with the general expression for the a Gauss polymer coil described by equation [2.19]
This model has three fit parameters, the forward scattering, 1(0), the radius of gyration of
the polymer coil, R, and the excluded volume parameter v.

The fitted parameters of the samples of the polymers at 3 different concentrations in
ds-THF are collected in table [3.I} One observes that the radius of gyration decreases with
increasing concentration. The radius of gyration obtained by the Guinier fit is smaller than

the one obtained from the generalized Gauss coil expression.

3.1.1 Molecular weight

The molecular weight can be determined from the concentration dependence of the forward

scattering I(0), that is described by the Zimm equation [93]

Cc . d2NAV
I(0)  Ap2My

(1+2A4;Myyc) (3.1)

where d is the polymer density (1.05 g/cm?), N4y the Avogadro constant, Ap the difference
of the scattering length densities of polymer and solvent, and ¢, the weight concentration
of polymer.

The scattering length density variation Ap was calculated as the difference of the scat-
tering of the polymer (assumed to be that of PDMA) and the average scattering length
density of the sample psampie = GpoiPpoi + (1 — Ppot) Psotvent- The scattering length densities
are listed in Table 2.1]

Figure shows the Zimm plots for scattering intensity at zero angle 1(0) (see Table
at different polymer concentrations in dg-THF. Using Eq. , from the intercept the
molecular weight can be obtained and and the second virial coefficient from the slope. The
wight average molecular weight and the second virial coefficient A, are listed in Table [3.2]
For comparison, the wight average and number average molar masses obtained from Size
Exclusion Chromatography with light scattering detection (SEC-MALLS). The molecular

weight My, is somewhat larger, but in very good agreement, as the one determined with

SEC-MALLS.
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Figure 3.2: Zimm plots for the a)xC4-PDMA, b)xC12-PDMA, ¢)xC18-PDMA polymers
obtained from SANS measurements of the polymers in d8-THF. ¢/I(0) (being I(0) the
forward scattering is plotted against the polymer concentration c. The linear fits correspond

to Eq. and the results are in Table [3.2]

3.1.2 Radius of Gyration

As already stressed above, the radius of gyration obtained for polymer solutions in THF

decreases with the polymer concentrations. This means that the radius of gyration shrinks

with increasing polymer concentration due to the osmotic pressure of the surrounding coils.
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Sample Code Polymer n* My M MY, Ab-10* R¢,/nm As -10*
KDa KDa KDa / mol - ecm3 - g2 mol - cm?3 - g2
#1 (C4,PDMA) | 533 53 61 67+7 1.6 £0.4 7.93 2.51
#2 (C4PDMA), | 422 84 96 | 120+ 33 1.9+0.7 9.70 1.60
#3 (C4PDMA); | 493 147 169 | 2194+24 1.8+0.3 15.66 2.26
#4 (C4PDMA), | 52 22 25 34+2 1.49+0.04 4.626 1.46
#5 (C4PDMA), | 261 104 111 128+ 2 1.8+0.5 11.48 2.2
#7 (C1oPDMA), | 296 59 61 73 1.96 7.53 1.82
#8 (C1oPDMA), | 563 112 121 | 158 +64 1.9+2 11.95 2.13
#10 (C12PDMA); | 221 67 69 86 + 5 1.9+3 8.28 2.11
#11 (C1oPDMA)3 | 269 81 84 104 +4 1443 10.08 2.14
#12 (C1oPDMA)3 | 289 83 88 108 1.89 + o0 10.11 2.54
#13 (C1oPDMA)3 | 348 104 116 | 108+ 11 1.4+2 10.38 1.81
#16 (C12PDMA), | 229 92 97 120 £ 17 1.7+3 9.83 1.74
#17 (C1oPDMA), | 277 111 118 131+1 1.5£2 10.83 1.58
#19 (C1sPDMA), 186 +90 20+2 12.01 1.89
#21 (C1sPDMA)3 109 £ 18 1.5+ 10.27 2.21

Table 3.2: Polymer Parameters.” Molecular weight average in weight, M,,, and number, M,,
measured by MALLS-GPC, and DMA units per arm n calculated(from M,,). ® Molecular
weight M, and second virial coefficient A, obtained via Zimm plot (Eq. .C Radius of
gyration at infinite dilute conditions R¢(0) and second virial coefficient Ay obtained from
the concentration dependence of the radius of gyration (Eq. .

The concentration dependence of the radius of gyration can be obtained from the following

| My dI1
RT de

This assumption is valid if ¢ < 2¢*. The overlap concentration ¢* is related to Ay through

expression 94} 95]:

Ra(e) = Ra(0) (3.2)

c¢* =2 1/AsMy. Therefore, the assumption holds and the radius of gyration at infinite

dilution may be expressed as

1
Re(c)?2  Rg(0)2

(1+ 24, M,c) (3.3)

Consequently, the linear fit of 1/Rg(0) vs. ¢ yields the radius of gyration at infinite

dilute conditions and the second virial coefficient.
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We can compare this experimental values with the theoretical radius of gyration, given

by [22
- Coo(N/ )1

R = (3-2/f) = (3.4)

where N is the total number of monomer units in the polymer, 1 is the length of a polymer,
f is the number of arms in the star and Cy, is a correction constant that accounts for the
local stiffness of the polymer chain. PDMA in a good solvent like water has a value of
Coo = 9.3 192

Consequently, the radius of gyration scales with f~ and M{}°. Figure shows the
radius of gyration extrapolated to zero concentration as a function of the weight average
molecular weight My,. We fitted the data to a power law of the molecular weight in
the form of M}, and the best result was obtained for x = 0.5. However, there were no

significant difference with the number of arms.

16_ T T T T T T T T o' ]
141 Ut
£ 10/ ®o .
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= ° % ‘
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4] o |
0 50 100 150 200 250
M, / KDa

Figure 3.3: Radius of gyration Rg as a function of the molecular weight My, determined
with equations and [3.1], respectively with the scattering data of telechelic linear and
star polymer solutions in dg-THF measured on SANS2D, ISIS. The dotted line is the fit
to a power law of the molecular weight in the form of Mx, the best result was obtained for
R (0) = 0.925M95.

The second virial coefficient A results obtained with Egs. and [3.3 are in very good
agreement with each other (see Figure |A.1). A, is in all cases positive. Thus, meaning

repulsive interaction. This is typical to occur for polymers in a good solvent. A, is expected
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to scale with the molecular weight as Ay oc M3~2 [96,/97]. However, we did not observe

any tendency, perhaps because the data is very noisy (see Figure |A.1)).

3.2 Summary

As a first step, pure polymers were dissolved in a good non-selective solvent to evaluate their
molecular weight, gyration radii and 2nd virial coefficient. The SANS curves of the novel
end-capped linear and star poly(dimethylacrylamide) were modeled with the expression
for a general Gauss coil yielding the forward scattering 7(0), radius of gyration Rg and the
excluded volume parameter v. The excluded volume parameter was found to be between
0.5 and 0.6 indicating that the coils are rather swollen. The molecular weight determined
from the concentration dependence of the forward scattering via Zimm plot is in very good
agreement with the ones obtained by SEC-MALLS [91|. The radius of gyration decreases
with the polymer concentration and the value at infinite dilution Rg(0) scales with M.
The second virial coefficient A, was obtained from the concentration dependence of the
forward scattering and of the radius of gyration. Both methods yielded very similar results.
Ag is in all cases positive as it is expected for polymers in good solvents and no strong

dependence on the molecular weight was obtained.
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Chapter 4

Structure and Dynamics of telechelic

star polymers in aqueous solutions

Due to the long hydrophilic DMA blocks that are common to the polymers prepared,
all of them are well soluble in water, and thus, their behavior in aqueous solution could be
characterized by means of rheology, DLS, and SANS. Depending on the length of the alkyl
end groups incorporated, hydrophobic aggregation is expected as it is known for previously

studied linear and star like hydrophobically end-capped polymers [15,27.98,99).

4.1 C4 end-capped linear and star polymers

The C4 end-capped polymers were soluble in water and the solutions were low viscous.
The end alkyl chains with 4 carbon atoms are rather short in comparison with the length
of the hydrophilic chains (see Table . Consequently, it is not clear a priori whether the
polymer molecules will aggregate or not.

In order to characterize the structure of aqueous solutions of C4 end-capped PDMA, we
performed SANS measurements of solutions of (C4PDMA),, (C4PDMA);3 and (C4PDMA),
solutions with 1 and 5 wt% concentration (see Figure [4.1)).

The curves exhibit the typical form of a polymer coil. The extended Porod Law predicts
at high ¢ that the scattered intensity follows a power law of ¢". in the case of polymer coils,
n is related to the excluded volume parameter v as its inverse n = 1/v. From the slope at

high q values of the log-log plot we can determine that the excluded volume parameter is
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Figure 4.1: SANS patterns of (C,PDMA), (#2 in Table 2.2), (C4PDMA); (#3 ) and
(C4PDMA), (#5) at 1 and 5 wt% in DO measured at PAXY. The curves are vertically
shifted a factor 5 for (C4,PDMA)3 and a factor 15 for (C4PDMA)3. Solid lines: Fits using

a generalized Gauss expression (Eq. [2.19)

~ 0.65. Fully collapsed chains have a value of v = 1/3. Ideal Gaussian chains are expected
to have a value of v = 0.5 and for fully swollen coils ¥ = 0.6. Real chains in good solvents

have experimentally values closer to 0.6 [65].

A more detailed structural picture can be obtained by a model analysis of the curves.
Since the polymers in water are very swollen coils, the model of the coil needs to include
the excluded volume parameter v. This can be done with the general expression for the a
Gauss polymer coil described by equation 2.19) This model has three fit parameters, the
forward scattering 1(0), the radius of gyration of the polymer coil R, and the excluded
volume parameter v. This model fits very good the experimental data and thus seems
to be a very good description of the structure of the polymer solutions. The parameters

obtained from the fits are in Table [4.1]

One observes from the SANS results (see Table that the excluded volume factor
v is larger that 0.6 indicating that the polymers are highly swollen in water. The radius

of gyration R scales with the molecular weight of the polymer and decreases with the
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Polymer | M, /KDa Rg/nm |c/wt% I(0) /em™ v Rg/nm
N | 1 e
T
B . T I S ot

Table 4.1: Structural parameters of C4 end-capped polymers. Molecular weight by MALLS-
SEC in water—acetonitrile My, radius of gyration calculated from Eq. [4.1] concentration
of polymer in D,O ¢, and parameters obtained by fitting the SANS data with Eq.
forward scattering 1(0), excluded volume parameter v, and radius of gyration Rg.
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Figure 4.2: Zero shear viscosity of (C4PDMA), (squares, #2 in Table , (C4PDMA);
(cicles,#3 ) and (C4PDMA), (diamonds, #5) in water as a function of the polymer con-
centration at a constant temperature of 25°C. The dotted lines are guides to the eye.

polymer concentration due to the osmotic pressure of the surrounding coils [94,95|. From
the forward scattering I(0) it can be deduced that the scattering arises from polymer
molecules that do not aggregate.

Figure [4.2|shows the zero shear viscosity of (C4PDMA),, (C4PDMA); and (C4PDMA),
in water as a function of the polymer concentration. The viscosity increases as a function
of the polymer concentration. The viscosity increase is higher when the polymer has a
higher molecular weight or size. The viscosity increases as a consequence of the increase
in the polymer volume fraction, which is larger for polymers with larger molecular weight
at a given concentration. This behavior does not depend on the polymer architecture and

indicates that the polymers do not aggregate in water.
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4.2 C12 end-capped linear and star polymers

4.2.1 SANS

In order to learn about the structure of the polymers in aqueous solution, SANS exper-
iments were performed on 1 wt% and 5 wt% solutions of polymer samples with dodecyl
stickers (entries #8, #13 and #17, see Table in DyO. The scattering curves, plotted
in Fig. [4.3] show similar scattering patterns for the various polymers at a given concen-
tration. Hence, the number of arms appears to have little impact on their supramolecular

structure, at the length scales under investigation.

- —————r —
4 1Wt% 5wi%
= o (C,PDMA),

e o (C_PDMA),

01 1
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Figure 4.3: SANS patterns of the aggregates of (C1sPDMA), (squares, #8 in Table ,
(C12PDMA)j; (circles, #13) and (C1oPDMA), (triangles, #17) at concentrations of 1 and 5
wt% in DO at room temperature. The absolute intensity is correct for both (C1oPDMA),
curves, subsequent curves are multiplied by a factor 2n for better visibility. The lines
correspond to the fitted curves with a star form factor and a hard sphere structure factor

(Eq. 4.2). The first two curves ((C;2PDMA)y) are from SANS2D and the rest from PAXY.

All samples exhibit scattering patterns as typically observed for spherically symmetric
aggregates. In the case of the more concentrated solutions, the aggregates interact repul-
sively as indicated by a correlation peak. Most probably the hydrophilic polymer chains,
which present a much larger volume fraction than the end groups in particular as the
PDMA will be strongly hydrated, introduce significant repulsive interaction into this sys-

tem. The attractive part of the interaction due to bridging is overwhelmed by an effective
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repulsive interaction due to the numerous surrounding hydrophilic chains, which give rise
to substantial steric hindrance. The mean spacing of the aggregates was calculated from
the position of the peak (see Table |4.2). This distance may be compared to the radius of

gyration Rq of a star polymer which can be calculated as [22]

(r2) = (3- %) SROE (1)

where N is the total number of monomer units in the polymer, b is the length of the
monomer, f is the number of arms in the star and C is a correction constant (accounting
for the local stiffness of the polymer chain) that is 9.3 for PDMA in water [92]. The mean
spacing of the aggregates decreases with the end-to-end distance of the polymer. Assuming
a cubic packing of the aggregates (around the hydrophobic cores), we can obtain the number
of the dodecyl chains per micelle (Ng;) (see Table and therefore the average number
of polymer molecules associated with one micelle (N,,,) directly from the position of the
correlation peak.

Assuming that the polymers self-assemble into flower-like micelles, like represented in
the inset of Fig. [4.3] that interact with a spherically symmetric potential, the scattering

intensity can be approximated as:

I(q) =nV*Ap*P(q)S(q) (4.2)

where n is the number density of scatterers, V their volume, Ap the difference between the
coherent scattering length density of the micellar unit and the one of the solvent, P(q) the
form factor, and S(q) the structure factor that takes into account the interactions between
the aggregates. In order to describe the conformational structure of the aggregates we
employed a form factor for a star proposed by Fetters et al. [21] which has been commonly
used to describe the structure of flower-like micelles formed by telechelic polymers |13],23,

100]:

2 p2 1 t
AV Psnl) = TP + () Slfzgﬂijg ;;;%» (43)

The first term of Eq. is the Guinier approximation of the scattering intensity of
the aggregates with radius of gyration Rq, and forward scattering I(0) defined by the

scattering of the dried volume of polymer given by nV2?Ap?. The second term accounts for
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the monomer-monomer correlations with o being the scale parameter, & the correlation
length inside the star, and g = 1/v —1 where v is the excluded volume parameter and I'(u)
is the gamma function of argument p. To account for the repulsive interactions, a hard
sphere structure factor, S(q,Rys,dns) with the Percus—Yevick closure relation |68|70] was
employed, where Ryg is the effective hard sphere radius, that defines the interaction length,
and the volume fraction (¢gg) is determined by the number density ' N of hydrophobic
cores given by:
NayCuysi 4

=nV =" " oR3 4.4
Pus =n Me, N, 37T HS ( )

where N,y is the Avogadro number and C\,5; , Mg , and Ng; are the weight concentration,
molecular weight and the aggregation number of the stickers, respectively. According to
Eq. the volume fraction ¢ys and the hard sphere radius Rpg are directly related to

each other and enter only as one additional fit parameter which is the aggregation number

Ns;. One observes that Ryg (Table is closely related to the length of the polymer.

