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Chapter 1

Introduction

The polymer boosting effect is induced by amphiphilic diblock copolymers that are added
to microemulsions consisting of water, oil and an anionic surfactant. The efficiency of
these systems is greatly increased reducing the minimum amount of surfactant necessary
to emulsify all available oil and water |1, 2|. This work focuses on the efficiency-boosting
effect of sticker polymers in microemulsions. If these polymers function equally well
they present a cost-effective alternative to the chemically more complicated diblock
copolymers and might make their way into various industrial applications.

Water is a polar liquid which does not mix with hydrophobic substances as oil. Com-
bining both with a surfactant, they will form a thermodynamically stable microemulsion
where the oil and water domains are seperated by an amphiphilic surfactant film. Using
equal amounts of oil and water, these domains with a size of several hundred Angstroms
form bicontinuous phases. The physical properties can be described by the Helfrich
model [3|, which assumes that the surface elasticity dominates the free energy of the
system. Three thermodynamic parameters, the bending moduli x, K and the sponta-
neous curvature ¢y, are introduced to connect the free energy with the mean curvature
and the Gaussian curvature.

The addition of diblock copolymers as a fourth component to bicontinuous microemul-
sions was first investigated by H. Endo, B. Jacobs and co-workers |1, 2|. They found
that with the addition of these polymers less surfactant was necessary to form a one-
phase microemulsion. This feature is called the boosting effect. The structure of diblock
copolymers is similar to that of the surfactant molecules, only the length of the hy-
drophilic and hydrophobic group is increased. The explanation to the boosting effect
was given by H. Endo with small angle neutron scattering (SANS) measurements [2].
Using contrast variation methods, he found that the polymer is anchored to the mem-
brane. The entropic force of the polymer chains increases the rigidity of the interface
and allows for larger domain structures. Thus a better surface to volume fraction is
achieved.
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We use two methods to investigate microemulsions. In phase diagram measurements
we visually observe the state of the system depending on changes in the amount of
surfactant and temperature. This lets us quantify the boosting effect of the investigated
polymer. Following an established procedure, the emulsification failure boundary is
connected with changes of k. In contrast to this, SANS experiments with bulk contrast
(water/oil) allow us to study the mesoscopic structure of water and oil domains. The
scattering data can be described by the Teubner-Strey formula [4| and yields the domain
size d and the correlation length ¢. Using the Gaussian random field model it is possible
to connect these two structural parameters with k. Therefore SANS offers the possibility
to directly measure the bending rigidity, which can be compared with the saddle-splay
modulus obtained from phase diagram measurements.

Sticker polymers introduce a new feature evoked by their asymmetric structure. They
are only able to influence the membrane from one side and therefore cause a change of
the spontaneous curvature co. Strey [5] has connected this change with a shift of the
phase inversion temperature T which is accessible from phase diagram measurements.

We have investigated three non-ionic and two ionic sticker polymers. The non-ionic
polymers are chemically similar to the used surfactant, CigE4. A short hydrophobic
sticker consisting of several carbon atoms allows to anchor the otherwise hydrophilic
polymer to the membrane. The hydrophilic part comes in a monofunctional and a
bifunctional configuration: one single polymer chain consisting of 90 ethylene oxide
groups, and two of these chains linked together at the short sticker. The ionic polymers
carry a carboxyl group (COOH) as sticker. It is necessary to add NaOH to the system
to allow this sticker to dissociate in the water domains. Polybutadiene and poly(t-butyl
acrlyate) constitute the hydrophobic part of these polymers.

Apart from ease of production and cost-effectiveness sticker polymers offer significant
advantages. The possibility to choose the preferred solubility allows a placement of the
polymer inside or outside in droplet microemulsions. Their high solubility selectively
in water or oil makes them interesting for applications ranging from cleaning agents
to cosmetics. All these advantages bring sticker polymers closer to applications than
diblock copolymers have already been.
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Theory of microemulsions

Microemulsions consist of two immiscible components (usually water and oil), a sur-
factant and possibly other components such as polymers. Without any additives oil
will not be able to dissolve in water due to the polarity of water molecules. Water
is a hydrophilic (polar) and oil is a hydrophobic (non-polar) liquid. Mixing the two
components will soon result in a phase separation where the lighter oil floats on top of
the water phase. Adding an amphiphilic surfactant, which is composed of hydrophilic
and hydrophobic structural entities, will microscopically form an interface between local
water and oil domains. The interfacial tension is drastically decreased by the surfactant.
The size of these domains lies in the range of nanometers.

2.1 Characterization of microemulsions

The structure of the oil and water domains define the behavior of the system. This
structure depends on the amount of surfactant available to form the microemulsion. ¥
describes the membrane volume fraction and is defined as:

as _

a
U= — 2.1
|7 (2.1)

where a is the size (length) of the surfactant molecules, S stands for the surface of
the membrane and V' is the volume of the system. The volume to surface ratio /S can
also be expressed by A. Very low amounts of surfactant will just be solved in oil and
water and no structure is formed. As the surfactant concentration crosses the CMC-
barrier (critical micelle concentration), spherical, cylindrical or ellipsoidal micelles can
form. Also bicontinuous sponge-like phases appear. At high amounts of the amphiphile
lamellar structures start to appear. In this case the system is composed of alternating
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layers of oil and water.

For an easier handling in the laboratory we usually work with mass ratios instead of
volume fractions. The composition of a system is therefore described by the water to oil
mass ratio a and the relative amount of surfactant ~:

Moil
a=—"“ (2.2)
Mg + Maater

o Msur factant (2 3)
Msur factant + Moit + Muyater

The corresponding water to oil volume fraction is ®:

Vil
b=—— 2.4
‘/oil + vwater ( )

Throughout this work we will discuss symmetric microemulsions with & = 0.5.

2.2 Curvature energy

The behavior of microemulsions is primarily influenced by the curvature energy of the
amphiphilic film. To model the physical properties of the system we describe the bending
energy of this film and introduce fundamental parameters such as the bending rigidity &,
the saddle-splay modulus % and the spontaneous curvature ¢y. This can be achieved with
the Helfrich model [3]. To apply this model we first have to define the local curvature
of an interface.

2.2.1 Curvature of the membrane

To describe the curvature and topology of the film we introduce the two main curvatures
c1 = Ry and ¢y = Ry' (Figure 2.1). ¢; is by definition positive for a curvature towards
the oil domains and negative for a curvature around the water domains. The mean
curvature H and the Gaussian curvature K are then defined as:

H= %(cl + ¢2) (2.5)
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Figure 2.1: Every point on the interface can be described by the radii of two perpendic-
ular circles that reflect to local curvature of the given point. In the case of
R, = — R, a saddle-splay formation is found.