Polymer My Rg c R¢g § Rus | onc 27/@maz  Nagg Nt
(KDa) (nm) | (wt%) (nm) (nm) (nm) | -10*  (nm)

(CPDMA), | o 1,0 | L0 128 83

#8 ’ 5.0 8.6 3.7 138 | 1.84 26.5 10.4  20.6
(CPDMA) | 1o 106 | L0 109 63

#13 ’ 5.0 8.7 3.8 10.8 | 2.93 29.7 7.4 223
(CPDMA) | 1o gg | L0 103 75

#17 ’ 5.0 6.44 29 103 | 3.8 33.5 5.3  21.0

Table 4.2: Structural parameters. Molecular weight by MALLS-SEC in water—acetonitrile
My, radius of gyration calculated from Eq. [4.1] concentration of polymer in D20 c,
volume fraction of thedodecyl stickers ¢y, aggregation number (per polymer molecule)
Nogg, aggregation number of the stickers Ng; (obtained from the position peak), radius of
gyration Rg, correlation lengthinside the star &, and hard sphere radius Ryg (obtained

from fits with Eq. .

At concentrations higher than the overlap concentration, the aggregation number is ex-
pected to increase as a consequence of the repulsion between the hydrophilic chains and at
the same time the probability of bringing hydrophobic stickers together rises correspond-
ingly [101]. It is interesting to note that Ng, remains constant regardless of the number
of arms of the polymer. The same result is obtained if with polymers of lower molecular
weight [102]. This confirms that the free energy to form loops is irrelevant in the self-

assembling process when the aggregation number is large enough as reported by Séréro et
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al. [13]

Russel et al. 18] also reported that the aggregation number does not depend on the
conformational energy of the polymer, i.e. the energy of loop formation. But the free
energy of forming loops should different for polymers with different architectures and thus

should have an impact on the micelle inteconection.

4.2.2 Dynamic light scattering

In order to obtain further insight into the structural and dynamical properties of these end-
capped star polymers in aqueous solution, DLS measurements on 1 and 5 wt% solutions of
the same samples (#8, 13 and 17) were done. The obtained intensity correlation functions
g (t) are shown in Fig. . The curves of samples with 1 wt% polymer exhibit an
apparently rather simple decay, where the characteristic time is shifted to larger times
with increasing number of arms. Nonetheless, the CONTIN analysis (see Fig. ?7) yields
a rather complex distribution function of the decay times, where the maximum moves to
larger times with the number of arms. Although this analysis must be taken with some
care given the proximity of the maxima, it appears that there are 3 relaxation modes where
the relative amplitudes change with the architecture of the polymer.

Additionally, a comparison of mono-exponential, a stretched exponential and a bi-
exponential fit (see Fig. shows that the correlation function results from the sum
of at least two diffusive modes, as both show a ¢? dependence. Therefore, the curves
were analyzed as a sum of two decaying exponential functions. The two effective diffusion
coefficients (Table correspond to the coexistence of small objects of 17 nm and of larger
ones of around 200 nm. The fraction of larger aggregates increases with the number of arms
(see Fig. [4.5)). Also, the scattered intensity (listed in Table 3) increases with the number of
arms supporting this idea. The hydrodynamic radii of the smaller-sized aggregates are in
rather good agreement with the R g obtained by SANS (Table [£.2). The somewhat larger
value for the hydrodynamic radius is presumably due to the slowing down of the diffusion
process by the PDMA corona of these aggregates.

In the case of 5 wt% samples one observes an even much more complex relaxation
behaviour that extends over more than 5 orders of magnitude in time. Such complex
relaxation patterns are frequently observed for polymeric networks, but have also been seen

for water-in-oil microemulsion droplets that are cross-linked by amphiphilic polymers.75
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Figure 4.4: Intensity correlation function ¢(®(¢) — 1 as a function of time for 1 and 5 wt%
solutions of (C1oPDMA), (#8), (C12PDMA); (#13) and (C1oPDMA), (#17) in water at a
scattering angle of 90degC and a temperature of 25 C (curves are correct for (C1oPDMA),
and shifted upwards by adding 0.2 or 0.4 to the corresponding curves).

In our case, the relaxation always proceeds via three clearly separated modes, as similarly
observed before in the case of the classical associative telechelic C1o — EOg460—Cio [15]. This
demonstrates that one does not observe a simple diffusion process here, but the complex
behaviour has to be associated with the network formed by the polymers in solution.
Previous studies on model networks formed by simple telechelic polymers showed similarly
three relaxation modes, where the fast one is associated with the droplet diffusion, the
intermediate one is independent of ¢ , and the slow one is typically also diffusive [103,104].

For the 5 wt% samples the g(®(¢) data were fitted to a sum of one simple exponential

and two stretched exponential functions:

\g(2)(t) . 1‘ = lay - e—t/n + as - e(—t/Tg)BQ T oa- e(—t/r3)B3:|2 (45)

From the angular dependence of the relaxation times (Fig. we can conclude that
the fast relaxation is purely diffusive as shown by its ¢? dependence. The effective collec-
tive diffusion coeficients are larger than what is expected from the size of the aggregates

obtained by means of SANS. This is typical for repulsive interaction which enhances collec-
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Figure 4.5: a) Distribition function of the decay times as obtained from CONTIN anal-
ysis of the autocorrelation functions of 1wt% solutions of (C1aPDMA)y, (C1oPDMA);,
(C12PDMA), in water.b) Residuals of the second order cumulant, mono-exponential de-
cay, one stretched exponential decay and a bi-exponential decay fit.

Polymer C Q fast 1012Df RH 1012D2 tg Ir tR GO Ngt(Go)
(wt%) (m?s71) (nm) (m?*s™') (ms) (ms) (Pa)

(C12PDMA), 1.0 (0.7) 15.6 15.6 1.23 1.44

7 5.0 0.26 53.8 4.5 1.3 9.1 72 0.32
(C12PDMA)3 1.0 (1.5) 13.8 17.6 2.1 4.63

11 5.0 0.11 58.3 4.2 2.2 12 529 3.3
(CPDMA); | 1.0 | (5.4) 15 162 1.2 16.2

14 5.0 0.05 71.5 3.4 1.8 16 2813 26

Table 4.3: Parameters obtained from DLS, SLS and rheology for

(C12PDMA),,(C12PDMA); and (C1oPDMA), with concentrations of 1 and 5 wt%.
Polymer concentration ¢, Diffusion coefficients D, relative amplitude of the fast diffusive
mode for Eq. Qfqst, Rayleigh ratio Ry, hydrodynamic radius Ry obtained from Dy,
Relaxation time of the intermediate relaxation mode as obtained from Eq. [4.5] structural
relaxation time 7g, plateau elastic modulus Gg, aggregation number Ng; obtained from

Go.

tive diffusion substantially compared to the non-interacting case [105]. The intermediate
relaxation mode is almost independent of ¢ , while the slow relaxation mode shows a rather
strong dependency with the scattering vector, following a power law of 2—4, the exponent
increasing substantially with increasing number of arms. Such behavior is characteristically

observed for viscoelastic networks with physical cross-links [79,/106].

Interestingly, the slower modes become more prominent when going from the 2-arm to
the 4-arm polymer. This indicates that the tendency for aggregation increases with the
number of arms. In particular, the intermediate relaxation mode, which is independent of

q , becomes more pronounced. This mode appears to be linked to the rheological properties
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Figure 4.6: q dependency of the three relaxation times for 5 wt% solutions of (C1aPDMA ),
(squares,#8), (C12PDMA); (circles, #13) and (C12PDMA), (triangles, #17).

of the samples (see Fig. 7) and its characteristic time appears to be directly related to
the rheological relaxation time ( 7z ). Thereby it would be a direct measure of the elastic

properties of the formed networks.

4.2.3 Rheology

Figure shows the zero shear viscosity of aqueous solutions of (C1oPDMA),,(C1oPDMA);5
and (C12PDMA), as a function of the polymer concentration. We obtain a viscosity increase
of several orders of magnitude by just a few weight percent polymer concentration, which
is a typical behavior for such systems [11].

The increase in viscosity is considerably larger as the number of arms per polymer is
increased, this can be explained by the formation of larger aggregates (clusters) by the
polymers with more arms that leads to a higher effective volume fraction and thus to a
viscosity increase.

At 5 wt%,a network is formed as already observed by SANS and DLS and the samples
are highly viscous. In order to gain further information about their rheological behaviour

the frequency dependent viscoelastic properties of these transient networks were deter-
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Figure 4.7: Zero shear viscosity for solutions of (C;oPDMA), (squares,#8 in Table ,
(C12PDMA); (circles, #13) and (C1oPDMA), (#17) in water as a function of the polymer
concentration measured at 25°C. The dotted lines are guides to the eye.

mined by oscillatory shear experiments over an extended frequency range with a particular
emphasis on the high frequency range. The obtained values for storage modulus G’ and loss
modulus G” are given in Fig. 4.8, Both moduli are increasing for lower frequencies but not
with the power law of 2 and 1, respectively, as predicted by the Maxwell model. Accord-
ingly, these are not simple rheological systems but G’ nonetheless effectively approaches a
plateau value for frequencies above 100 Hz.

The crossover po int of G’ and G” can be taken for determining the characteristic
rheological relaxation time, which increases from 9 to 16 ms when going from the 2-arm
to the 4-arm polymer. This time is of the same order of magnitude as the ¢ -independent
intermediate relaxation process of DLS, thereby indicating that here the same process is
monitored and they follow exactly the same tendency. At the same time, the plateau value
of the elastic modulus Gy increases from 79 to 2800 Pa. This shows that with increasing
number of arms the relaxation process becomes slower and at the same time the elastic
properties of the network increase substantially.

According to a simple network theory [107], the high frequency storage modulus is given
by Gy = nkgT , where n is the number density of elastically connected points. This theory

can be applied to the experimental data and from the number density n one can calculate
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Figure 4.8: Storage modulus (G’) and loss modulus (G”) as a function of the frequency
(f) for 5 wt% solutions of 2C12 (121 kDa), 3C12 (116 kDa) and 4C12 (118 kDa) PDMA
in water at room temperature. The solid lines indicate the respective power of 1 and 2
predicted by the Maxwell model. The dotted lines indicate the position of the cross-over
frequency.

the corresponding theoretical number of elastic chains per aggregate (see Table .
Both DLS and rheology show that the polymers with more arms show a higher pref-
erence for interaggregate association than for intraaggregate association, i.e. for forming
networks. In addition, the increase of the shear modulus Gy apparently is directly related
to the increase of the amplitude of the intermediate relaxation process observed in DLS
which demonstrates that they are directly linked to each other and occur with the same

characteristic time.

4.2.4 Conclusion

SANS studies of these highly water-soluble polymers revealed that their end-groups self-
assemble in aqueous solution. While at lower concentrations flower-like micelles seem to
exist, higher concentrations resulted in the formation of a transient network of polymer
micelles. However, SANS did not show a peculiar effect of the number of arms of the star

polymers on the structure of the networks, so that e.g. the number of hydrophobic dodecyl
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chains is constant at about 20, irrespective of the number of arms. When looking into the
dynamic properties of the networks using DLS and rheology, the number of arms and the
tendency to form a network in between the micelles are correlated. DLS shows already a
more complex behavior for dilute (1 wt%) samples, exhibiting a multi-modal relaxation,
presumably due to the formation of clusters. The more concentrated (5 wt%) and highly
viscous samples show even 3 relaxation modes. While the first is diffusive and related
to the size of the contained hydrophobic domains, the characteristic time of the second
mode is independent of ¢, and the relaxation rates of the third mode show a power law
dependence on ¢ that rises from 1.6 for the 2-arm polymer to 4.2 for the 4-arm polymer.
The second mode shows a similar timescale as the characteristic time of rheology, and both
methods agree well in the general trend of the values found. Our initial hypothesis that
a branched amphiphilic polymer might show a higher tendency to form a network than
a linear analogue is thus confirmed for their behaviour in aqueous solution. Importantly,
this behaviour does not affect the static structure seen by SANS, but it affects in a similar
way both DLS measurements and rheological behaviour. Future work will be directed
towards the question whether such polymers are suitable for exerting rheological control

in microemulsions as well.
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Chapter 5

TDMAO /Decane/Rewopal 6000DS

The addition of telechelic polymers to oil in water microemulsions has been intensively
studied with respect to the phase behavior [41}44], structure [40}43,/45], rheological and
dynamical properties [42}46,/108,/109], however studies where the relation between the
microstructure and dynamics is addressed are rare [110].

Thus, in this chapter we present a complete study with SANS, rheology, DLS and FCS
measurements of a model microemulsion with composition TDMAO 100mM / Decane
35mM / Water(D,O) upon addition of a commercially available hydrophobically modified
PEO polymer with structure C;5-EO150-C1s (Rewopal 6000DS). This polymer is employed
in many formulations as a rheological modifier. This study should serve as a reference for
the further investigations with the telechelic star polymer, which possess a correspondingly

more complex architecture.

5.1 Phase Behavior

The addition of Rewopal 6000DS up to 3.5wt% to the microemulsion consisting of TDMAO
100mM / Decane 35mM /Water (D,0O) resulted in homogeneous, transparent samples with
increasing viscosity. No yield stress was observed. For a polymer concentration higher that
3.5wt%, the samples became turbid while still viscous, but no phase separation occured,
even after centrifugation.

The phase behavior and the mixture properties depend strongly on the ratio between
the end-to-end distance of the polymer and the distance between the droplets [41}[52].
The end-to-end distance of the PEG chain of the polymer Ci3-EQOq50-C15 was calculated
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according to the Flory-Huggins-theory R.. = vANIgo (lgo=3.75 A) [65,92]. The value
of R is 9.2 nm. Assuming a cubic arrangement of the oil droplets, the distance between
the droplets’ centers is 13.6 nm and the distance between the droplets’ surfaces is 8.20 nm.
Therefore, the end-to-end distance of the hydrofilic chain of the polymer is considerably

smaller the distance between the droplets.

5.2 SANS

To understand how the microstructure of the microemulsion/HM-polymer mixtures
affects the dynamic and rheological properties, a comprehensive study of the structure is

needed. For this reason, SANS measurements were performed for samples with microemul-

sions (TDMAO 100mM /Decane 35mM/D20) and telechelic polymer added.
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Figure 5.1: Scattering intensity patterns of the aggregates of microemulsion(squares) and
with polymer concentrations between 0 and 3 wt% at temperature of 25°C on the instru-
ment KWS2 (Garching, Munich). The curves are shifted by a factor 2"

Figure shows the scattering intensity against the magnitude of the wave vector q
of the microemulsion with Rewopal 6000DS concentrations between 0 and 3wt%. At first

look, the unchanged position of the minimum at high q is the sign that the average size of
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the droplets is not influenced by the polymer. The upturn of the intensity at low q by the
addition of small amounts of polymer indicates the presence of large objects, which likely
are linked microemulsion clusters and/or attractive interactions. This indicates that the
addition of hydrophobically modified polymer induces an effective attractive interaction
between the oil droplets. With increasing polymer content, a correlation peak appears
suggesting an effective repulsive interaction. The fact that the position of the peak remains
constant inferes that there is a preferred distance between the droplets, which is simply

given by their constant number density as the droplet size does not change.

In order to obtain more detailed information about the structure, a model analysis of the
data was performed. Assuming that the scattering mainly arises from the microemulsion,

the scattered intensity can be expressed as follows:

I(q) = nsViAp*P(q)S(q) (5.1)

ns is the particle density, V, is the volume and Ap is the scattering length density
contrast. P(q) is the form factor accounting for the shape and size of droplets and S(q)
is the structure factor accounting for interactions between the droplets and I;,. accounts
for the incoherent scattering. The decoupling of P(q) and S(q) is strictly only valid for

monodisperse systems, but commonly employed as well for polydisperse systems |111].

For P(q) the model of an homogeneous sphere was employed with the spherical particles
having a log-normal size distribution of radii. The scattering length density contrast is
calculated as the difference between the scattering length density of the aggregates and the

average scattering length density of the sample (More information can be found in Section

21).

The attractive potential was modeled with Baxter ‘s model [71], which corresponds to
the sticky hard-sphere limit where the attraction range becomes infinitesimally small while
the attraction strength becomes infinite in such a way that the second virial coefficient B,

remains finite. The interaction potential for a Sticky Hard Sphere (SHS) model is described
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by the following expression:

00 for 0<r <2Rpg

U(r)

T~ \Mames for 2Rus <r <2Rps+A (5.2)
0 for r>2Rpys+ A

Here kg is the Boltzmann constant, T the absolute temperature, Ryg is the hard sphere
radius and A is the width of the attractive well. In the SHS model, when applied, the limit
A — 0is taken. Thus, only a single parameter, the stickiness parameter 7, characterizes the
adhesive strength. The significance of 7 is the dimensionless temperature, and its inverse,
771, is a measure of the stickiness of the particles. The case 7= = 0 corresponds to hard
spheres. This model is theoretically convenient because it has an analytic solution within

the Percus—Yevick closure [68] and, consequently, it has been often used in comparison to

experiments [112]

Cpor /Wt % | Line*/ em™ | Ap /nm-4 | ¢ c* | R*/nm | Rys* /nm | ¢ys* | 7*
0 0.099 6.43 3.30 | 0.14 2.71 4.11 0.04 00
0.25 0.087 6.42 3.29 | 0.14 2.71 5.06 0.06 | 0.35
0.5 0.077 6.40 3.28 | 0.14 2.71 5.74 0.06 | 0.25
0.75 0.093 6.39 3.28 | 0.14 2.71 6.37 0.05 | 0.20
1 0.087 6.37 3.27 1 0.14 2.71 6.67 0.05 | 0.17
1.25 0.090 6.36 3.26 | 0.14 2.71 6.59 0.05 | 0.19
1.5 0.093 6.34 3.25 | 0.17 2.74 6.43 0.08 | 0.22
1.75 0.096 6.33 3.24 | 0.18 2.72 6.48 0.09 | 0.24
2 0.114 6.31 3.23 | 0.18 2.77 6.60 0.10 | 0.25
2.25 0.099 6.30 3.23 | 0.19 2.75 6.60 0.11 | 0.27
2.5 0.103 6.29 3.22 | 0.19 2.77 6.75 0.12 | 0.27
2.75 0.108 6.27 3.21 | 0.20 2.75 6.81 0.14 | 0.30
3 0.110 6.26 3.20 | 0.20 2.80 6.83 0.15 | 0.32

Table 5.1: Structural parameters. Droplet volume fraction ¢, scattering length density
contrast Ap and parameters (*) obtained from fitting the SANS curves with Eq.
incoherent background I;,,., radius of the droplets R, standard deviation of the Log-Norm
distribution o, hard sphere radius Ryg, hard sphere volume fraction ¢ s and the stickiness
parameter 7.

The results of the fits with our model are listed in Table [5.1] The fitted curves (see
Fig. describe very well the experimental data. Hence, our model seems to describe
accurately the structure of the samples

Quantitative analysis of the scattering data based on Eq. permits us to extract the

mean radius of the spherical droplets are equal to 2.7 nm with a standard deviation of 0.14.
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This results are in very good agreement with the ones previously reported for the same
system [57]. Although, the standard deviation is somewhat higher because it includes the
experimental smearing that was not taken into account in the model.

One would expect that the radius of the droplets decreases when polymers are anchored
to the surface. The addition of end-modified polymer means an additional number of chains
in the interface, which also have a more voluminous polar part, both facts contribute to
a decrease of the droplet radius. Theoretical models developed for membranes decorated
with small amounts of anchored polymers predict a radius decrease [113]. However, this
predictions are for coiled chains, and telechelic polymers anchored to oil droplets as loops
or bridges are rather stretched. Additionally, the grafting density is too low to affect the
curvature of the microemulsion interface. Previous SANS studies in analogous systems

[40,43,45] also showed that the droplet size does not change with the presence of HM-

polymer.
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Figure 5.2: Parameters of the sticky hard sphere structure factor: Hard sphere radius Ryg
and stickiness 1/7 as a function of the polymer concentration obtained by fits of SANS

data (Eq.

The stickiness, represented by 1/7, first increases with the polymer content until it

reaches a maximum at a polymer concentration of 1wt%. For higher polymer concentration,
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the stickiness deccrases monoticallly. For higher polymer content of more than 4 stickers
per droplet the repulsive interaction becomes more pronounced again, which arises from
the volume requirements of the hydrophilic chains. This can also be seen nicely in Fig.
5.2 which depicts the increase of the effective hard sphere volume fraction as a function
of the polymer concentration.

The attractive component of the interaction can be understood as the gain in entropy
due to the possibility of the chains to form a bridge momentarily. This would mean that
during this time two droplets come closer to another in a lower volume fraction. After

percolation, the net interaction is repulsive because they resist interpenetration.
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Figure 5.3: Dimensionless second virial coefficient as a function of the added polymer
concentration calculated with Eq. with the structural parameters obtained from the
SANS data. Line: By =4

Another way of describing the droplet interactions is given by the dimensionless second
virial coefficient By = 2% [*(1 — exp(—U(r)/kgT))r*dr that is independent of the form
of the potential [114]. The dimensionless second virial coefficient for a sticky hard sphere

potential is defined as

1 2o 1703
By = oS s 5.3
? ‘/droplets { 3 T 6 ( )

where opg is the hard sphere diameter, 7 the stickiness parameter and Vgopets the
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volume of the droplets (V = 47R3/3), the radius of the droplets R being 2.71 nm. We
calculated By with the parameters obtained from the SANS fits (see Table and the
results are plotted in Figure[5.3] From the definition of By, the excluded volume contribu-
tion (neglecting a hydration shell) is represented by By = 4. If By < 4 the interaction is
attractive and if B4 > 4 the interaction is repulsive.

The pure microemulsion has a value of By > 4. The addition of polymer results in an
increase in the attraction reflected in a big decrease on the value of B, until a concentration
of polymer of 1wt%, when the value of B, starts to increase again. From a concentration

of 2.5 %, the nett interaction is repulsive.

5.3 Rheology

In order to characterize the macroscopic properties of the system, rheology measure-
ments were performed. Above a the percolation concentration, the samples exhibit vis-

coelastic behavior.

Modulus / Pa

1 10 100 1000
w/rads™

Figure 5.4: Storage (G’) and loss (G”) moduli as a function of the frequency (w) for
microemulsion with 3,38wt% of C;s-EQ150-C1g measured with the instrument AR-G2 at a
constant temperature of 25°C
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Figure 5.5: Cole-Cole representation of the loss modulus G’ as a function of the storage
modulus G” for mixtures of microemulsion consisting of TDMAO 100mM / Decane 35mM
/ water with different quantities of Cig-EO150-C13 added. Measured with the instrument
AR G2. The lines represent the fits with Equation

As an example, the viscoelastic response to an applied oscillatory deformation of the
microemulsion with 3.38 wt% added is shown in Figure[5.4 At low frequencies, the viscous
modulus is higher than the elastic modulus and the sample behaves as a viscous liquid. At
high frequencies, the samples behaves elastically. The crossover frequency or alternatively,
the crossover time, corresponds to the structural relaxation time. In the case shown here,
we arrived at a rheological relaxation time of 0.011 s. The data was fitted to the equations
of the Maxwell model for linear viscoelasticity, described by equations and [2.60l We
observe that the model describes well the data with small deviations. Therefore, the

structural relaxation may be described by one relaxation process.

Alternatively, the data can be represented as the Cole-Cole representation of the storage

modulus G’ against the loss modulus G”. For the Maxwell model, it will be described by
G"(w) = [G'(w)Go — G'(w)’]™ (5.4)

with m = 0.5, i.e, the equation of a circle, and G the plateau modulus. The best fits
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were obtained for a value of m = 0.482, thereby indicating almost perfect Maxwellian
behavior. The plateau modulus values obtained by fitting with Eq. are listed in Table
(.2l Additionally, The relaxation time may be obtained from the maximum of the curve,
which is the point at which G’ is equal to G”. The plateau value modulus increases with
the concentration of Ci3-EO15)-C1g added in a monotonic manner. This is due to the fact
that there are more bridges.

The concentration dependence of the plateau modulus Gy is depicted in Figure [5.6

Previous works on microemulsion networks have shown that the transition from the fluid

Cpot | Wt% r Go / Pa | 7 / ms | Go/vkgT
1.72 8.08 103 104.9 0.017
1.96 9.04 170 56.6 0.025
2.18 10.06 209 52.1 0.028
2.45 11.29 306 56.6 0.037
2.67 12.33 496 64.7 0.054
2.90 13.40 754 56.6 0.076
3.14 14.50 912 64.7 0.085
3.38 15.62 974 64.7 0.084

Table 5.2: Rhological parameters for microemulsions with Cig-EOq50-C15. Polymer con-
centration ¢, number of stickers per droplet r, and parameters derived from the fit using
Eq. of the Cole-Cole representation: high frequency modulus Gg, relaxation time 7
and reduced modulus Go/vkgT.

low-viscous phase to the viscoelastic phase occurs at the percolation concentration [44,/110),
115|. The percolation theory predicts that the zero shear viscosity and the high frequency

modulus are described by the following equations |116|

no (e, —e)" (5.5)

Go = Goo(r —1e)’ (5.6)

where ¢, is the percolation concentration and the exponents have values of k ~ 0.7 and
t = 1.7. We fitted the experimental data of Gy with Equation [5.6] We fixed the value of t
to 1.7 and the best fit was obtained for a percolation concentration of 1.32 wt% (see Fig.
5.6|), which corresponds to 6.1 stickers per droplet. This is considerabbly higher than the
value of 0.6 predicted by the Flory-Stockmayer theory, on a Bethe lattice for a random

bond percolation [116|. The reason for this, is because not all the polymer chains are
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forming a network link. According to a simple network theory [107], the high frequency
storage modulus is given by Gy = vkgT , where v is the number density of elastically
connected points. The reduced high modulus, calculated by deviding by the number of
polymer chains, (see Table is much lower than 1, meaning that not all the polymer
chains are elastically active. This is mainly due to the loop formation [110] but there may
also be constribution of network failures [34].

The fraction of loops is higher than the bridge fraction because the end-to-end distance
of the polymer is smaller than the distance between the droplets. The formation of bridges
is still possible if the EO chain stretches. The contour length of the EO chain is 56.3 nm,
which corresponds to the completely stretched chain. Nevertheless, it is energetically not

so favorable.

1000 T T T T T T T T T T T T "-<> T
800- |

600- ]
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Figure 5.6: High frequency modulus of microemulsions-HM polymer mixtures as a function
of the concentration of Cig-EO150-C1g measured with the instrument AR-G2 at a constant
temperature of 25°C. Dotted line: Gy = 307(c — 1.32)17

The relaxation time remains constant with the polymer concentration (see Table [5.2)).
This is not surprising because the relaxation time is related to the lifetime of a bond in
the network. In this case, the process of breaking and reforming a link is controlled by the
residence time of the sticker in the oil droplet.

The zero shear viscosity is related to the high frequency modulus via 179 = Go7g. Since
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the relaxation time is constant with the concentration, the viscosity dependence with the

concentration is dominated by the contribution of Gj.

Figure shows the zero shear viscosity for microemulsions-HM polymer mixtures as
a function of the concentration of Cig-EO;50-Cis. The viscosity increases with increasing
polymer concentration. The increase can be divided into to three regimes. At low polymer
concentration, the viscosity increases what appears to be quadratically with the concen-
tration. In the second regime, at intermediate polymer concentration the rise is more
pronounced. In the third regime the increase follows a power law with the concentration

and the samples have a viscoelastic behavior.

r ( stickers/droplet)
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Figure 5.7: Zero shear viscosity of microemulsions-HM polymer mixtures as a function
of the concentration of Cig-EOq50-C1g measured with with a capillary viscosity until a
concentration of 2wt% and with the instrument AR-G2 above this concentration at a
constant temperature of 25°C. Solid line: 1y = 0.0016(1.54 — ¢)~%7. Dashed line: 7y =
3.6(c — 1.54)L7

In the low concentration regime the viscosity increases due to the increase of effective

volume fraction due to the formation of loops decorating the droplets. The viscosity can
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be expressed as

5
=1+ §¢eff + O(d)gff) (5.7)

However, the dependence of the effective volume fraction ¢.r; is not trivial. As an
alternative, one could also describe the viscosity increase with a percolation expression
as 0 o< (¢, — ¢)7® below the percolation concentration ¢, and n o< (¢ — ¢,)7 above the
percolation concentration.

The percolation equations are able to describe the viscosity at low concentrations and
at high concentrations very well (see Fig. , yielding a percolation concentration of
1.54wt% or, equivantely, 7.1 stickkers or 3.5 polymers per droplet. This value is in very
good agreement with the one obtained by fitting the high frequency modulus.

Here, it should be said that the percolation theory considers permanent bonds and this
is not the case in the microemulsion/ HM-polymer networks, where the lifetime of a bond
is given by the residence time of the sticker in the oil droplets. Nevertheless, the high
frequency modulus is measured at times shorter than the relaxation time and the bonds

can be considered as permanent.

5.4 Dynamic light scattering

To further investigate the dynamic properties of the system, we performed dynamic light
scattering experiments on the polymer /microemulsion mixtures. Figure [5.8/shows the inten-
sity correlation function ¢g?(t) for a scattering angle § = 90° and for various concentrations
of C13-EO150-Cig added to the microemulsion. The curve of the microemulsion exhibits
a monoexponential decay arising from the Brownian motion of the oil droplets in wa-
ter. Upon addition of polymer the relaxation becomes slower and the correlation function
starts deviating from monoexponential behavior. A second relaxation mode appears and
its amplitude and characteristic time increase with increasing concentration of polymer.
In order to identify first the number of relaxation modes, the size distributions were
obtained by inverse Laplace transformation using CONTIN analysis |77]. The evolution
of these distributions are presented in figure 5.9 The decay time distribution of the pure
microemulsion is monomodal. When adding polymer there are 3 concentration regimes.

First, below 1.25 wt% the distribution is bimodal, then a third mode becomes visible. The
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Figure 5.8: Intensity correlation function of microemulsions with several concentrations of
C18-EO150-C15 added measured at a scattering angle of § = 90° and a temperature of 25°.

slowest mode then becomes for further increasing polymer concentration more prominent

and moves to longer times, while the intermediate mode almost vanishes.