K= C1Co (26)

Different structures can now be identified with different curvatures ¢;:

e spherical shapes: ¢; = ¢ and H = r~!

e cylindrical shapes: ¢, =0,c, =7, and H = %02
e saddle-splay form: ¢; = —cy and H =0

e lamellar structure: ¢; =co =0and H =0, K =0

2.2.2 The Helfrich model

Now that we have a mathematical description of the membrane curvature we can intro-
duce the Helfrich model. The Helfrich model assumes that the interface dominates the
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free energy of the microemulsion. The bending energy of a bicontinuous system is then
desribed by the Hamiltonian:

F = /dS[Qli(H — ¢o)? + Reic) (2.7)

The integral is summed over the whole interface S. k and & describe the bending
rigidity and the saddle-splay modulus of the membrane. k can be interpreted as the
energy needed to bend the interface away from the spontaneous curvature cyo. The
spontaneous curvature represents the natural bending of the interface without external
influence. This approach explains the formation of spherical and lammelar structures,
whereas saddle-splay formations are not possible.

Starting from the lamellar phase and including the effect of thermal fluctuations into
the Helfrich model makes it possible to explain the formation of bicontinuous microemul-
sions. These thermal fluctuations will locally cause a variaton of the mean curvature from
its average value H = 0 and create passages between the lammellae. These fluctuations
are included by renormalizing the rigidities as follows:

kgT A
A) =K —a—In(— 2.8
k() = 5 — a2l (%) (25)
kT A
Fr(A\) =R —a——In(— 2.9
Rl = 7~ 3 (%) (29)
Field-theoretic calculations yield the values a = 3 and @ = —10/3 [6]. «a is the size of

the surfactant molecules. The logarithmic renormalization is cut off at length scales of
the average domain size of microemulsions. With (2.1) and Kg(\/a) = 0 at the fish-tail
point as Morse proposed [7] we can now write

A7 K

In(W/Wo) = = kT

(2.10)

Uy ~ 1 is a correction factor induced by the uncertainty of the surfactant molecule
size a. With equation 2.10) we have established a relation between the thermodynamical
parameter £ and the macroscopic property of the surfactant content W.

10
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Figure 2.2: Structure of a system in sponge phase. The yellow and red sides of the
interface represent the water and oil domains.

2.2.3 The curvature of bicontinuous microemulsions

With the definition of the Helfrich free energy (2.7) we can now take a look at for-
mations of interfaces which minimize the curvature energy. For membranes without a
spontaneous curvature (¢o = 0) and saddle-splay modulus & = 0 the energy is mini-
mized for surfaces which have (H) = 0 [8]. These surfaces are called minimal surfaces.
Ternary systems consisting of water, oil and surfactant have stable phases at the phase-
inversion temperature 7' (¢ = 0 at 7). These phases are called microemulsions which
are isotropic, homogeneous and thermodynamically stable. They consist of a network
of water and oil channels that are curved around each other and are separated by the
surfactant monolayer. Figure 2.2 shows the microscopic structure of a microemulsion in
the so called sponge-phase.

The temperature dependence of the curvature

Strey [5] was able to show with small angle neutron scattering that the mean curvature
H in microemulsions depends linearly on the temperature of the system for non-ionic
surfactants. A schematic sketch of this observation can be found in Figure 2.3. At the
phase-inversion temperature T the mean curvature of the system is (H) = 0. In this case

11
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Curvature

2| 3

Temperature

Figure 2.3: Sketch of the principal curvatures ¢; and ¢y and the mean curvature (H) as
a function of temperature for non-ionic surfactant.

c1 = —co and a saddle-splay structure is expected. Once the two principal curvatures
c1 and ¢o have the same sign, spherical micelles start to form. A closer investigation of
this behavior can be found in chapter 3, where the phase behavior of microemulsions is
discussed.

2.3 The polymer boosting effect

Up to this point we have only discussed microemulsions with the three components
water, oil and surfactant. In 1999 it was found that the addition of diblock copolymers
to a microemulsion showed an increased efficiency of the system [1]. Therefore we will
first discuss the behavior of diblock copolymers at the interface. These aspects will later
be applied to sticker polymers.

To measure the amount of polymer in the system we introduce § as the mass ratio of
polymer to surfactant plus polymer:

Mpolymer
5= Py (2.11)
msurfactant + mpolymer

12
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This way it is easier to compare different membrane to volume fractions since the
number of polymers per membrane area stays constant for a fixed value of . The
surfactant ratio v is now defined as:

y = Msur factant + Mpolymer (2 12)
Msur factant + Moit + Muyater + Mpolymer

2.3.1 Addition of diblock copolymers

Figure 2.4: Visual demonstration of the polymer boosting effect: The left cylinder is
filled with equal volumes of oil and water. Surfactant was added to the
system which creates a microemulsion in the middle (second cylinder). The
third and fourth cylinder show the same system with the addition of tiny
amounts of polymer (0.5wt% and 1.0wt% of the total mass).

The boosting effect was first discovered for diblock copolymers. These amphiphilic
polymers consist of a hydrophobic Poly(ethylene-propylene) (PEP) block and a hy-
drophilic Poly(ethylenoxide) (PEO) block. Adding only small amounts of polymer into
a microemulsion dramatically increases the efficiency of the system as can bee seen in
Figure 2.4. Larger volumes of water and oil can be solubilized with the same amount of
surfactant . A qualitative analysis of the effect can be found in chapter 6.1.1. Figure
2.4 also shows that the microemulsion becomes nontransparent with increased polymer

13
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amount. This is an indication of an increase of the domain size since light will be scat-
tered as the size of the water and oil domains reach the wavelength of light. At this
point we want to take a look at the behavior of the polymer in the system.

Figure 2.5: Schematic drawing of a diblock copolymer attached to the interface between
oil (left) and water (right) domains.

When added to the microemulsion the polymer will attach to the interface between
the water and oil domains with its hydrophilic block in water and the hydrophobic block
in oil (Figure 2.5). This has been studied with neutron scattering by Hitoshi and Endo
using contrast variation methods [2]. Since the chain itself is repelled by the membrane
it will form a coil above the interface. A quantity that describes the size of a polymer
is the end-to-end distance R... R.. is defined as the average distance between the two
ends of the polymer chain in coil formation and is proportional to the number N of
monomers to the power of v:

Ro. ~ NV (2.13)

For ideal chains v = 1/2. We define two end-to-end distances for diblock copolymers:
R, is the end-to-end distance of the hydrophilic block, R, the end-to-end distance of
the hydrophobic block. If there is none or little interaction between different polymer
branches, we speak of the “mushroom regime”. When the density of the polymer at the
interface, o, is high enough for a penetration of the polymer coils, the “brush regime”
is reached. At this state, the distance between two anchor points gets as small as
the end-to-end distance of the polymers. For this work only the “mushroom regime”
is of interest since our concentrations were far below the condition for brush regimes

(oR? > 1; 0R2 > 1).