6_| L L L L

.09 wt%

4. 2.30 Wt%
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Figure 5.9: Intensity weighted decay time distributions of microemulsion with Cig-EOq50-
Cig determined by dynamic light scattering for a polymer concentration of 0, 0.75, 1.25,

2.04, 2.30 and 3.09 wt%
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However, the results obtained by CONTIN must be treated with caution when the
distributions are too closely spaced. Thus, once identified the number of modes that
appeared in each regime, it makes more sense to analyze the results in terms of a sum of
normal or stretched exponential decays of ¢g*(t), where the amplitudes a; and parameters f3;

may provide useful information. Thus, the curves were fitted to the following expression:

2
9P (t) — 1] = [afast LTI gy - T Totow) (5.8)

The fast relaxation time 74,5 Was in all cases diffusive since it exhibits a ¢* dependence.
Thus, the fast relaxation mode is due to the diffusion of the oil droplets, as it has been

found in previous investigations [42,/110].

00 05 1.0 15 2.0 25 3.0 35
CpoI/ wt%

Figure 5.10: Reduced collective diffusion coefficient D..;/Dyp calculated as Deoy =
1/(Ttastq?). Dy is the diffusion coefficient of the microemulsion without polymer. The
dotted line is a guide to the eye

The collective diffusion coefficient is related to the fast relaxation time through 1/7¢,5 =
D..ng?. The normalized diffusion coefficient as a function of the concentration of C;g-EO150-
Cys is represented in Figure[5.10] As the polymer is added, the attractive interactions slow
down the diffusion. This is consistent with our structural picture that showed a large
increase of the attractive interaction upon addition of the polymer, which is in agreement

with a corresponding slowed down diffusion. The maximum of the virial coefficient By in
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Figure [5.3] coincides roughly with the minimum of D,y in Figure [5.10}

o
N /EI/D/E)M L
- o 0,75
't/) o 1
1,25
E 01_ v 15 i
g . v 1,75
» a2
K v 2,25
= o 25
/ % 3
0.01] 4 —a—3—o—g F&FT
10’ 2x10’ 3x10’
q/m*
b) .
<)
254
o
o
204 o
3 15 o
°
2
C 10 o
0.54 o
o
o
0.0 T T T T T
0.5 1.0 15 2.0 25 3.0 35
C /wt%
pol

Figure 5.11: a) Slow relaxation time inverse 7.;' as a function of the magnitude of the

scattering vector ¢. Solid lines: fits with equation 7, Olw ~ ¢"slov. b) g-dependance exponent

Ngow as a function of the polymer concentration added to microemulsion.

Figure[5.11]shows the q dependence of the slow relaxation mode. The curves were fitted

-1
Y
slow

to the expression q"sv. At low polymer content, the q dependence is around 2,
indicating a diffusive mode. By increasing the polymer concentration, 7y, until almost
zero at a polymer concentration of 3.3 wt%.

The second relaxation mode appears in microemulsion networks and it is not always
diffusive. In the cases of a nondiffusive second mode [?,103,108] it was shown for that the
relaxation time was strongly correlated with the terminal relaxation time of an oscillatory
shear experiment and was thus interpreted as the average lifetime of the network junctions.
In our case the relaxation time of the second relaxation mode 74, increases with the

polymer concentration. When the exponent ng,, tends to zero, the relaxation time is

about 100 ms, which is very near to the values obtained for the structural relaxation time
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(see Table :

5.5 FCS

In order to gain a further understanding of the dynamic properties of the system, fluo-
rescence correlation spectroscopy measurements were performed. As a probe molecule we
chose a hydrophobic dye (Nile Red) that is solubilized in the oil droplets, assuming a neg-
ligible solubility of the dye in water. With this method we can determine the self diffusion
coefficient D5 of the droplets. Figure @ shows the correlation functions for the studied
microemulsion with increasing concentrations of Cig-EQO150-Cis.

The curves exhibit a single decay that may be described by Eq. 2.47} The decay times,

G(t) / G(0)

L ] e L L e e o ) e LLER 020w s e
1E-3 0.01 0.1 1 10 100 1000

Figure 5.12: Normalized autocorrelation function of microemulsion with Ci3-EQOq50-C1g of
different concentrations. The lines are the fits with Eq. yielding the parameters listed
in table . The inset plots the relaxation time as a function of the polymer concentration

listed in Table |5.3, increase monotonically with the polymer concentration until a concen-
tration of 2wt%. After this concentration, the time remains constant but the anomalous

diffusion, characterized by the stretched parameter v being smaller than 1, becomes larger.

The inset of Figure [5.12] shows the concentration dependence of the relaxation time.

0.7

The time follows a power law of 7p ~ ¢ The relaxation time starts to be constant at a
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Cpot/Wt% | Tp/ms | «

0 0.15 | 0.99
0.25 0.20 | 0.94
0.49 0.28 | 0.99
0.74 0.42 | 0.97
0.99 0.67 | 0.98
1.22 1.44 | 0.96
1.47 1.38 | 0.88
1.96 3.41 |0.83
2.18 4.34 | 0.80
2.41 3.20 | 0.74
2.64 269 |0.74
2.87 3.98 | 0.80
3.33 3.81 | 0.70
3.10 3.12 | 0.64

Table 5.3: FCS fit parameters for microemulsion/ HM-polymer obtained by fitting the
FSC autocorrelation functions with Eq. [2.47, Diffusion time 7p and anomalous diffusion
exponent «.

concentration of 2wt%.

The anomalous diffusion exponent « as a function of the polymer concentration is
plotted in Figure 5.14] A low polymer concentration the exponent is almost 1, so the
diffusion of the droplets is simple. At a concentration higher that 1wt% the exponent
a starts to decrase with the polymer concentration. Interestingly, this concentrations
coincides with the concentration at which repulsive interactions du to network formation

start to appear, as shown by a minumum in the second virial coefficient By obtained by

SANS (see Fig. and a minumum in the collective diffusion coefficient obtained by DLS
(see Fig5.10).
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Figure 5.13: Reduced self diffusion coefficient Ds/D; pp calculated as Dy = wy/(475).
D,y is the self diffusion coefficient of the microemulsion without polymer. The dotted
line is a guide to the eye
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Figure 5.14: Anomalous diffusion exponent « as a function of the concentration of Cig-
EO150-Cyg for microemulsion/ HM-polymer obtained by fitting the FSC autocorrelation
functions with Eq. The lines are only guides to the eyes.
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5.6 Conclusion

The structure and dynamics of an oil in water microemulsion with admixed telechelic poly-
mer with structure Cig-EQO150-C1s has been studied in detail. SANS experiments showed
that the form and size of the oil droplets are not modified by the presence of the polymer.
However, the addition of telechelic polymer induces an attractive interaction due to the
bridging and a repulsive interaction due to the presence of the chains between the droplets.
At low polymer concentration, the attractive component dominates, whereas the repulsive
part becomes more important by adding more polymer.

Moreover, the polymer induces a considerable increase in viscosity of several orders of
magnitude. The concentration dependence of the viscosity was described with a percolation
model, yielding a percolation concentration of 1.5 wt% or equivalently 7 stickers per droplet.
Above the percolation concentration, the samples show a viscoselastic behavior, that was
described by an almost perfect simple Maxwell model with one relaxation time. The
structural relaxation time is constant (~ 60 ms) with the polymer content. The high
freaquency modulus and zero shear viscosity may be described by a percolation model
yielding a percolation concentration of 1.37 and 1.55 wt% respectively. Since the relaxation
time was constant with the polymer concentration, the exponent of the concentration
dependence over the percolation threshole was in both cases 1.7, in excellent agreement
with the values predicted by percolation theory [116].

The concentration fluctuations show a multimodal relaxation process that was modeled
by a sum of two stretched exponential functions. The fast mode is diffusive and the
collective diffusion coefficient decreases with the polymer concentration as a consequence
of the attractive interdroplet interactions. The relaxation time of the slow mode increases
with the polymer concentration and its dependence with the scattering vector ¢ varies from
2 (diffusive) to almost zero (subdiffusive). The relaxation time in the latter case appears
to be correlated to the structural relaxation time 7z obtained by rheology.

FSC measurements show an increase of the diffusion time with the number of polymer
molecules per droplet. The self diffusive behavior changes qualitatively from normal to
anomalous diffusion at a polymer concentration of about 1.0 wt %, which corresponds to
4.5 stickers per droplet. This behavior, typical for diffusion of bodies in crowded media, is
a clear indicator of the beginning of the network formation.

The beginning of the formation of a network is characterized by a minimum in the
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value of the second virial coefficient, a minimum in both in the collective and self diffusion
coefficients, the appearance of a slow relaxation mode in the density and concentration

fluctuations and the start of anomalous diffusion.
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Chapter 6

Structure and Dynamics of telechelic
star polymer and microemulsion

mixtures

The structural and dynamical properties of oil-in-water microemulsion (O/W ME) modified
with telechelic linear and star polymers of different functionality (number of hydrophobi-
cally end-capped arms) were studied by means of DLS, SANS, and high frequency rhe-
ology measurements. For that purpose tailor-made newly synthesized hydrophobically
end-capped poly(N,N-dimethylacrylamide) (PDMA) star polymers of variable number of
end-caps of different alkyl chain length, synthesized by the RAFT method were employed.

6.1 Systems studied

As a first step the macroscopic phase behavior of the microemulsions composed of 100
mM TDMAO / 35 mM decane was studied as a function of the amount of the different
(Table added polymers. All the mixtures of microemulsion and polymer up to 8 wt%
of polymer are homogeneous, transparent and stable but they differ substantially with
respect to their viscosity. Samples with C4 end-capped polymer are liquid-like, with C12
viscous, and with C18 very viscous (honey-like). In general, an increase of the polymer
concentration leads to a pronounced increase of the systems viscosity.

The molecular parameters of the polymers used in this study are listed in Table

The number of stickers per droplet r is the ratio between the number density of stickers
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Polymer n  M¢/KDa M2/KDa PDI* M! R.(2arms)/nm r/wt%®
(C4PDMA); | 493 147 169 1.15 219 28.4 0.15
(C12PDMA), | 293 59 61 1.05 73 21.9 0.38
(C12PDMA)3 | 221 67 69 1.04 86 19.2 0.49
(C12PDMA), | 229 92 97 1.05 120 19.4 0.48
(C1sPDMA)3 | 330 nd nd nd 109 24.0 0.32

Table 6.1: Polymer parameters: Molar mass as weight (M,), and number (M,) aver-
age as determined by MALLS-GPC; DMA units per arm (n) as calculated from M,
and polydispersity index (PDI) and end-to-end distance of 2 arms (R..) calculated as
< R2 >=C..2nl? (Cy = 9.1) |92]. ® Weight average molar mass M,, obtained from SANS
in d8-THF as reported in ref [91]. © Number of stickers per droplet r per 1 wt % of polymer.

ns: and the number density of droplets ng = ¢/V,, = 3¢/4nR?, assuming all end stickers

to be located within the microemulsion droplets.

r=ng/ng (6.1)

with R being the radius obtained by SANS (2.4 nm).

The average distance between the microemulsion droplets can be calculated assuming
a cubic packing of the spheres d = {”/m , for the given concentration and for their
radius of 2.4 nm. This yields a value of d=13.2 nm for our system of 100 mM TDMAO and
35 mM decane (which has a volume fraction of 0.0357). This distance is somewhat shorter
than the send-to-end distance R.. of the bridging polymers (see Table [6.1)), which means
that the polymers should be able to bridge the droplets effectively [52], and thereby even
would have a tendency to be "squeezed together" by the presence of the droplets. The end-
to-end distance of two arms (listed in Table was calculated as < R?, >1/2= (C,,2ni?)'/?
where [ is the length of a N,N’-dimethylacrylamide monomer (0.23 nm) and Cy, = 9.1 for
PDMA in water [92].The length of two arms of the polymers is about 20 nm (See Table
. This length can be compared to the distance between the droplets, that is 13 nm.
Note, that the length of the polymers is considerably larger than the distance between the
droplets. Therefore, we expect a network to form easily. Furthermore, no phase separation

is expected [41].
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6.2 Structure of the Microemulsion/Polymer Systems -

SANS

Comprehensive mesoscopic structural information is required for a better understanding of
the formed microemulsion/polymer mixtures. For this reason SANS measurements were
performed for samples with microemulsions (TDMAO 100mM /Decane 35mM/D50) and
telechelic star polymer added, where the length of the sticker, the concentration of polymer

and the number of arms were varied.
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Figure 6.1: SANS patterns of the aggregates of microemulsion (squares) and with
(C4PDMA); (circles), (C12PDMA); (triangles) and (C;sPDMA); (diamonds) at a con-
centration of 5 wt% added polymer in D,O at room temperature. The lines correspond to

the fits with eq

Figure [6.1] shows scattering patterns of the pure microemulsion and the system with 5
wt% of 3-arm polymers with varying end-cap length (4, 12 and 18 carbon units). The pure
microemulsion shows the typical scattering pattern of sterically repulsively interacting
spherical aggregates. The polymer-containing samples show a much more pronounced
correlation peak and a higher scattering intensity in the high g-range. The latter is due
to the scattering of the polymer chains and to an increased incoherent scattering due
to the higher concentration of H-atoms in the sample. In the intermediate g-range the
scattering curves are basically superimposed. This indicates that the droplet structure of
the microemulsion remains unaltered by the polymer addition. The decreasing scattering

intensity at low ¢ and the corresponding evolution of a correlation peak arises from an
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increased repulsive interaction due to the presence of the polymer chains between the
microemulsion droplets. This leads to an effectively excluded volume between the droplets.
The scattered intensity for polymer containing microemulsion droplets was expressed by

the expression derived by Fuchs et al. [117] for polymer-colloid mixtures:

1(q) = nsV2APIP(q)Sss(q) + np V2 APESpn(q) + Line (6.2)

The total scattering intensity (@) is expressed in terms of the droplet and polymer segment
scattering lengths, Ap, and Ap,, Vs and V), their volumes, and their number densities n.
and n,, the normalized form factor accounting for the shape and size of oil droplets (Ps(q)).
Sss(q) is the structure factor accounting for interactions between droplets and I;,. accounts
for the incoherent scattering. Cross terms taking into account the correlations between the
droplets and the polymer were neglected here. The decoupling of P(q) and S(q) is strictly
only valid for monodisperse systems, but commonly employed as well for polydisperse

systems [111]. For Ps(q) the model of an homogeneous sphere was employed,

. 2
Pi(q) = nS/LogNorm(R) (ZSquR qiﬁcoqu) (6.3)
(¢R)
with the spherical particles having a log-normal size distribution of radii:
LogNorm(R) = n,/Ro(2n)?exp(—[In(R) — 0]%/20?) (6.4)

The polydispersity index PDI of this distribution is identical to the variance . The
values of Ap are the difference of the scattering length density of the aggregates and the
average scattering length density of the sample, which depends on the sample composition.

(described it in more detail in the supporting information).

Spp(q) is the structure factor of the polymer segments and there is no explicit polymer

form factor. The scattering can be modeled according to a correlation term [22|:

o sin(parctan(qg))
EF(N) (1 _ q2£2),u/2

with I'(x) the gamma function with argument 4 = 1/v — 1 and v being the excluded

”pvp2ApzSpp<Q) = (6.5)

volume parameter from the Flory mean field theory with a value of v = 3/5, as typical for

polymers swollen in good solvents. The parameter « is the forward scattering and £ is the
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correlation length of the polymer network.

For the long range repulsion we employed a S(q) based on a potential U(r) of a hard
sphere with a Yukawa tail [118§]:

U(R)_ 00 for 0 < R < Ryg
kT Upexp(—z(R — Ryg))/r for R > Rps

(6.6)

where Rpyg is the hard sphere radius. For R > Rpys a Yukawa potential was chosen
as it has been proven to successfully describe the long range repulsion, for instance in
electrostatically repulsive colloids [119] or soft colloids such as star polymers [72]. The
radius and the volume fraction of the hard sphere in this model are constrained to be
defined by those of the sphere form factor. The parameter U, is the potential energy
at the particle surface and z its range. The direct correlation function C(r) is obtained
by solving the Ornstein-Zernike equation which has an analytical solution for the mean
spherical approximation (MSA) [118]. The Fourier transformed correlation function C(q)

solved for macro-ion solutions was taken [?] and the structure factor is

1

ﬂ”:1+mo@

where n, is the number density of the oil droplets.

In addition, we studied the effect of the polymer concentration. Exemplarily, the scat-
tering patterns of the pure microemulsion and the microemulsion with 2, 5 and 8 wt%
of (C1oPDMA); are shown in Figure (a). As observed above, the scattered intensity
increases at high ¢ due to the incoherent scattering and the scattering of the chains. Both
contributions increase proportionally to the amount of polymer. Again, the size of the
microemulsion droplets, as indicated by the intermediate g-range, is not affected. With
increasing polymer concentration the correlation peak becomes more pronounced. This in-
dicates a higher repulsive interaction due to a larger amount of hydrophilic polymer chains

between the droplets, that are functioning like an effective excluded volume.

Finally, in order to elucidate the effect of the number of arms the SANS patterns for
5wt% solutions of (C;osPDMA),, (C1oPDMA); and (C12PDMA), with similar molecular
weight in microemulsion are given. They show no significant difference at identical polymer

concentration (Figure [6.2b)). This means that neither the droplet structure nor their
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Figure 6.2: SANS patterns of the aggregates of microemulsion at room temperature (a)
with increasing content of added (C1aPDMA)3 and (b) with (C;oPDMA),, (C1oPDMA);
and (C1oPDMA), at a concentration of 5 wt% added in DO

interactions are affected by the number of arms of the polymer present.

The fit of the curve of the pure microemulsion by using the model described by Eq. [6.2]
without the chain contribution P.(¢q) (the second term in Eq. 2) yields a radius of 2.4 nm
with a standard deviation of the log-normal distribution of 0.18. This value is higher than
the previously reported one of o = 0.102 [57|, because it also contains the experimental

smearing.

The curves of the polymer containing samples were fitted using Equation [6.2, The
radius of the droplets R, and the standard deviation of the log-normal distribution o
were kept constant according to the values obtained from the microemulsion. The volume
fraction was fixed according to the sample composition. The scattering length density
difference was calculated as the difference of the scattering length of the droplets and the
sample average scattering length density (see supp.info). The hard sphere radius Ry and
the hard sphere volume fraction ¢ g were chosen to be equal to the microemulsion droplet
radius and droplet volume fraction, respectively. In this way, the number density is kept
constant and the number of parameters in decreased. Rpygs might be slightly larger for
the droplets but this additional repulsion is included in the interaction potential. The
prefactor of the chain scattering form factor «, the blob size £, and the structure factor
parameters Uy and z were fitted. All the parameters are listed in Table [6.2] This model
fits our experimental data rather well, and accordingly seems to be an accurate description

of the structural situation.

As to be expected, « is simply proportional to the amount of polymer contained (see
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Polymer C 10) r Line Q Ap z Uy By
[wt% | [em™]  [em™] [em™?] [nm™Y|  [kpT]

- 0.0 0.032 0 6.43 0.106  0.03 4.11
(C4,PDMA); 5.0 0.031 1.1 0.077 0.81 6.17 0.134 0.11  7.11
(C1sPDMA)3 50 0.031 1.7 0.107 0.82 6.17 0.049 0.81 138
(C12PDMA)3 20 0.032 1.0 0.076 0.38 6.32 0.153  0.19 4.37
(C12PDMA)3 50 0.031 2.7 0.093 0.81 6.17 0.079 120 13.8
(C12PDMA)3 80 0.030 4.5 0.11 1.09 6.01 0.114 394 182

Table 6.2: SANS parameters of the curves presented in Figures 3 and 4. Polymer concen-
tration C, droplet volume fraction ¢, number of stickers per droplet r, scattering length
density contrast Ap and the parameters obtained from the fits using Eq.2: incoherent
background I;,. (error: 0.9%), prefactor of the polymer chain correlation term « (error:
3%), the range z (error: 10%) and the strength Uy (error: 6%) of the repulsive interaction
potential. The radius of the sphere R (and hard sphere radius Rpg) was 2.37 nm (error:
0.2%) and the chain blob size £ was 1.82 nm (error: 0.2%). The hard sphere volume
fraction ¢yg was the same as the droplet volume fraction.

Table C3). The parameters z and Uy are strongly coupled but nonetheless there seem to be
some clear trends to be observed for the different systems. When the same concentration
of (C12PDMA);3 and (C1sPDMA); is added, Uy and z are relatively similar. This is not
surprising since both polymers have the same length and the same number of chains are
present in the sample. In the case of (C4PDMA)3, Uy is substantially lower because the
smaller anchoring of the short C4 chain in the microemulsion droplets is much weaker and
accordingly it only leads to a much less pronounced repulsion. Therefore, we can state that
the structure does not depend on the sticker length, if the sticker has a minimum length.
This is in good agreement with previous results with C12 and C18 telechelic polymers,
where the effective interaction between the droplets was found to be independent of the
sticker length [44]. The effective interaction must be independent of the nature of the
stickers, if the time they spend out of the droplets is negligible. This does not hold for the

(C4 stickers, and thus the effective repulsion is less pronounced.

Moreover, we observe a pronounced increase of U, with increasing polymer concen-
tration, which is in agreement with the intuitively expected proportionality of K to the
number of stickers per droplet, . In order to quantify the interaction in a more stringent
way, we calculated the dimensionless second virial coefficient as

27 &

By = v, (1 — exp(=U(r)/kgT))r*dr (6.8)
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From the definition of By, the excluded volume contribution is represented by By = 4. If
By < 4 the interaction is attractive and if By > 4 the interaction is repulsive. The results
are summarized in Table 6.2 The second virial coefficient By for the microemulsion is 4,
i.e., it behaves like a model hard sphere system as it has been seen frequently before for

nonionic microemulsions [4,57,/105,[110}/120-122].

In general, the microemulsion/polymer mixtures have values of By higher than 4 (see
Tabl, indicating that the net interaction between the droplets is repulsive. Bj is
proportional to the number of stickers per droplet r, and apparently, each connecting chain
has a similar contribution to the overall repulsion. The repulsion itself arises from the fact
that the end-to-end distance of the polymers, which is also the average spacing between
the hydrophobic stickers, is larger than the average spacing between the microemulsion
droplets. Accordingly having two stickers in neighboring droplets leads to a repulsion
between them. In contrast, if the polymer length is smaller than the interdroplet distance,

the net interaction is expected to be attractive, leading to phase separation [40}53].

In summary, we find that the addition of the telechelic polymers has virtually no effect
on the droplet structure of the microemulsions, but mainly affects their interaction potential

and thereby their structure factor, rendering the droplet interactions increasingly repulsive.

6.3 Rheology

In order to gain quantitative insight into the thickening behavior of the end-capped star
polymers, we performed rheological measurements for the polymers of various architectures

and different sticker lengths.

First, we considered the effect of the sticker length on the viscosity of microemulsion-3-
arm polymer mixtures. Fig. |6.3|(a) shows oscillatory measurements of samples with 5 wt%
of (C12PDMA); and (C;sPDMA)3. The curves show the typical behavior of a viscoelastic
fluid with an increase of the storage modulus G’ and the loss modulus G” with increasing
frequency until at a certain frequency where G’ reaches a plateau. The viscoelastic behavior
can to a first approximation be described by the Maxwell model, described by Equations

and [6.10]

wr3

G =Gy ——
01+w2712%

(6.9)
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Figure 6.3: a) Storage (G’) and loss modulus (G”) as a function of the frequency (f)
solutions of (C12PDMA)3 and (C1sPDMA); of a concentration of 5wt% (solid lines are fits
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G =G (6.10)

where (G is the shear modulus, and 75 is the characteristic time of the relaxation process
and the angular frequency is w = 27 f. This simple model describes the experimental data
very well. Deviations at high frequency, especially in the case of G”, appear in such systems
because in this frequency regime the links can be regarded as permanent and the system
behaves rather rubber-like yielding a higher G” than predicted by the Maxwell model [110].
The obtained values of GGy and 7 are collected in Table [6.3] The plateau modulus G for
C12 and C18 is of the same order of magnitude and the slight difference can be attributed
to the somewhat different number of stickers per droplet r. The structure of the network is
very similar as observed by SANS. However, the structural relaxation time differs markedly
depending on the sticker length for C12 and C18. The structural relaxation time is related
to the lifetime of a network junction. Assuming that the lifetime is the residence time of the
alkyl chain of a surfactant in a micelle, it is related to the activation energy E, for the exit
of a sticker from the microemulsion droplet by the Arrhenius law 7y ~ exp(FE,/kgT). For
linear saturated chains, the activation energy is 1.1-1.2 kgT per CHy [?]. The relaxation
time of the C18 stickers is 300 times larger than for C12, corresponding to an E, of 1.0
kgT per CHs,.

The zero shear viscosity is directly proportional to the structural relaxation time 7y =

TrGyo. Figure (b) shows the zero-shear viscosity 7, for the samples containing 5 wt% of
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Polymer C/wt% r no/Pas  Go/Pa Tr/ms Dep/m?*s™t < 1> /ms [
(C,PDMA); ) 0.76 2.95-1073 5.78 -10~1! 1.02 0.66
(C1oPDMA); ) 2.5 17.1 1608 11.1 7.40 -1071! 64.7 0.31
(C1sPDMA)3 ) 1.6 3.09-10% 1129 2.73-10* 6.60 -10~! 4.36-103 0.68

Table 6.3: Rheological parameters for different sticker lengths obtained from the fit with
Eqgs. and [6.10; plateau modulus Gy, relaxation time 7z and zero shear viscosity. As
the sample with (C4,PDMA); was too fluid to be measured with the Gemini rheometer,
the viscosity was measured with a capillary viscometer. In addition, effective diffusion
coefficient D, s¢, mean value of the second relaxation time < 75 >, and stretching parameter
(2 as obtained from DLS.

3-arm polymers with different stickers. One observes a very pronounced viscosity increase,
which rises exponentially with the number of methylene groups of the sticker in the form
of nog ~ exp(E/kgT), yielding a value of 1.0 kgT per CHy group. Since the values of the
plateau modulus G are very similar, the viscosity variation is dominated by the variation
in the relaxation time. This value is close to the 0.9 KgT reported before [27]| for the
viscosity of linear hydrophobically end-capped polymers. The somewhat higher viscosity
values in our case suggest that the trithiocarbonate group adds hydrophobicity to the

sticker.

In the next step, we consider the variation of the polymer concentration. The mixtures
of telechelic star polymers and microemulsions exhibit an increase on the viscosity upon
increasing concentration of polymer, such that the relaxation time and the value of the

plateau modulus become higher (Fig. [6.4)).

The evolution of the plateau modulus GGy with the number of stickers per droplet r for
different number of stickers per polymer is illustrated in Figure We note that the values
of the plateau modulus differ largely for the three polymers at a given concentration, where
SANS shows no differences on the local structure and only small changes in the interaction

potential. From the percolation theory [116] one expects
Go = Goo(r — 1¢)* (6.11)

where r. is the percolation threshold and a is predicted to be about 1.7 [116]. The perco-
lation threshold 7. is 0.93, 0.8 and 0.6 for (C1aPDMA),, (C1sPDMA)3, and (C1oPDMA),,
respectively. This decrease may be explained by a decreasing probability of having a poly-

mer not connecting different droplets but instead forming loops. The best results were
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Figure 6.4: Storage (G’) and loss modulus (G”) as a function of the frequency (f) for
solutions of (C;5PDMA)3 in microemulsion (35 mM TDMAO /100 mM decane) for different
polymer concentrations. The symbols correspond to the experimental data, the lines to
the fit analysis with the Maxwell model (Eqs. and

Polymer ‘ Goo / Pa 1,
(C.,PDMA), | 480  0.93
(CLPDMA); | 600 0.80
(C,PDMA), | 78  0.64

Table 6.4: Fit parameters to the the power law Gy = Goo(r — r.)!? of the plateau modulus
as a function of the number of stickers per droplet r for (C;oPDMA),, (C1oPDMA); and
(C12PDMA), added to the microemulsion.

found for a value of the exponent a = 1.2. This value differs somewhat from the one pre-
dicted by theory (1.7) [116] and found experimentally for microemulsions with bifunctional
telechelic polymers (1.4-1.6) [108,(1104/123]. Hence, the curves follow the same power law
but they differ in the magnitude of the modulus, being larger with increasing number of
arms.

The inset of Figure [6.5/shows the relaxation times obtained from the fits of the rheolog-
ical data using Eq. [6.9] Interestingly, all fall on top of each other, i.e., they are described
by a master curve for the various systems studied. The relaxation process depends only
on the sticker length and the effective connectivity of the droplets. Experimentally we
find that 7z follows a power law of r» with an exponent of 0.66, where this exponent de-

scribes the increase of connectivity due to the increasing number of bridges present. For a
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Figure 6.5: Plateau modulus as a function of the number of stickers per droplet r. The
lines are the fits to the power law Gy oc (r — r.)'? (see Table [6.4). The inset shows the
relaxation time 7 as a function of 7. The line corresponds to the equation 7 = 8(r—0.8)°-%

simple network model G is proportional to the number density, n, of rheologically active
cross-linking points |107]
Go = nkgT (6.12)

where n can be approximated by the number density of polymer chains linking two droplets.
For our multi-bridging polymers the number of links will be related to the number of arms
f by:

Go = Npf(f = DkpT (6.13)

where n, is the number density of polymer molecules. Asris fn,/ng (ng being the number

density of microemulsion droplets) we expect:
Go = rnd(f — 1)kBT (614)

This means that the shear modulus is expected to increase linearly with the number of
branching points of the polymer. Indeed, all the data could be reasonably well fitted by
the expression Go/n,kpT = 0.3(f — 1)(r — r,)"* (see Fig. .

The reduced modulus Gy/n,KgT, n, being the number density of linking polymers,
should be 1 for an ideal elastic network. However it is normally smaller due to network

failures, such as dangling or backfolding arms, or due to higher order links. The ratio is

88



T AI N T T
14
|—
m
X
Q.
c
~
y 0.1-
O o (C,PDMA), ]
o 0 (C,PDMA), ]
A (C,PDMA), ]

1 2 3 4

Figure 6.6: Reduced plateau modulus Gy/n,kgT as a function of the number of stickers
per droplet r. n, is the number density of linking polymers. The lines are Go/n,kgT =

0.3(f — 1)(r —ry)+2/r.

approaching unity (see Fig. with increasing r. This demonstrates that the portion
of network failures is lower when increasing the number of arms from 2 to 4. Hence, the
effectiveness of network forming increases with increasing number of end-capped arms in

a polymer.