The strong influence of the amphiphilic polymer can be explained by the membrane

14
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curvature model. Hiergeist and Lipowsky have calculated the change of the bending
rigidity x and the saddle-splay modulus & induced by polymers at the interface [9].

1 2
/ieff = I{—I—k?BT_'_l—;T/O'(RE—f-RgU) (214)
1
Reff =K — kBTéa(Rg + R2) (2.15)

o is the grafting density of the polymer and defined as

4, 0
o = pDa,NAMwllTé, (216)

pp is the density of the polymer, a the thickness of the membrane, N4 the Avogadro’s
number, My, the molecular weight of the polymerchain and ¢ the volume fraction of the
polymer with respect to the total amphiphile (compare eq. (2.11)). o counts the number
of polymers per membrane-area.

(2.14) and (2.15) are only valid in the mushroom regime. The bending rigidity & in-
creases linearly with the polymer amount whereas the saddle-splay modulus k decreases.
This behavior can be understood from the entropy loss of the polymer since the available
configurations are limited by the existence of the membrane. Fluctuations of the mem-
brane are suppressed and make the interface smoother and at the same time a better
surface to volume fraction is achieved. The polymers also disfavor saddle-splay config-
urations, which has been explained by Milner and Witten [10|. With (2.10) and (2.15)
we get a connection between the scaled polymer density and the minimum amount of
surfactant needed to solubilize all available water and oil:

In() = In(¥y) — ga(Ri, + R?) (2.17)

U, is the surfactant volume fraction of the fish-tail point without the addition of
polymer. (2.17) explains the strong influence of the polymers. Even though x and & are
changed only slightly by a fraction of kg7, a macroscopic effect is induced due to the
exponential dependence.

Eisenriegler et al. |11] have described the influence of the polymers on the spontaneous
curvature ¢y as

15
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1 7TI€BT
Coers = co(T) + 6 rn o ) (2.18)

(2.18) states that the addition of symmetric diblock copolymers (which means same
end-to-end distances on both sides of the membrane, R, = R,) does not change cy,
which was confirmed by phase diagram measurements [2|. Adding diblock copolymers
with different end-to-end distances of the hydrophilic and the hydrophobic chain will
favor a curvature towards the domain with the smaller polymer.

2.3.2 Addition of sticker polymers

Sticker polymers are nothing but diblock copolymers in which the hydrophobic block
is missing. Instead, a short sticker of several carbon atoms takes the role of anchoring
the polymer in the interface. The length of this sticker is of great importance: If the
sticker is not long enough, it will not be able to attach the polymer to the interface.
This question will be discussed later (chapter 6.1.1). The hydrophilic chain will try to
pull the polymer out of the interface because of the entropic force exerted on the sticker,
at the same time the hydrophobic group will try to stay inside the oil domain due to
the enthalpic force.

The short sticker obviously shows no chain-like behavior. The influence on the mem-
brane is limited to the effects of the hydrophilic block, which is mathematically expressed
by setting the end-to-end distance in oil to R, = 0. The complete description of x and
k including renormalization and the addition of a sticker polymers is now:

KR = Ko (2.19)

Rr = Fo (2.20)

1

— kBT6

oR2

As introduced earlier &« = 3 and @ = —10/3. Adding the asymmetric sticker polymer
to the microemulsion will strongly influence the spontaneous curvature cy. The effect

16
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will not be canceled out as is the case for diblock copolymers (2.18). Adding a sticker
polymer will therefore increase ¢ as follows:

1 s k,‘BT
= ¢o(T) + = | =—BZ 92.91
Coefr = co(T) + V6 xn oR, (2.21)

When investigating polymers with a hydrophilic sticker and hydrophobic polymer
chain the sign in eq. (2.21) has to be changed since the spontaneous curvature decreases
with the addition of the polymer.

17



Chapter 3

Phase diagram studies

Microemulsions are characterized using a phase diagram which depends on three param-
eters: the composition of the three substances water, oil and nonionic surfactant (two
parameters: a and 7, see (2.2) and (2.3)) and the temperature. A way to display these
three-dimensional phase prisms is to use the Gibbs triangle as a base for a perpendicular
temperature axis (Figure 3.1). Every point in this prism represents a different composi-
tion of the three ingredients water (A), oil (B) and nonionic surfactant (C) at a certain
temperature. The water-oil system (v = 0) is immiscible for all accessible temperatures.

When investigating the phase behavior of such a system, the volume ratio of water
to oil ® (see (2.4)) is usually fixed. At equal volumes of water and oil (& = 0.5)
only the amount of surfactant and the temperature are changed. This corresponds to
a cut through the three-dimensional phase prism and is called the fish cut due to the
characteristic shape of the phase boundaries. This T'(y) cut shows all essential points of
the system.

3.1 The T'(v) phase diagram

Figure 3.2 shows the typical profile of a fish-like phase diagram. Four different regions
can be distinguished in the phase diagram. For lower surfactant amounts than the
CMC-concentration 7y (see chapter 2.1) the molecules will be dissolved as monomers
(approximately 90% in the oil phase and 10% in the water phase) and have no effect
on the phase behavior of the system. In this state the lighter oil will float on top of
the water. Increasing the surfactant above v, will lead to three different phase regions
depending on the temperature. For low temperatures two phases can be detected. The
available surfactant is located inside the lower water phase covering small oil droplets.
This region is marked 2, with the bar indicating the position of the surfactant-rich phase.
Increasing the temperature will yield three phases, indicated by a 3 in the phase diagram.

18
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Ty

n

wg
® = const.

Figure 3.1: Phase prism: A Gibbs triangle with the composition of the system provides
a basis for a perpendicular temperature axis. Throughout this work we
study symmetric microemulsions with ® = 0.5 where v is varied. The other
indicated cut aims at droplet microemulsions (w =const., wp varied) and is
not discussed any further.

Temperature

0 Surfactant concentration

Figure 3.2: Schematic structure of a 7T'(y) fish phase diagram
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The microemulsion in the middle is enclosed by an oil (upper) and a water excess (lower)
phase. It contains all available surfactant and forms a bicontinuous sponge-like phase on
the microscopic length scale. Further increasing the temperature will eventually lead to
another two-phase region (2) where the water excess phase is covered by a water-in-oil
microemulsion. The temperature T is called the phase-inversion temperature. Adding
surfactant at this temperature will increase the size of the microemulsion until the whole
sample is emulsified and the one phase-region (1) is reached. The corresponding point
in the phase diagram is called the fish-tail point X(f, v), which describes the efficiency
of a system: the minimum concentration of surfactant needed to solubilise the entire
amount of water and oil. Adding more surfactant will eventually put the system into a
lamellar phase, which is of no interest in this work.