6.4 Dynamic Light Scattering (DLS)

The rheological results indicate rather complex dynamical properties of the multi-arm
polymer / microemulsion system, that depend on concentration, sticker length, and number
of arms. In order to gain further insight into these dynamical properties comprehensive

DLS measurements were performed.

First, we consider the variation of the concentration. Figure[6.7[(a) depicts the change
of g®(t) as a function of the amount of added (C1oPDMA),. As to be expected, the pure
microemulsion exhibits a single relaxation mode due to the diffusion of the droplets in the

aqueous medium. The curve can be described by a single exponential function

" (t)] = a1 exp(—t /1) (6.15)
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where the effective diffusion coefficient D,y is related to the fast relaxation time as

1
Dejy= — (6.16)

2
14

Thus, it can be related to the hydrodynamic radius Ry through the Stokes-Einstein equa-
tion Ry = kT /6mnD, where kp is the Boltzmann constant, T the temperature, and 7 the
viscosity of the solvent. The hydrodynamic radius Ry of the microemulsion droplets is 2.7
nm, which is in very good agreement with the radius obtained by SANS (2.4 nm). The
somewhat higher value for Ry can be attributed to a hydration shell of the microemulsion

droplets of 0.3 nm, as similarly deduced before from scattering experiments [57}/124.|125|.

Upon addition of (C;aPDMA), to the microemulsion, the obtained correlation func-
tions change little until a concentration of about 1 wt% is surpassed (Fig. ) Only for
concentrations above 2 wt% clearly a second much slower relexation mode becomes visible,
while for the highest concentrations of 6 and 8 wt%, a third relaxation mode is observed
clearly. This was seen before also for end-capped PEO in aqueous solution [15,|108|. This
becomes further evidenced when looking at the CONTIN evaluation [126] of these autocor-
relation functions (Fig. C5), where for the higher concentrations slower modes are clearly
indicated, while the relaxation is monomodal without and for low polymer content. For
the samples exhibiting a multimodal relaxation mechanism, this is also the concentration

regime, where the samples become substantially more viscous.

The dynamic behavior depends also strongly on the number of arms of added telechelic
polymer, as shown in Figure (b) The appearance of the slower relaxation becomes much
more pronounced upon addition of (C12PDMA)3, and occurs already for lower polymer
concentration. This trend is continued for the addition of the 4-arm telechelic polymer
(C12PDMA), (Fig. C4). The presence of these slower relaxation modes is also visible from
the corresponding CONTIN analysis (see Fig. C5). In general, the slowest relaxation mode
moves to increasingly longer times upon increasing the polymer concentration, while the

intermediate mode becomes smaller.

Typically a multimodal relaxation is observed for viscoelastic microemulsion/polymer
networks, which becomes increasingly pronounced with increasing elasticity and number
of arms of the telechelic polymers. However, compared to the rheological changes, DLS is

much more sensitive to the multi-functionality of the polymers. Apparently the relaxation
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Figure 6.7: Intensity autocorrelation function ¢®(¢) — 1 as a function of time for (a)
(C12PDMA), and (b) (C19PDMA)3 for various concentrations of polymer added to the
O/W microemulsion (data taken at a scattering angle of 90° and a temperature of 25°C).

mechanisms observed by light scattering are very sensitive to the connectivity and the
dynamic properties of the networks formed by bridging the microemulsion droplets. In
addition to the fast relaxation that corresponds to the diffusion process of the individual
microemulsion droplets, one observes an intermediate decay in the range of 10 ms and an
additional slow and broad decay in the range of 1-100 s, i.e., in the range that is at the
limit that can be explored by conventional DLS. These slower relaxation modes become

more prominent with increasing polymer concentration and with the number of arms f.

The CONTIN analysis must be treated with caution as the distributions deduced often

are too closely spaced to be reliable. Thus we analyzed the autocorrelation functions in
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terms of a sum of normal or stretched exponential decays g™ (¢). Accordingly, the curves

were fitted to a generalized Kohlrausch-Williams-Watt (KWW) equation [78-80]:

gOVO] = ar-e ™+ gy e @™ (6.17)

A similar approach was applied before for describing the DLS data of an O/W mi-
croemulsion bridged by a PEO distearate [42]. In addition to the conventional diffusion of
the microemulsion droplets (71), this expression describes the additional relaxation modes
of the viscoelastic network, by one or two stretched exponentials for the slower modes,
respectively. The parameters a; are the amplitudes for the respective relaxation modes
with decay times 7; and 3;(0 < f < 1) is a measure of the width of the distribution of
relaxation times |76]. The more § differs from 1, the broader the distribution of relaxation
rates is. In general, Equation allows for a quantitative description of the DLS data.

The slower relaxation processes can arise from different mechanisms which may be
distinguished by the gq-dependence of the relaxation time 7, which typically follows a power
law (1/7 ~ ¢, a being 2 for diffusive processes).

As already stated above, the fast relaxation is purely diffusive as shown by the ¢ 2
dependence of its relaxation time (see Figure . In contrast, the intermediate relaxation
time 75 shows almost no ¢-dependence and therefore is apparently independent of size.
For the case of viscoelastic polymer networks such a g-independent (o = 0) relaxation
has been reported before [81,182]. In this case, the relaxation time is strongly correlated
with the relaxation time of oscillatory shear experiments and thus was interpreted as the
average lifetime of the network junctions [103,108|. In our case, the relaxation time of
the second relaxation mode 75 is in the same range as the rheological relaxation time (see
Table , and remains constant with increasing polymer concentration (see Tables C4-6).
The stretching exponent s is typically in the range of 0.35-0.8, becoming somewhat larger
with increasing polymer concentration (see Tables C4-6). Thus the values of 32 observed
are similar to the value of 0.82 reported before for PEO distearate [42).

The slowest relaxation mode shows a rather unspecific ¢-dependence. This has mainly
to be attributed to the fact that for such long times, the limits of conventional DLS is
reached and consequently, the relaxation times obtained have rather larger uncertainties.
This applies similarly to 83 which typically is in the range of 0.4-0.8, and increases some-

what when going from the 3-arm to the 4-arm polymer, thereby indicating to become a
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Figure 6.8: Intensity autocorrelations functions g (7) (taken at 90°) (a) and g-dependence
of the different relaxation times fitted using equation for solutions of (C12PDMA)s,
(C12PDMA)3 and (C1oPDMA), 5wt% in microemulsion solution at a scattering angles
from 50° to 130° and a temperature of 25°C
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more well-defined relaxation process. The slowest relaxation mode could not be directly
linked to structural features of the network. Most likely, it is associated with a kind of

"breathing mode" of the network.

The effective diffusion coefficient of the droplets was obtained from the ¢ dependence of
71 calculated with Eq. (see Fig. C4) for (C12PDMA),, (C1oPDMA); and (C12PDMA ),
at each measured concentration. Comparing the diffusion constant with the diffusion in
the neat microemulsion, the fast relaxation may be assigned to collective diffusion of the
microemulsion droplets as it has already been seen in previous investigations [42|. The
relative effective diffusion D.ssr/Dy coefficient is depicted in Figure (a) (where Dy is
the diffusion coefficient of the polymer-free microemulsion droplets). The ratio D.sr/Dy
first decreases with the polymer concentration indicating attractive interactions. This can
be explained by the formation of dimers, trimers, etc. of connected microemulsion droplets
for low content of bridging polymer. As to be expected for such a scenario, this effect
becomes more pronounced with increasing number of arms as then the polymer is more
effective in forming such small clusters of droplets. The subsequent rise of D¢ with
increasing r is simply related to the increasing repulsive interaction between the droplets

introduced by increasing concentrations of the polymer.
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Figure 6.9: (a)Effective diffusion coefficient of the droplets and (b) amplitude of the fast re-
laxation mode for solutions of (C1oPDMA),, (C1oPDMA)3 and (C1,PDMA ), in microemul-
sion as a function of the number of stickers per polymer.

At the same time, the reduction of the amplitude a; of the fast relaxation mode (Figure
(b)) upon addition of polymer becomes more pronounced with increasing number of arms

f, i.e., the slower modes become much more prominent. These slower relaxation modes
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have to be related to the formation of a more complex network with increasing number of
arms.

Finally, we consider the variation of the sticker length. The intensity correlation func-
tions for microemulsion without, and with 5 wt% of 3-arm polymers added, which vary
with respect to their end-cap length (4, 12 and 18 carbon units), are given in Figure m

Again the intermediate relaxation time is of the same order of magnitude as the structural
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Figure 6.10: Intensity correlation function g(®(t)-1 as a function of time for systems of
(C4PDMA);, (C1oPDMA);3 and (C1sPDMA)3 5wt% in microemulsion solution at a scat-
tering angle of 90° and a temperature of 25°C. The arrows indicate the position of the
second relaxation mode.

relaxation time from rheology (see Table . Moreover, it gives an activation energy per
C'H, group (as derived from the dependence of the time constant on the chain length of
the alkyl sticker) of 0.6kgT (for # = 90°) similar to the value from rheology experiments,
corroborating the relation between this relaxation mode and the structural relaxation seen
in rheology.

In general, it can be stated that the DLS experiments show the most pronounced and
complex effects of polymer addition on the properties of the microemulsions, especially with
respect to its dependence on the number of arms but also to the length of the stickers.
While the network formation is clearly visible in the rheological properties, it leads to
very pronounced changes of the DLS curves and additional, slower relaxation modes are
observed. Apart from the fast relaxation, which can be attributed to the diffusion of the

microemulsion droplets or clusters thereof, and the intermediate relaxation mode, which
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is directly related to the rheological relaxation of the network, also a third still slower
relaxation mode is observed that can not be connected to a simple structural relaxation
process of the network. We suggest that this slowest relaxation is attributed to a breathing

mode of the network, as indicated before for polymer networks [?].

6.5 Conclusions

The structure and dynamics of droplet O /W microemulsions with admixed telechelic multi-
arm polymers are presented. The length of the hydrophobic alkyl sticker, the concentration
of polymer and, in particular, the number of arms were varied. Though all microemulsions
become more viscous upon polymer addition, the detail behavior depends strongly on the
molecular architecture of the added polymer. An increase of the sticker length has an
enormous impact on the rheology and on the dynamic properties due to a stronger affinity
of the end-cap chain to the oil droplets. The viscosity of such systems scales with the
relaxation time 7g (via 79 = Go7gr), which is determined by the exit time 7., of an alkyl
chain from a microemulsion aggregate, the latter increasing exponentially with the alkyl
chain length (7egzi ~ exp(n(CHy)).

At the same time, the structure of the microemulsion droplets, as seen by SANS, is
hardly affected by the addition of polymer. Its presence only leads to an enhanced repulsive
interaction, which is proportional to the polymer concentration and arises from the steric
requirements of the hydrophilic polymer chain, irrespective of the number and the length
of the stickers. This is a result of the fact that in our system the mean spacing between
the microemulsion droplets is smaller than the end-to-end distance of the polymer chains
(the natural spacing of the stickers). Under these conditions, the formation of loops is
much less likely than the formation of bridges. In contrast, the effect of polymer addition
on the dynamic properties as observed by DLS and rheology is much more pronounced
and complex. These mixtures become increasingly viscous with polymer addition and the
structural relaxation time of rheology depends strongly on the length of the hydrophobic
sticker and the number r of polymer stickers per microemulsion droplet, while we find a
universal scaling of 7 on r, independent of the number of arms.

The shear modulus GGy depends only little on the sticker length, but mostly on the

sticker concentration, i.e., the network structure is generically the same. In contrast, the
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rheological relaxation time does not depend on the number of arms, but increases with
increasing sticker number per droplet. The effect of the polymer architecture is more
subtle, we find that the shear modulus is proportional to the number of arms, as that
determines the number of bridges between the microemulsion droplets. This might be
the result of having less network failures when using polymers with higher functionalities,
without affecting the fundamental morphology of the network formation significantly.

In DLS a second and third relaxation mode appear upon polymer addition. These
become much more pronounced with increasing concentration and depend strongly on
the number of arms and the length of the sticker. For the linear compound, i.e. the
classical two arm system, only a small slower relaxation mode is observed in addition
to the droplet diffusion mode. In contrast, for the 3- and 4-arm polymers, the two slow
modes become dominant. The intermediate mode corresponds to the rheological relaxation
and is independent of q. The slowest mode is attributed to some larger scale domain-like
relaxation or "breathing" of the network, whose origin is not really clear at this moment. In
parallel with rheology, one finds that the structural relaxation time increases largely with
increasing sticker length. In general, these differences may be attributed to the increasing
immunity against network ruptures with increasing number of arms [127].

In summary, the morphology of the polymers allows to control the dynamic properties
of the networks formed by them over a large range. Accordingly, both the relaxation times
and the shear modulus can be varied over several orders of magnitude. This allows to form
microemulsions of relatively low viscosity up to effectively gelled ones and with relaxation
times from the millisecond to the hours range. Rheology and the dynamical behavior in
general can be controlled via the polymer concentration and, in particular, by the number
of arms (for Gy) and the length of the hydrophobic sticker (for 7). This means that the
architecture of these newly synthesized telechelic polymers is suitable for tailoring the rhe-
ological and dynamical properties of microemulsion over a large range, without affecting
the basic microemulsion droplet structure, which may be a key for many of their future

applications.
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Chapter 7

Structure and phase behavior of
telechelic star polymer and a nonionic

microemulsion

Up to this point microemulsion networks with tailor made hydrophobically modified
linear and star polymer, where the length of the hydrophilic chains, i.e. the length of
the arms, was considerably larger than the interdroplet distance have been presented.
However, when the end-to-end distance of the polymer chain is equal or smaller than the
mean separation of the droplets, phase separation is expected to occur [40].

The phase separation between a highly connected phase in equilibrium with a dilute
droplets, decorated by polymer, has a purely entropic origin [41]. Therefore, the phase
behavior is very robust and will not depend on the detailed properties of the polymers or
the drops. However, the polymer architecture should have an impact on the phase behavior
of microemulsion/ HM-polymer mixtures. For this reason in this chapter presents the phase
behavior, structure and dynamics of a nonionic microemulsion with an interdroplet distance

comparable to the length of the polymers.

7.1 Pure Microemulsion

In order to characterize the effect of the telechelic polymers on the microemulsion, we
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first characterized the microemulsion without polymer by means of SANS and DLS.

10004

100

104

I(q) / cm™

0.1

Figure 7.1: SANS intensity patterns of the pure microemulsion system TX100 / B30 /
Decane / D,O and different volume fractions ¢. Each data set is vertically shifted by a
factor n indicated next to the curve. Solid lines: Fits using Eq.

Figure shows the Small Angle Scattering patterns of the pure microemulsion system
TX100 / B30 / Decane / D,O and different volume fractions ¢. The scattering intensity
is given by

I(q) = nV*Ap*P(q)S(q) + Tine (7.1)

where n is the number density of scatterers, V their volume, Ap the difference between the
coherent scattering length density of the micellar unit and the one of the solvent, P(q) the
form factor, and S(q) the structure factor that takes into account the interactions between
the aggregates.

The curves were fitted with with a model of core-shell spheres with a monodisperse shell
thickness and an inner radius Ry, with the density number N(R,..) having a log-normal
size distribution (Egs. and and the hard sphere structure factor (Eq. .

The fits, represented by the solid lines in Figure [7.2] are in very good agreement with
the experimental data. Thus, our model provides an accurate description of the microemul-
sion structure. The fit parameters are collected in Table [D.I] The hydrophobic core radius

Reore=4.9 nm, the polydispersity ¢ ~ 0.19 and the shell thickness ts ;= 1.2 nm remain
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Figure 7.2: Radius of the hydrophobic core of the microemulsion obtained by fitting the
SANS data with Eq.

constant for all droplet volume fractions between 0.005 and 0.1 within experimental accu-

racy.

The dynamic behavior of the pure microemulsion was studied by means of Dynamic
Light Scattering. The intensity autocorrelation functions showed a single relaxation mode.
The relaxation time 7 could be extracted from a second order cumulant analysis [128,/129]

! varies linearly with

of the intensity autocorrelation functions. The decay rate I' = 7~
the square of the scattering vector q and the slope is the collective diffusion coefficient

D, =1/7q¢*

Figure [7.3] shows the collective diffusion coefficient as a function of the droplet vol-
ume fraction. D, varies with the volume fraction as a consequence of the interparti-
cle interactions [130]. We found a linear dependence of D,y with the volume fraction:
Deo = Do(1 — kp@) (solid line in Figure [7.3). We obtain a value of kp = 1.67. The posi-
tive value of the slope kp indicates a repulsive interaction, which is very near to the kp value
for a hard sphere interaction potential kp(HS) = 1.45 |131]. From the extrapolation of the
diffusion coefficient D.,; to zero volume fraction a free diffusion coefficient Dy = 3.30-10~!!
m?s~!

lation, is Ry = 7.40 nm. The radius obtained by SANS R = R.ore + tspey = 6.02 nm.

is obtained. The hydrodynamic radius, calculated through the Stokes- Einstein re-
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Figure 7.3: Collective diffusion coefficient D..; as a function of the droplet volume fraction

¢. Solid line: linear fit of D.,; = f(¢)(see text)

This suggests that the ethylene oxide corona of the droplets is surrounded by a shell of
hydration water. The hydrodynamic radius is closer to the hard sphere radius obtained by

SANS RHS ~ 7.2 nm.
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7.2 Microemulsion with polymers

The molecular parameters of the polymers that we added to our microemulson are listed in

Table [7.1] The end-to-end distance of 2 arms was calculated as < R%, >= C,.2nl? (Cyp =

Polymer M, /kDa R../nm

(C.,PDMA),  24.1 7.6
(C;,PDMA);  30.2 6.8
(C1,PDMA),  40.5 7.0
(C,PDMA); 90 12.1

Table 7.1: Molecular parameters of the end-capped linear and star polymers

9.1 [92]). In the previous section we showed that the microemulsion with composition
TX100/B30/Decane in water has a constant size in the considered volume fractions. The
distance between the droplets, assuming a primitive cubic packing, is defined as d =
{/1mR3/3¢, where R, is the radius of the core (R, =4.8 nm) and ¢, the volume fraction
of the core. The distance between the droplet surfaces is d* = d — 2R, where the droplet
radius is R = 6.02 nm. For instance, for a droplet volume fraction of ¢, =0.02, d* =22
nm and for ¢ =0.1, d =5nm. This means that varying the droplet concentration, d can
be varied so that it is larger than the end-to-end distance of the polymer R.. < d*, equal

R.. = d* or smaller than the polymer end-to-end distance.

7.2.1 Phase Behavior

Figure [7.4] shows the phase behavior for the addition of telechelic linear and star polymers
with structure (C1aPDMA),, (C12PDMA)3 and (C1,PDMA), with similar length (see Table
. The phase diagrams show the number of Cy5 groups (Stickers) per droplet. The three
systems present a different phase behavior. However they have common characteristics. In
all the cases, there is a large monophasic region, which can be subdivided into two regions
according to the rheological properties. At low values of r and ¢, the solutions are low
viscous and at larger values of r and ¢ the solutions are high viscous, i.e. they show a
viscoelastic behavior. This two regions are separated by the percolation line (dotted line
in Figure and by a two phase region.

The phase separation is very slow. Rheological experiments of such systems (see Chap-
ter 6), show that the relaxation time is related to the time for the change rearrangement

between the droplets, is around 50 ms for the C;2 end-capped. In order to consider the
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Figure 7.4: Phase behavior of the microemulsion upon addition of a)(CaPDMA),
b)(C12PDMA); and ¢)(C12PDMA)4. The number of C;5 groups are represented as a func-
tion of the hydrophobic core volume fraction. There are three regions: fluid(|), network
(0), two phases(x)

system to be in equilibrium, the time must be enough for the polymers to explore all dif-
ferent connectivity configurations. The phase separation took several days to take place
and this time was longer when the samples were highly viscous.

When we compare the phase behavior of microemulsions with (C1aPDMA),, (C12PDMA )3
and (C1oPDMA), added, we observe that the phase separation line when ¢ — Oisatr ~ 7.5

regardless the architecture of the polymer. However the phase separation starts at higher
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volume fraction with higher number of arms per polymer.

Moreover, we were interested in studying the dependence of the polymer molecular
weight on the phase behavior. For this purpose we used a 3 arm polymer (C;;PDMA);
with a molecular weight 3 times larger than the previous one, and the phase diagram is
depicted in Figure [7.5] The phase separation region is shifted to lower droplet volume

fractions and higher r values.
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Figure 7.5: Phase behavior of the microemulsion upon addition of (C;5PDMA); (M~ 90
KDa). The number of Ci5 groups are represented as a function of the hydrophobic core
volume fraction.There are three regions: fluid(]), network (¢), two phases(x). Solid line:
phase separation line. Dotted line: percolation line

Very similar systems with linear end-capped PEG show such a phase behavior [44,/110].
Safran et al. proposed a theoretical model for the phase separation [41]. They suggest that
the phase separation has a purely entropic origin and it occurs because the configurational
entropy of the polymer in the dense network overcomes the loss of translational entropy of

the droplets. The coexistence line in the plane (r,¢) is described by the equation

B o+ % exp(—e)

r= H1=0) (7.2)

Here, ¢ is the droplet volume fraction, € is the energy cost of forming a loop, ¢; is the
number of available positions for a sticker of size a ¢ ~ 47 R%/(ma?) and q the effective
number of droplet pairs ¢ = [ dR(47R*/7R3) exp(—ER/T). ER is the energy of stretching
a polymer to a length R having a radius of gyration Rg, EFr =~ %R2 /R%. Above this line,

the system becomes thermodynamically unstable and phase separates into a dense phase

105



of connected droplets and a fluid phase of decorated droplets.

Figure 7.6: Phase diagram of microemulsion with telechelic polymer added. The lines are
the spinodal lines of phase separation calculated with Eq. for ¢ exp(—e¢)/q = 0.1, 2 and
10. Above this line, the system becomes thermodynamically unstable and phase separates
into a dense phase of connected droplets and a fluid phase of decorated droplets.

The parameter € is related to the loss of entropy of a polymer when both ends are in
the same droplet. The number of configurations of a polymer with radius Rg that has
both end constrained to a volume v, is proportional to (v/R%,) ~ (R3l/R},) where Ry is
the radius of the droplet and 1 the length of the sticker. Hence, the term exp(—e) can be
approximated to R3l/R%, when Ry < Rg and 1 when Ry > Rg.

The controlling parameter is thus ¢ exp(—¢)/q. As shown in Figure [7.6] the spinodal
line of phase separation moves to higher values of r when ¢ exp(—e)/q increases. This
explained qualitatively the difference on the phase behavior due to a variation of the

molecular weight.

7.2.2 Small Angle Neutron Scattering

In order to gain a further understanding of the microstructure, we performed SANS mea-
surements for microemusion with composition TX100/B30/Decane in D,O with increasing
amounts of (C12PDMA),, (C1oPDMA); and (C1oPDMA), added.

Figure[7.7shows the scattering intensity as a function of the magnitude of the scattering
vector q for microemusion at a constant volume fraction of 0.1 and increasing amounts of
(C1oPDMA),, (C1oPDMA); and (C1oPDMA),. We observe that in the three cases the
unchanged position of the minimum at high q is the sign that the average size of the

droplets is not influenced by the polymer. Thus, the addition of telechelic polymer to oil
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in water droplets does not modify the structure or size of the droplets. This behavior is
expected since all previous studies of microemulsions with end-capped polymers have shown
that the droplet structure is not affected by the presence of the polymer [40,43,110|. The
differences appear at smaller values of the scattering vector ¢. Upon addition of polymer,
a correlation peak appears due to the interactions between the droplets as a consequence
of the presence of the polymer.

We assume that the scattering is dominated by the scattering of the droplets.

The structure factor S(q) was derived by dividing the experimental scattering intensity

I(q) by the experimental form factor nV?Ap?P(q) obtained in the previous section.
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Figure 7.7: SANS patterns of the microemulsion with a core volume fraction ¢. = 0.67
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q/nm™

Figure 7.8: Structure factor S(q) with a core volume fraction ¢. = 0.67 upon addition of
a)(C12PDMA), b)(C12PDMA);3 and ¢)(C12PDMA),. The number of stickers per droplet r
is indicated. The curves are shifted vertically for a better view. The lines correspond to
the fit with a square well potential structure factor.
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The structure factor experimental data were analyzed with a a model based on the

interaction potential of hard spheres with a square well attractive potential:

)
oo for O<r<o

Ulr
ﬁ: —€ for o<r<io (7.3)

0 for r> Mo

\

where the hard-sphere particle diameter is ¢ = 2Rgg, A the well width, and € the well
depth. The Ornstein-Zernike equation in the Percus-Yevick (PY) approximation 68| for
this square-well potential can be solved analytically to the first order in a series expansion
for small A, and the result for S(q) can be expressed as a function of the four parameters

Rpys.e, A\, and particle volume fraction [132].

(C12PDMA), (C12PDMA); (C12PDMA),

r Ruys  ¢us € A | Rus ¢us € A | Rus  odus € A

045 | 7.26 0.140 0.010 1.90 | 7.30 0.133 0.024 1.91 | 7.23 0.134 0.053 1.64
0.9 | 723 0.145 0.012 1.90| 7.21 0.138 0.061 1.73| 7.26 0.133 0.101 1.66
1.8 | 7.52 0.152 0.043 1.87 | 7.17 0.142 0.067 187 | 7.32 0.139 0.121 1.86
3.5 | 775 0172 0.061 191 | 754 0.153 0.114 188 | 743 0.158 0.162 1.97

7 8.63 0.232 0.035 2.00| 7.82 0.166 0.179 181 | 7.90 0.189 0.204 1.91

Table 7.2: Square Well parameters from fits of S(q) of microemulsion with a core vol-
ume fraction ¢, = 0.67 with increasing amounts of (C;3PDMA),(C12PDMA);3 and
(C1sPDMA),. Listed are the number of stickers (Cis groups) per droplet r, the hard
sphere radius Ryg, the hard sphere volume fraction ¢pg, the depth of the potential ¢ and
the relative width A.

The results of fitting the experimental structure factor with the square well potential
are collected in Table[7.2] One observes that the relative width of the well A (see Eq.
is large and does not vary with r or the type of polymer. The depth of the potential €

increases with r» and with the number of end-capped arms per polymer.

7.3 Conclusions

We presented the admixing of linear and star end-capped polymers to an oil in water mi-
croemulsion of TX100/Brij 30/decane/water with a radius of 6 nm so that the length of the
polymers was near to or smaller than the interdroplet distance, depending on the droplet

concentration. In general, the microemulsion polymer mixtures exhibit a phase behavior
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as expected for such systems where for the case that the polymer end-to-end distance is
smaller than the interdroplet distance, for high polymer concentrations the configurational
entropy of the polymer overcomes the entropy gain due to phase separation. The phase
separation line is shifted to lower number of stickers per droplet and higher droplet volume
fractions by increasing the number of arms. In addition, SANS measurements show that
the polymers with larger number of arms induce a larger attractive interaction between the
droplets, where in particular a substantial enhancement takes place when changing from
the 2-arm to the 3-arm polymer. This result is in good agreement with the phase behavior,
where the shift of the phase boundary correlates directly with the attractive interaction

observed in the SANS experiments.
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Chapter 8

Conclusion and Outlook

This thesis presents a comprehensive study of hydrophobically modified linear and star
polymers in aqueous solution and in microemulsion mainly by means of light scattering,
small-angle neutron scattering (SANS), and rheology. The aim of this study was to elu-
cidate the effect that the architecture of the polymers has on the aggregation behavior,
especially on the structure and the dynamic properties of the polymers in water and in
microemulsion and how that allows to control the rheological properties.

For this purpose I employed tailor made hydrophobically modified linear and star poly-
mers based on hydrophilic poly(N,N-dimethylacrylamide) (PDMA) blocks with n units,
that have 2, 3 or 4 end-capped arms, with an aliphatic end chain of 4, 12 or 18 carbon
units.

First, I presented a SANS study of the polymers in a good, non-selective solvent with
different polymer concentrations. This allowed the determination of the molecular weight,
the radius of gyration and the second virial coefficient of the pure polymers. The radius
of gyration increases proportional to the square root of the molecular weight, irrespective
of the polymeric architecture. The knowledge of the length of the hydrophilic chains is
of crucial importance in order to elucidate the structural and dynamical properties of its
aqueous solutions and mixtures with microemulsions described in the following chapters.

The aggregation behavior of the polymers in aqueous solution was studied by means
of SANS, DLS and rheology. The C, end-capped polymers behave different to the Cis
end-capped polymers. While the first do not aggregate in aqueous solutions, the C;5 end-
capped polymers have an aggregation behavior that strongly depends on the number of

hydrophobically modified arms. The Ci5 end-capped polymers aggregate into flower-like
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micelles. The aggregation number of the polymers per micelle decreases with the number
of end-capped arms in the polymer because the aggregation number of hydrophobes per
micelle is kept constant, as predicted by the theory. However, the connectivity between the
micelles increases considerably with the number of arms. This is reflected in the formation
of bigger clusters and, thus, higher viscosities at low polymer concentrations and a higher

elastic modulus in the formed polymer networks at higher concentrations.

In Chapter 5 I present a a comprehensive study of the structure and dynamics of
a model system of a mixture of telechelic polymer and microemulsion based on a com-
mercially available telechelic polymer (Rewopal 6000DS) with an oil-in-water (O/W) mi-
croemulsion composed of tetradecyl dimethyl amine oxide (TDMAO) and decane with
droplets of a radius of 2.7 nm. We show that along the percolation line there is a transi-
tion from polymer-decorated droplets to a microemulsion network. SANS and DLS show
that the droplet size is not affected by the presence of the polymer. The interaction is
mainly attractive when the number of polymers per droplet is low and when the network
if formed this attraction is compensated by a repulsion created by the volume occupied by
bridging hydrated PDMA that resist interpenetration. Rheology measurements show that
the samples exhibit a viscoelastic behavior, where the elasticity, as well as the viscosity can
be very well described by a percolation behavior. The concentration fluctuations measured
by DLS are characterized by two relaxation modes. The first is the collective diffusion of
the droplets and the second is related to the structural relaxation process obtained from

rheology.