The response of the system to temperature changes corresponds to the dependence
of microscopic local curvatures on the temperature (Figure 2.3). At low temperatures
both curvatures are by definition positive and hence curved towards the oil. Small oil
droplets are created within the water. Once one of the curvatures turns negative the
sponge phase is reached and the microemulsion is formed between water and oil excess
phases. In case both local curvatures are negative, the membrane will curve towards
water. As a result of this, small water droplets form in the oil phase.

3.1.1 Analysis of the phase diagrams

As discussed earlier, the position of the fish-tail point X (7',%) contains important in-
formation about the system. Both the saddle-splay modulus ¥ and the spontaneous
curvature cqg can indirectly be measured using its position.

Extracting %

To extract information about & we use (2.20) together with the finding that Kz = 0 at
the fish-tail point 7] and get:

(3.1)

When polymers are added to the system, the increase of 0 R? is compensated by a
decrease of W. Since we know oR? and measure 7 at the fish-tail point (which we can
use to calculate W) we can make a linear fit to evaluate the parameter = and extract %,.
Theoretically, = is predicted to be —1/6 - 47 /& = 0.628.

20
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Extracting ¢

If the mean curvature H is changed by an asymmetric polymer with R,, # R,, a change
of the phase inversion temperature 7T is expected since Strey proposed (see chapter 2.2.3):

H = pu(To=T) (3.2)

For C19E, the constant was was found to be py = 1.42- 1073 - (K A)~! [12].

At the fish-tail point the effective spontaneous curvature is always cy.sr = 0 because
the membrane does not favor to bend towards oil or water domains. In eq. (2.21) we see
that a change of the scaled polymer amount o RR,, has to be compensated by a change of
the phase inversion temperature 7'. For sticker polymers we get:

o(T) = g (Ty = T) = ;1@ LI (33

4 Iieff

Tp is the phase-inversion temperature of the C1gE4 system without polymers. Equation
3.3 allows us to calculate the change of the spontaneous curvature depending on the
scaled polymer amount (cR,,).

3.2 Experimental determination of phase diagrams

The phase behavior of microemulsion has been studied in tempered water baths (Figure
3.3). The sample is prepared by filling the test tubes with polymer, surfactant, decane
and water. This system is characterized by the mass ratios v (2.12) and § (2.11). This
test tube is then put into the bath and the temperature is adjusted. After stirring the
sample we wait some time until the different phases appear. At low temperatures two
phases with a meniscus will quickly form (2). The position of the meniscus moves up
with increased temperature until it disappears and the one-phase region is reached (or
the three-phase region depending on the surfactant concentration 7). The temperature
is then further increased until a new meniscus appears at the bottom of the sample:
the upper two-phase region 2 is reached. In this way the temperatures of the phase
transitions have been determined. Instead of preparing a new sample with a lower ~
value, equal amounts of water and oil are added to the existing system. This decreases
v but changes neither o (we add equal volumes of water and oil) nor § (since the ratio of

21
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Figure 3.3: Experimental setup for the measurement of the phase diagram. The temper-
ature can be changed in steps of 0.1°C and is measured with the thermome-
ter. After a temperature change the investigated system is stirred and then
left untouched. After some time ranging from seconds to hours turbidity
indicates phase separation.

polymer to surfactant is not changed). The new system is then once more investigated
in the heat bath as described above.

3.3 Interpretation

Plotting the results yields the phase of the system depending on the surfactant con-
centration 7 and the temperature. The boundaries are shown as a solid line (Figure
3.4). The efficiency of a system is extracted from the fish-tail point X (7',7), which
describes the minimum amount of surfactant needed to emulsify all available water and
oil. Phase diagrams for different concentrations of the polymer were investigated in or-
der to quantify the effect of the sticker polymers. Therefore 6 was varied from 0% to
10%. A further increase of § will result in the formation of a lammelar phase instead
of a one-phase region. For each of the investigated concentrations of polymer a phase
diagram was measured and the fish-tail point was determined and plotted in a v vs. T’
graph. It was usually sufficient to measure at surfactant concentrations above 7 since it
is easier to identify the one phase region than to wait for a stabilization of three phases.
The fish-tail point was then extrapolated from the existing phase boundaries. By com-
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40 -

38

36

30

34+

Figure 3.4: Measurement of a phase diagram. In addition to water and oil the surfactant
C1oE4 was used with the bifunctional sticker polymer Ci5(Egs)s at § = 10%.

paring the fish-tail point of different polymer concentrations we were able to extract the
efficiency from the decrease of 7 (see chapter 3.1.1). The spontaneous curvature ¢y was
indirectly measured by a change of the temperature 7.

For a more general interpretation of the results the mass ratio ~ is converted into the
membrane volume fraction W. For this we have to keep in mind that the surfactant
C10E4 has a solubility of 2wt% in decane and 0.2wt% in water at 30.1°C [13].

Msur factant — 0.02 - Mil

- mDQO Moil Msurfactant Mpolymer
0959( 1.105 + 0.729 + 0.974 + 1.035 )

(3.4)
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Chapter 4

Small angle neutron scattering

4.1 General aspects

Small angle neutron scattering (SANS) allows a detailed study of the microscopic struc-
ture of microemulsions. In order to describe the scattering process we have to treat the
neutron beam as a matter wave to account for interference effects. The wavelength is
connected with the momentum by the de Broglie relation: A = h/p = h/v/2mE. The
wave vector is given by p' = hk. For now we assume an ideally monochromated beam
which hits the sample and is scattered. The change of the wave vector k of the neutrons
defines the scattering vector 65:

—

Q="k—Fk (4.1)

In the case of elastic scattering, the energy of scattered neutrons is not changed and
we get k = k| = |k'| = k'. We further assume the Frauenhofer approrimation, where

the size of the sample and especially the investigated structure is much smaller than
the distance from the source to the sample and from the sample to the detector. The
scattering vector is then connected with the scattering angle 6 as follows:

4 0

Q= ‘Q‘ = sing (4.2)

The quantity measured by elastic neutron scattering is the intensity depending on the
scattering angle. It is proportional to the differential cross section, which is a measure
of the number of neutrons n that are scattered into the solid angle AQ) normalized to
the current of incident neutron flux j:
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A= (4.3)
Q) jAQ
Analysis of the cross section dX/d) leads to conclusions about the inner structure
of the sample. In the so-called Born approximation multiple scattering events and re-
fraction (taking place when entering and leaving the sample) are neglected. The total
scattering amplitude of a sample can then be evaluated by a superposition of scattering
events from all positions within the sample:

A(Q) ~ /V BBFp, (7)e'9T (4.4)

ps(7) describes the scattered amplitude at the position 7 within the sample. It is
called the scattering length density. Therefore the amplitude A of scattered neutrons is
connected with p, by a simple Fourier transformation. Since the intensity I ~ |A\2, the
phase information is lost and a simple reconstruction of ps by a Fourier transformation
is not possible. However, information about regular arrangements in the sample can be
obtained.