In Chapter 6 I investigated the addition of the different 2-, 3-, and 4-arm end-capped
polymers to the same O/W TDMAO /decane/water microemulsion where the end-to-end
distance of the polymers was larger than the interdroplet distance R.. > d. When added
to O/W-ME;, they form networks, thus markedly increasing the viscosity by several orders
of magnitude and leading to systems of pronounced elastic properties. The length of the
hydrophobic sticker has a strong impact on the viscosity and the dynamics of the system
and controls the residence time in an aggregate .The residence time scales exponentially
with the length of the hydrocarbon chain of the sticker and correspondingly the viscosity.
While SANS shows that the static structure of these systems is retained upon polymer
addition, in DLS in contrast, increasingly complex relaxation patterns with up to three

relaxation modes are observed. Especially the appearance of a non-diffusive relaxation
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mode becomes increasingly more pronounced with increasing number of arms and polymer
concentration. The complex DLS behavior correlates well with the rheological behavior
of the formed microemulsion networks and can be explained consistently with a network
model of interconnected microemulsion droplets. We show that polymers with more end-

capped chains form more effectively networks than the linear polymer.

In Chapter 7 I study the effect of admixing linear and star end-capped polymers to
an oil in water microemulsion of TX100/Brij 30 and decane with a larger size (R =6
nm) so that the length of the polymers was smaller than the interdroplet distance, i.e.
R.. < d. The microemulsion polymer mixtures exhibit a phase behavior as expected for
such systems. The entropically driven phase separation line is shifted to lower number
of stickers per droplet and higher droplet volume fractions by increasing the number of
arms. In addition, SANS measurements show that the polymers with larger number of
arms induce a larger attractive interaction between the droplets, where in particular a
substantial enhancement takes place when changing from the 2-arm to the 3-arm polymer.
This is consistent with the phase behavior, where the shift of the phase boundary correlates

directly with the attractive interaction observed in the SANS experiments.

In summary, I have studied telechelic polymers of different number of arms with respect
to their ability to bridge microemulsion droplets and thereby control their rheological
behavior and dynamics. This has been done for situations where the length of the bridging
polymer is larger or smaller than the average distance between the O/W droplets. For
all cases it is shown that the viscosity depends mostly on the sticker length of the alkyl
chain that controls the residence time in the oil droplets. In contrast, the elastic modulus
is clearly correlated to the number of arms. The effectiveness of the networks formed
increases with the connectivity given by the number of bridging arms. This shows that
the architecture of bridging polymers is a valuable means to control the dynamic and

rheological properties of self-assembling systems.

Future work in that field might then be directed to generalize these findings to polymers
containing still larger number of arms, i.e., to go to real star-like end-capped systems.
Another direction of interest would be to go to systems where the extent of bridging, which
is controlled by the number of arms and the length of the hydrophilic bridging polymer
block, may be controlled by external parameters such as pH, ionic strength, light, etc..

Such functional rheological modifier then would combine very variable network forming
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properties, which the possibility to switch them on or off. Such smart modifiers with well-
controlled rheological controlling ability then would certainly be of high interest for a large

number of potential applications.
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List of Abbreviations

O/W
W/0O
EO
PEO
AP
PDMA
HM
TDMAO
TX100
B30

nd
SANS
DLS
FCS

oil-in-water

water-in-oil

ethylene oxide

poly (ethylene oxide)
associative polymer

poly (N,N-dimethylacrylamide)
hydrophobically modified
tetradecyldimethyl amine oxide
Triton® X100

Brij® 30

not determined

Small Angle Neutron Scattering
Dynamic Light Scattering
Fluorescence Correlation Spectroscopy

alkyl chain with n carbon atoms
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List of Symbols

~ =z m o> w3

(@]

free energy

interfacial tension

packing parameter

surfactant chain volume
surfactant head group area
surfactant chain length
inter-droplet distance
surface-to-surface distance
number density

droplet radius

volume fraction

end-to-end distance of a polymer chain
number of monomers of a molomer chain
length of a monomer
concentration

critical micellar concentration
number of end-capped arms
Boltzmann constant

absolute temperature
scattering vector

scattering intensity

structure factor

form factor

scattering length density
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weight average molar mass
number average molar mass
polydispersity index
stickers per droplet

radius of gyration

hard sphere radius

hard sphere volume fraction
dynamic viscosity

elastic modulus

viscous modulus

plateau modulus

diffusion coefficient

hydrodynamic radius
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Appendix A

Appendix to Chapter 3
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Figure A.1: Second virial coefficient as a function of the molecular weight as obtained via
Zimm plot (Eq. (squares) and from the concentration dependence of the radius of
gyration (Eq. (circles) from the SANS data of polymer solutions of concentrations
between 1 and 3.5 g/ml in dg-THF.
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Appendix B

Appendix to Chapter 5
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Figure B.1: Storage G’ and loss G” moduli as a function of the angular frequency for
microemulsion with different concentrations of C13-EO13-Cy5 added c,(the concentration is
indicated in each plot) measured at a temperature of 25°C with the instrument Ares AG2
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Figure B.2: Storage G’ and loss G” moduli as a function of the angular frequency for
microemulsion with different concentrations of C15-EO13-Cys added c,(the concentration is
indicated in each plot) measured at a temperature of 25°C with the instrument Ares AG2
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Appendix C

Appendix to Chapter 6

C.1 Small Angle Neutron Scattering (SANS)

C.1.1 Scattering length density

Table S1 contains the scattering length densities of all the components present in the
mixture.

The scattering length density contrast Ap of the sample can be calculated as the differ-
ence of the scattering length density of the aggregates p,,,, and the mean scattering length

density of the sample p
Ap = Pagg — P (Cl)

We consider the microemulsion droplets to be homogeneous spheres and, therefore, their
scattering length density is the mole pondered averege of the scattering length density of
decane and TDMAO (see Table |C.1)

pagg = NdecanePdecane + NTDMAOPTDMAO (02)

Molecule | Structure | My /gmol™t | p/gmi=" | psrp/10Pem =2
D,O D,O 20 1.1056 6.36
Decane CioHas 142.29 0.73 -0.488
TDMAO | Ci;6H35NO 257.46 1 -0.23
PDMA a a 1.05 0.931

Table C.1: Scattering length densities of all the components present in the mixture. For
the polymer ¢ see Table 1
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Figure C.1: SANS patterns of the aggregates of microemulsion (squares) and with
(C4PDMA); (circles), (C1oPDMA);3 (triangles) and (CisPDMA); (diamonds) at a con-
centration of 5 wt% added polymer in D,O at room temperature. The lines correspond to
the fits with Eq. 3. The curves have been vertically shiffted by the factor indicated for a
better view.

where n; is the mole average fraction of the component i in the aggregate. The average

scattering length density of the sample is given by

P = XdecanePdecane + XTDMAOPTDMAO + XPDMAPPDMA + XD20PD20 (C.3)

where y; is the mole average fraction of the component i in the sample.

C.1.2 Error estimate of the fitted parameters

The analytical model is fitted to the experimental data minimizing

Newp — D757 ([1"(ar) — I(an)] /A ()’ (C4)

where N.,, is the number of points, g the different g-values of the points, I'", I and ATl
the model intensity, experimental intensity and experimental error.
The errors on fitted parameters can be estimated from the Hessian matrix, which is

calculated within the "outer product approximation" as J*.J where J is the Jacobian matrix
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Figure C.2: Fit residuals of the SANS patterns of microemulsion with different content of

added (C12PDMA)3

(first derivative of the individual error).

The estimated uncertainty of the fitted parameters is indicated in Table 2

Figure shows exemplariy the fit residuals SANS patterns of microemulsion with
different content of added (C;oPDMA);.

C.1.3 Polymer scattering contribution

The forward scattering of the polymer contribution is proportional to the polymer content

(see Fig|C.3)).

From the forward scattering, an effective molecular weight of the polymer segments

may be calculated with the following equation:

Table C.2: Effective molecular weight of the polymer segments

dQNAVa

My =
W A p2 Cpol

Cpol ‘ MW / ngl—l

0.02 4059
0.05 3694
0.08 3323
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Figure C.3: Prefactor o of Eq. 6 as a function of the (C;,PDMA)3 polymer concentration.

C.2 Dynamic Light Scattering (DLS)
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Figure C.4: Intensity autocorrelation function ¢®(t) — 1 as a function of time for
(C12PDMA), for various concentrations of polymer added to the O/W microemulsion (data
taken at a scattering angle of 90° and a temperature of 25°C).
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Polymer C/wth r no/Pas  Go/Pa Trp/ms De/m?s™t <1 >/ms [
(C4,PDMA); 5 0.76 2.95-107° 5.78 -10~ 11 1.02 0.66
(C12PDMA)3 5 2.5 17.1 1608 11.1 7.40 10711 64.7 0.31
(C1sPDMA)3 5 1.6 3.09-10° 1129 2.73-10> 6.60 -10~! 4.36-10° 0.68

Table C.3: Rheological parameters for different sticker lengths obtained from the fit with
Egs. and [6.10} plateau modulus Gy, relaxation time 7p and zero shear viscosity. As
the sample with (C4PDMA); was too fluid to be measured with the Gemini rheometer,
the viscosity was measured with a capillary viscometer. In addition, effective diffusion
coefficient D, s, mean value of the second relaxation time < 75 >, and stretching parameter
(o as obtained from DLS.
C/wt% r  Go/Pa Tgp/ms Dgp/m?s™t <1 >/ms [ (DLS) <73>/s [3(DIS)
0 0 8.76 .10~

0.50 0.19 6.52 -10~ 1!

1.00 0.38 6.23 .10~ 66.9 0.62

3.26 1.23 104 5.1 7.38 -107H 18.1 0.67 13.8 0.39

3.55 1.34 165 6.8 -

4.50 1.70 330 8.1 -

5.00 1.89 452 10.0 7.11 .10~ % 14.7 0.33 24.1 0.95

5.98 227 692 9.5 7.56 10711 40.1 0.32 19.2 1.00

797  3.03 992 145  9.01 -107!! 24.5 0.35 46.3 0.89

Table C.4: Dynamic parameters of (C;oPDMA),: Concentration C, number of stickers per
droplet r and the parameters obtained from the fit with Eqs. 10 and 11: plateau modulus
G, relaxation time 7p; and Eq. 18 effective diffusion coefficient D.s¢, mean value of the
second relaxation time < 75 >, mean value of the stretching parameter (3,
C/wth 1t Go/Pa Tr/ms Dep/m?s™t < 1> /ms [Bo(DLS) < 73> /s [3(DLS)
0 0 8.76 .10~ 1!

0.17  0.08 8.60-10~11

0.50 0.25 7.77-107 1

0.75 0.37 5.44-107 1

1.99 1.00 40 5.1 5.14-10711 2.3 0.47 0.87 0.42

2.98 1.50 147 5.4 6.09-10~11 8.7 0.55 15.6 0.55

3.99 2.00 448 8.3 6.67-10~11 14.8 0.43 20.0 0.88

5.05 2.54 1120 11.1 7.48-10~ 1 7.9 0.85 204.8 0.44

5.95 2.99 2065 7.45-1071 8.65 0.78 148.8 0.40

7.92 3.98 2703 17.5 8.52-1071 9.18 0.87 182.42 0.60

Table C.5: Dynamic parameters of (C;oPDMA);: Concentration C, number of stickers per
droplet r and the parameters obtained from the fit with Eqs. 10 and 11: plateau modulus
G, relaxation time 7p; and Eq. 18 effective diffusion coefficient D.s, mean value of the

second relaxation time < 75 >, mean value of the stretching parameter (3,
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Figure C.5: Decay time distribution function for different concentrations of (C1oPDMA )3
added to microemulsion samples containing 100 mM TMDAO / 35 mM decane
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Figure C.6: Inverse of the fast relaxation time 7; as a function of ¢? for different concen-

trations of (C;sPDMA); added to microemulsion samples containing 100 mM TMDAO /
35 mM decane. The lines are linear fits using Eq. 17.

C/wt% r  Go/Pa Tgp/ms Dep/m?s™t <1 >/ms [y (DLS) <73>/s [3(DLS)

0 0 8.76 -10~ 1

1.02 0.48 - 4.49-10~11 1.59 0.64

2.00 0.95 216 2.5 4.79 .10~ 1 18.2 0.49

2.44 1.16 315 4.4 5.22 -107 1! 13.6 0.63 1.94 0.71
3.00 1.42 526 7.0 5.81 -10~1! 11.3 0.61 1.83 0.73
3.99 1.90 1320 9.0 6.47 -10~ 1 10.3 0.83 20.3 0.70
5.00 2.38 1368 12.2 7.62 .10~ 12.1 0.85 133.6 0.79
6.03 2.87 1426 7.8 7.52.10711 11.6 0.73 89.2 0.64
7.89 3.76 2272 22.6 9.45-10~1 15.1 0.67 343.8 0.65

Table C.6: Dynamic parameters of (C;oPDMA),: Concentration C, number of stickers per
droplet r and the parameters obtained from the fit with Eqs. 10 and 11: plateau modulus
Gy, relaxation time 7p; and Eq. 18 effective diffusion coefficient D.s¢, mean value of the
second relaxation time < 75 >, mean value of the stretching parameter (3,

131



132



Appendix D

Appendix to Chapter 7

Scattering length density contrast and hydration of the shell

The microemulsion droplet of the system TX100 / B30/ decane/D5O consists of a hy-
drophobic core and a EO shell. Since the EO shell will be strongly hydrated with D50,
the scattering length density of the core and the shell will be different, so that a model for

a core-shell was used.

The scattering length density of the core results of a volume fraction pondered average
of the scattering length densities of all the components, resulting in a value of -0.3 10%°
cm~2. The same way, the scattering length density of the dry shell can be calculated to be
0.965 10 cm—2.

In order to determine the scattering length density, we need to first determine the

hydration h of the shell. This can be done with the scattering invariant, defined as
Q = 2w Ap? (D.1)
Ap? in a three phase system (core (c), shell (s), solvent (1)) is defined as
Ap? = g (pe — p1)° + d561(ps — p1)* + deds(pe — ps)? (D2)
The scattering length density of the shell is

Ps = ps(dT’y>(1 - h) + hpl (DB)
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¢ Iinc Apcore Apshell ¢c Rcore o tshell RHS ngS

(cm™)  (10"%m~2) (10"%cm2) (nm) (nm) (nm)
0.005 0.021 6.68 1.97 0.0041 4.76 0.190 1.19 7.20 0.002
0.010 0.014 6.68 1.97 0.0080 4.81 0.187 1.19 7.20 0.008
0.025 0.028 6.68 1.97 0.0203 4.85 0.190 1.19 7.28 0.031
0.037  0.043 6.68 1.97 0.0315 4.89 0.195 1.19 7.25 0.049
0.050  0.053 6.68 1.97 0.0432 4.87 0.197 1.19 7.22 0.069
0.100 0.076 6.68 1.97 0.0928 4.83 0.190 1.19 7.26 0.141

Table D.1: Structural parameters. Droplet volume fraction ¢, incoherent scattering back-
ground I;,., scattering length density contrast of the core Ap.,.. and the shell Apgpen,
volume fraction of the core ¢, radius of the core R, standard deviation of the core size
o, thickness of the shell ., hard sphere radius Ryg, hard sphere volume fraction ¢gg.

The volume fractions are:

¢ = 0.67¢
¢ = 0.33¢(1 + h)
pr=1-h—-9¢

Substituting Egs. [D.2]and [D.3]in Eq[D.I]and from the droplet concentration ¢ dependence

of the experimental invariant, a hydration of the shell of 60% was obtained. The scattering

length density difference of the core and the shell with the solvent are listed in Table
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