The phase difference between two points at the distance [ within the sample is @ - L.
To obtain information on this scale a phase difference of () - [ &~ 27 has to be achieved.
Using eq. (4.2) we get

v — 2
T 2sin(0/2) T 0

| >

(4.5)

We want to measure the regular arrangement of oil and water domains in mircoemul-
sions. The size of these domains can be as large as several hundred nanometers. As we
see in eq. (4.5), measuring structures at this length scale requires either neutrons with
similar wavelengths or measurements at small scattering angles 6. Working with wave-
lengths in the range of 10°nm (ultra-cold neutrons) creates additional problems. This is
why we use small angle neutron scattering together with cold neutrons (A ~ 4..84) in
our experiments.

The incoming neutrons only interact with the nuclei of the sample. The scattering
cross section of the elements is the relevant parameter for the amplitude of the outgoing
wave. The difference of the scattering cross section between hydrogen and deuterium
is probably the most important one. Contrast variation methods with these two ele-
ments allow a systematic structural investigation of the different parts of a system by
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simple substitution. Since we are interested in the oil and water domain structure of
microemulsions, the bulk contrast is chosen (use of DyO instead of HyO). In general, it
is also possible to match the scattering length of water and oil to achieve film contrast.
When the scattering length of water, oil and surfactant are matched, it is even possible
to perform SANS experiments under polymer contrast [2].

4.2 Experimental details

4.2.1 Setup

B

Figure 4.1: KWS2 (left) and the KWS1 (right) at the Forschungszentrum Jilich. The
detector tube can be seen at the bottom, the collimation at at top of the
picture.

All SANS measurements were conducted using the Kleinwinkelstreuanlage 2 (KWS2)
at the Forschungszentrum Jilich. The FRJ-2 reactor served as a source for the cold
neutrons (~30K). After extraction, they are monochromated by a velocity selector, a
rotating turbine with neutron absorbing lamellae. In our case the wavelength of the
neutrons was set to 6.3A with a distribution of AX\/A = 0.1. The monochromated beam
is directed to the collimation aperture by neutron guides. After passing the sample aper-
ture, which defines the divergence of the beam together with the collimation aperture,
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Monochromator Velocity Selector (DORNIER)
A 6.3 A (4.8..19 A)
AN/ 0.1

Collimation aperture 3 X 3 cm? (0.1...3.0 cm)
Collimation length 20 m (1..20 m)
Sample aperture, d 0.8 x 0.8 cm?*  (0.1..1.4 cm)
Detector distance 1.25...20.0 m

Detector beam stop 7 % 7 cm?

Detector area 50 x 50 ¢cm?

Q-range 2.107% - 0.2 AT

Neutron flux at sample | 10° — 6 - 10° n/(cm?s)

Table 4.1: Instrument details of the KWS2 at the Forschungszentrum Jiilich

the neutrons hit the sample and are partially scattered. These scattered neutrons hit the
detector, whereas unscattered neutrons will hit the beamstop, which shields the detector
from the high intensity of the direct neutron beam. The distance between the detector
and the sample can be varied from 1.25 to 20 meters by moving the whole detector
through a vacuum tube. This enables us to cover different scattering vectors . High
detector distances correspond to small () vectors. The collimation distance can also be
changed from 1 to 20 meters in order to vary the resolution and the flux of the beam.
Details about the instrument can be found in table 4.1.

The detection technique bases on a Li-scintillation glass with photo multipliers. A
high efficiency of ~99% can be reached for scintillation detectors. The two-dimensional
detector has an active area of 50 x 50 cm? with a spatial resolution of 0.525 x 0.525 c¢m?
for one detector pixel. For cold neutrons the reaction n+%Li has a large cross-section
(941 barn for 25meV neutrons [14]). The detector features a low dead time of only 4us
with a maximum count rate of 25kHz.
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|Selector | |Apertures| |Sampie| \ Detector \ —%

-
A

Figure 4.2: Neutrons from the detector are monochromated in the selector and focused
by the apertures. After being scattered at the sample the neutrons are
detected. Non-scattered neutrons hit the beam-stop.

4.2.2 Corrections
Absolute calibration

The measured intensity of neutrons at the detector has to be corrected for errors induced
by the experimental setup. The differential cross section and the intensity are connected
by

s
I=LD.AQATd 7 (4.6)

I; represents the incident beam intensity, D, is the detector efficiency, A2 the angle
of a single detector element, A the sample area, d the sample thickness and T the
transmission of the sample. The intensity I depends on the specific instrument used for
the measurements. Opposed to that the differential cross section dX/dS) is specific for
the investigated sample and independent of the experimental setup.

To obtain a sample specific information all measurements are normalized to a reference
material (plexiglass in our case). Using the indices s for the sample and pl for plexiglass
we compare the measurement with the reference material:

dx ]LdTle

(L2 d, T, L) (4.7)

We define the calibration constant as p, = dplTpl(—g) ;. For a neutron beam with
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A = 6.3A we use upl(6.3A) = 0.052. The measurements of the sample and the plexiglass
can be performed at different detector distances. A smaller L,; leads to better statistics
while L is adjusted to the desired Q-range.

With C' = I,T.d L2,/ L? we can write the scattering cross-section as:

(%)5 = 21, (4.8)

The error caused by scattering of the sample container is corrected by measuring the
intensity of an empty cell and subtracting it from the sample measurement. With this
final correction we receive:

(dZ) _w I — L(TT.)
dQ"* C Ly — Le(Tu/T..)

(4.9)

With eq. (4.2) we then get the scattering cross-section as function of the scattering
vector d¥/dQ(Q).

Radial averaging

= L
1000

100 o

Intensity

1E-3 0.01 0.1
q (Angstroem)

Figure 4.3: Left: typical detector image with logarithmic color scale. The square in the
middle is caused by the beamstop. Right: corresponding scattering function
I(Q) plotted logarithmically.
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After absolute calibration, the two-dimensional detector image has to be converted
into the scattering function (dX/dQ)(Q). Since the investigated microemulsions are
isotropic, the detector image shows a spherically symmetric distribution of the scattered
neutrons. We now determine the center of this distribution (@ = 0) and integrate
the intensities for the different ()-vectors. After a radial normalization we obtain the
scattering function as a function of the scattering vector @) (Figure 4.3).

Resolution correction

The limited resolution of the neutron detector causes a smearing of the measured scat-
tering intensity. To describe this effect mathematically the real scattering function is
convolved with a distribution (resolution) function R(Q, Qo) |15]:

1Q) = [ dQR(@ Q05 (4.10)

The distribution function for radially averaged data is given as:

Iy [QQQ(’] (4.11)

9Qo

QP+ Q3
20320

RQ.Q0) = L exp

9Qo

aéo describes the smearing effects caused by the wavelength spread, finite collimation
and the detector resolution. I is a modified Bessel function that accounts for the radial
averaging. This resolution distribution function is taken into consideration when fitting
the Teubner-Strey formula to the calibrated scattering cross section.
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4.3 Scattering on microemulsions

4.3.1 The Gaussian Random Field approximation

The Gaussian Random Field (GRF) approximation models a microemulsion with a scalar
field A(7) = a where —oo < a < co. Oil and water domains are represented respectively
by negative and positive values of a. The interface at the phase inversion temperature T
is found at positions 77 where h(7") = 0. For a temperature 7" > T the membrane is found
at higher cutting values of a. This corresponds to a curvature towards water domains.
h(7) has to meet additional normalization requirements: (h*(7)) = 1. For equal volumes
of water and oil (h(r)) = 0.

The statistic of this scalar field is defined by the quadratic Hamiltonian

1 — - —y
Ho = 5 /drh(F)w(r — 7 )h(r") (4.12)

where w(7" — 7') is the coupling function. Thermal fluctuations of the scalar field
h(7) are calculated using the Boltzman weight e*0. Using the GRF model, we can now
analytically calculate the average geometry of the surface after defining the coupling
function w(r — 7). w is expected to decay rapidly with (77— 7) in order to make the
integral and the second and fourth moments finite.

Pieruschka and Safran have implemented a variational approach method to describe
the coupling function w(7— ) or w(q) [16]. This approach leads to the Teubner-Strey
formula:

1 B a
w(q)  ¢*—bg®+c

G(q) = (4.13)

a, b and ¢ are parameters depending on the bending rigidity x and the surface to
volume fraction S/V = WU/a. The correlation function can be obtained by a Fourier
transformation of (4.13), which is analytically possible due its simple form:

1
We_’”/f sin(kor) (4.14)

G(l/):/élﬁsz(q)e—itTF:

with & = 2/4/2y/c+b. ko is the characteristic wave vector and is connected with
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(4.13) by ko = 2+/2\/c—b. ko is connected to the domain size by kg = d/2m. This
relation gives us the possibility to calculate the microscopic parameters d and £ with
the experimentally obtained scattering function. The bending rigidity x can be received
from ko and & for sufficiently large x by [2]:

64 &

kol = —— ——
05 5\/§]€BT

(4.15)

4.3.2 The Ginzburg-Landau model

Teubner and Strey have calculated the scattering function for the bulk contrast on the
basis of the Ginzburg-Landau model [4]. In this approach the Landau free energy is
approximated by an order parameter which is chosen to be larger than the microscopic
length scales and at the same time small compared to the macroscopic length scales of
the system. For microemulsions this order parameter, W, is connected to the water-to-oil
ratio. The simplest approximation for the free energy function is:

F(0) = / dif(aoW? 4 a; (V)% + ay(AT)?) (4.16)
With this functional the scattering intensity distribution is found to be:

do 1
d_Q(Q) ~ ap + a1Q2 + a2Q4

(4.17)

For large () values this function decays with Q=*. Thus we get the two-point correla-
tion function for spherical symmetry:

(W(7) W (7)) = / dQe= 9 S(Q) = (|7 — 7)) (4.18)
The correlation function is then:

sin(Qr)
Qr

G(r) = 4 /O " 100 S(Q) (4.19)

which leads to
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Le_’"/ﬁ sin(kor) (4.20)

G(r) = o

with the correlation length £ and kg = 27 /d. After determining the proportionality
constant in (4.17) we obtain the Teubner-Strey formula:

d> B 8 (V?) /€
A T ) IO T

(4.21)

(v?) = ((p — p)?) is the mean square scattering length density fluctuation, which can
be approximated by (v?) = ®,®,Ap?>. ®, and ®,, are the volume fractions of oil and
water, Ap is the difference of the scattering length densities of oil and water.
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Materials

Five different sticker polymers have been investigated. Three of these polymers consist of
one or two long hydrophilic chains and a short hydrophobic part. Their structure is the
same as that of the used surfactant, C,oE4, only with a longer ethylene oxide chain. The
polymeric chain consists of about 90 ethylene oxide (CHy-CH3-O) molecules. Ethylene
oxide is a polar molecule due to the electronegativity of the oxygen atom and hence
responsible for the hydrophilic behavior of this part of the polymer. The chain is then
continued by several carbon atoms (CHy). This short piece, the sticker, is hydrophobic
and supposed to anchor in the oil domains of the microemulsion. Contrary to these
polymers, the other two have an ionic sticker (hydrophilic) and a long hydrophobic
chain. A schematic drawing of these polymers at the water-oil interface can be seen in
Figure 5.1. A list of the investigated polymers can be found in Table 5.1.

5.1 Synthesis and characterization of the anionic
sticker polymers

The three polymers with hydrophobic sticker (C12Egg, C12(Eg2)2 and Ci6(Eg7)2 ) have
been synthesized at the Forschungszentrum Jiilich. For the monofunctional sticker poly-
mers the synthesis is started with alcohol CH3-(CHs),,-CH2-OH, which is activated by
a potassium based initiator. The amount of potassium is chosen to replace approxi-
mately 20% of the OH groups of the alcohol and form CHj3-(CHs,),,-CHy-OK. The single
potassium atom is in constant exchange with OH groups of the other alcohols. This
new mixture of alcohols is now merged with ethylene oxide monomers (-CHy-CHy-O-
rings) inside a chemical reactor. The agressive -OK group is able to open an ethylene
oxide ring and appends it into the chain. We are left with a longer activated chain.
The process of opening an ethylene oxide ring occurs on much larger timescales then the
frequent exchange of potassium atoms. This way all available alcohol groups grow at a
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Figure 5.1: Diblock copolymer (left) and three different sticker polymers active at the
water (blue) and oil (red) interface. The short sticker will anchor the polymer
in the membrane and the hydrobpilic chain will form a mushroom-like shape
due to entropic reasons. The bifunctional sticker has two polymeric arms,
and the ionic sticker has a long hydrophobic polymeric area.

Polymer Description

Ci2Eqgg Sticker polymer with one arm

Ci2(Eg2)2 Sticker polymer with two hydrophilic arms
Ci6(Es7)2 Sticker polymer with two hydrophilic arms

and a longer sticker
(CHy=CHCOOC,Hy)54,-COOH | Tonic sticker polymer containing of 54
(t-butyl acrylate) monomers and a
carboxyl group as ionic sticker
(CHy-CH=CH-CH;)192-COOH | Tonic sticker polymer with polybutadiene
as hydrophobic chain and a carboxyl
group as ionic sticker

Table 5.1: List of investigated polymers
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constant speed and in equal lengths. After using up all available ethylene oxide acetic
acid is added to the system to deactivate the potassium atoms and replace them with
hydrogen. The potassium salt is removed by washing the polymer in chloroform and
water mixtures. For the synthesis of the bifunctional sticker polymers different alcohols
with two OH groups are chosen as the base material. The rest of the process stays
unchanged and two ethylene oxide chains grow from the initiated molecule.

The initiators of the bifunctional sticker polymers are 1,2-dodecanol and 1,2-hexa-
decanol. Thus the ethylene oxide chains grow from different parts of the alkyl chain and
leave only 10 and 14 hydrophobic carbon atoms behind.

300
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Figure 5.2: GPC-analysis of Ci3(Egs)s.

For the synthesized sticker polymers the length of the ethylene oxide chains has been
determined by gel permeation chromatography (GPC), also called size exclusion chro-
matography (SEC). The concept of this analysis is that particles (in our case polymers)
of different size will flow through a specialized tube at different rates. This tube contains
extremely small porous polymer beads with pores of different sizes. Large polymers will
flow through the tube more quickly since they can not enter as many pores as smaller
polymers. After filling the tube with the polymer in solution, the intensity of the exiting
fluid in dependence of the time is measured. Comparing this curve with a reference
measurement (performed with particles of known length) allows the determination of
the polymer’s volume and therefore the length. The GPC-analysis of Ci5(Eg2)2 can be
seen in Figure 5.2. The peak of the polymer is found at a retention time of ~ 38min.
Later signals arise from the solvent.

The hydrophilic chain of all three synthesized polymers was supposed to consist of
approximately 100 ethylene oxide monomers. An exact predefinition during the synthesis
is not possible which is why the real length is later determined with GPC.
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The distribution of these lengths is represented by the width of the peak. This distri-
bution is specified by the polydispersity index (PDI) which is calculated by dividing the
weight average molecular weight M, by the number average molar mass M,,. The PDI
approaches 1 as the polymer chain lengths reach a tight distribution. The investigated
polymers had a PDI of M,,/M, < 1.1.

5.2 Characterization of the ionic sticker polymers

The end-group of both ionic sticker polymers is formed by a carboxylic acid (COOH).
Only the hydrophobic chain is different: for the first of the two, monocarboxy termi-
nated poly(t-butyl acrylate), approximately 54 [CHy—CHCOOC,Hg| monomers form the
hydrophobic part. For the second sticker polymer, monocarboxy terminated polybuta-
diene, 192 polybutadiene monomers |[CHy-CH=CH-CH,| provide the basis for the chain.
Both polymers were bought from the Canadian company Polymer Source. According to
the provided characterization the polymers have a functionality better than 98% and a
PDI better than 1.1. Own GPC measurements verified this statement. The carboxyl
end-group is a weak acid since it will only partly dissociate into R-COO™ anions and H
cations in water. It is therefore necessary to increase the pH value of the water to create
a base so that free OH™ -particles are able to join with the HT cations of the carboxylic
acid. The COO™ group then functions as a sticker and will attach the polymer to the
water domains while the hydrohpobic chain stays in the oil domains.

COOH-poly(t-butyl acrylate) is a rather bulky polymer with a short chain length
and relatively large side groups on every monomer of the chain. The second polymer,
COOH-polybutadiene, has a much longer chain composed of linear monomers without
side group. It is expected to behave more ideally than the first one, which might not
form a Gaussian chain.
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Experiments

We will now discuss the experiments performed to measure the thermodynamical pa-
rameters x, Kk and ¢g. Therefore we first look at the measured phase diagrams of the
microemulsions and after that describe the small angle neutron scattering experiments.

6.1 Phase diagrams

6.1.1 Nonionic sticker polymers

The earlier discussed boosting effect (chapter 2.3) can be quantified by investigating
phase diagram measurements. The macroscopic result, a strong increase of the mi-
croemulsion phase coexisting with other phases (Figure 2.4), appears in concert with a
change of the position of the fish-tail point in the phase diagram. Figure 6.1 shows the
fish diagram for the first of the five investigated sticker polymers Ci5Egy. The fraction
of polymer is measured with 0 (see eq. (2.11)) and ranges from 0% up to 10%. For the
connected points in Figure 6.1 § is constant. Three samples were prepared for every
polymer concentration. The amount of surfactant was chosen such that the first sample
was just inside the one-phase region. For the second and third sample the amount of sur-
factant v was increased by 1.5% respectively. This approach has three advantages: first
of all putting the sample inside the one-phase region ensures an accurate investigation
of the phase boundary since it is easier to distinguish between a one- and a two-phase
region than it is to differentiate between a two- and a three-phase region which are both
turbid. The second reason is that the phase boundary in this region changes almost
linearly with the surfactant amount which makes an extrapolation to the fish-tail point
easier and more exact. Third it allows for a reuse of the samples for the SANS measure-
ments, which have to be performed in the one-phase region. Therefore we have directly
used D50 instead of water which is only supposed to shift the temperature of the phase
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Figure 6.1: The boosting effect visualized with phase diagrams: With increasing polymer
amount ¢ the fish-tail point is shifted to lower surfactant concentrations and
different temperatures 7.

diagram down by approximately 1°C [17].

When investigating Figure 6.1 one sees that the lower phase boundary stays almost
constant with increased polymer amount whereas the upper boundary is shifted to higher
temperatures. This fact is connected to the polymer which acts only in the water-phase.
The result is a shift of the fish-tail point to lower surfactant concentrations and an
increase of the phase inversion temperature 7.

Comparing these measurements with the bifunctional sticker polymer Ci3(Egs)s (see
Figure 6.2) reveals the intensity of the boosting effect. It is clearly observable that the
same weight amount of polymer influences the phase diagram only about half as much
as the monofunctional sticker did. This weak dependence raises the question whether all
of the added polymers are active at the interface. To get an estimate about this value
we decided to prepare a sample in the three phase region with a polymer amount of
0 = 10%. After temperating the systen to the phase inversion temperature, two equally
sized excess phases started to appear above and below the microemulsion. Since the
polymer in question is mainly composed of hydrophilic parts we expect it to be solved
in the water excess phase or the water domains inside the microemulsions if not active
at the interface. Evaluating the amount of polymer solved in the water excess phase
should therefore give a rough estimate about its activity.

The water-excess phase was extracted with a syringe after the system had stabilized.
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Figure 6.2: Phase diagram measurements for the bifunctional sticker polymer Ci3(Egz)s2,
CioE4, decane and deuterium.

After weighing the sample it was freeze-dried. After three days all water had sublimated
and the sample was once again weighed to determine the mass of the remaining material.
Further a GPC-analysis was performed to determine the amount of polymer inside the
residue. With these values we were able to calculate the amount of polymer located
inside the water-excess phase. This whole procedure was repeated for several points
inside the three phase region to get a better estimate.

It was found that the amount of inactive polymer ranged from 20% up to 50% depend-
ing on the position within the three-phase region. Any polymer solved in the water-excess
phase is not able to contribute to a boosting effect of the microemulsion. The sticker
consisting of twelve carbon atoms that anchors the polymer in the membrane is not long
enough to balance the entropic force of the two hydrophilic chains that try to pull away
from the interface. The same test was also conducted for C;5Eqy with the result that a
maximum of 1% of the polymer was found in the water-excess phase.

This method does not assert the claim to make an exact assumption about the active
polymers, nevertheless it gives an upper limit since any polymer in the water excess phase
is not contributing to any effects at the interfaces. The question how much polymer
is dissociated in the water domains of the microemulsion, and therefore non-active,
remains. This is particularly interesting since the analyzed system of this work were
completely emulsified.

In order to prevent the chains from pulling the sticker out of the interface a similar
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Figure 6.3: Phase diagram for the bifunctional polymer Ci6(Eg7)2 which has four addi-
tional carbon atoms at the sticker to provide a stronger anchor.

polymer with longer sticker was synthesized: Ci4(Egr)2. Figure 6.3 shows the phase
diagram of this upgraded polymer. One immediately sees a strong boosting effect for
0 = 10%, similar to the one of the monofunctional sticker Ci3Eqq. This implies an
improved behavior at the interface. Once again the activity of the polymer at the
interface was tested with the method described above and showed similar results as the
test with the monofunctional sticker: no more than 2% of the total polymer added to
the system were found in the water-excess phase.

6.1.2 lonic sticker polymers

When investigating monofunctional ionic sticker polymers a further variable has to be
regarded: the pH-value of the system. The sticker of the polymer consists of a carboxylic
acid (COOH). In order to attach this sticker inside the water domains free OH™ particles
have to be available. This is achieved by adding sodium hydroxide (NaOH) to the system.
Since we know the molecular weight of the polymers (7000 g/mol) and that of NaOH
we are able to specify the allocation of the COOH groups by adding a certain amount
of NaOH for a given amount of polymer. We have investigated three different pH-
values: 13, 12 and 11.2. For pH 13 and § = 10% every COOH-sticker of the polymers
is allocated by about ten OH™ particles. The phase diagrams for this allocation can
be seen in Figure 6.4. The first significant difference to the earlier investigated sticker
polymers is that the upper phase boundary stays almost constant with the addition of
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Figure 6.4: Phase diagram for monocarboxy terminated poly(t-butyl acrylate) with a
pH-value of 13. At § = 10% about ten OH ™ -particles are available for every
polymer in the water domains which should ensure that chains are able to
anchor at the interface.
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Figure 6.5: Phase diagram for monocarboxy Terminated Poly(t-butyl acrylate) with a
pH-value of 12. At this pH-value roughly one OH™-particle is available per
polymer at § = 10%
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Figure 6.6: Monocarboxy terminated poly(t-butylacrylate) with a pH-value of 11.2. The
available NaOH is able to allocate the polymer up to 6 = 3%. A further
increase of the polymer has only a small effect on the phase diagram.
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Figure 6.7: Monocarboxy terminated polybutadiene at a pH-value of 13.
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polymers because the investigated polymer is active in the oil-phase. This is of course
due to the inverse nature of these polymers (compared to Ci2Egy ) with a hydrophilic
sticker and hydrophobic chain. As we expected from eq. (2.18) this causes a decrease of
the phase inversion temperature. We also notice that the boosting effect is not as strong
as it is for the monofunctional stickers discussed earlier.

Comparing the measurement with no polymer (§ = 0%) with the ones taken earlier
without NaOH (figure 6.1) we see a shift of the phase boundaries to lower temperatures
which causes the phase inversion temperature T to decrease. Since the only difference
in these systems is the pH value, the addition of NaOH must be the cause for the
temperature shift. This effect was explained by Kahlweit and Strey [18, 19]. The
addition of lyotropic substances, such as NaOH, causes an increased polarity of water.
This increased polarity gives rise to a change of the spontaneous curvature and with
that a change of the phase-boundaries to lower temperatures.

The second series was measured at a pH-value of 12 (Figure 6.5). For 6 = 10% one
OH™-particle is available for each polymer chain. As expected we see a similar boosting
effect as above since all available polymers should be able to attach to the interface.
Additionaly, all phase boundaries are shifted to higher temperatures compared to the
one with a pH-value of 13. This is consistent with the earlier discussed effect of NaOH
on the spontaneous curvature.

The lowest pH-value investigated (pH 11.2) has just enough OH™ to cover a polymer
amount of 6 = 3%. Any additional polymer is not able to attach to the interface since
no free OH™-particles are available in the water domains. This effect is clearly visible
in the phase diagram of the system (Figure 6.6). Adding more polymer than § = 3%
causes almost no additional boosting of the system. The allocation of the polymer was
also visually confirmed by the samples with 6 > 3%. Bunches of unsolved (precipitated)
polymer were floating inside the microemulsion which made a differentiation between
the one-phase and the two-phase regions difficult. We also note that this small amount
of NaOH has no effect on the phase inversion temperature.

We investigated the last polymer, monocarboxy terminated polybutadiene, only for
a pH-value of 13 to make that sure that all polymer stickers were able to anchor in
the interface and allow us to omit any effects concerning the allocation of the COOH-
stickers. The results can bee seen in Figure 6.6. Once again we see the expected decrease
of the phase inversion temperature with the addition of polymer and also note a stronger
boosting effect compared to the first ionic sticker polymer.
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Figure 6.8: Position of the fish-tail point for all investigated polymers. The relative
concentration of the polymer § is (from right to left) 0%, 3%, 6% and 10%.

6.1.3 Investigation of the fish-tail points

With the above discussed phase diagrams we are able to estimate the position of the
fish-tail point for each polymer concentration. Figure 6.8 shows the fish-tail points for
all investigated sticker polymers at concentrations 0 ranging from 0% to 10%. For the
first of the two ionic sticker polymers, COOH-poly(t-butyl acrylate), we only show the
measurements for pH 13 since we are sure that the polymer is active at the interface
for this configuration. One can see the change of the phase inversion temperature for
the solutions without polymer (far right) for different pH values. The upper points
correspond to the ternary deuterium, decane and CiyE,4 system, the lower two points
represent the same microemulsion with the addition of sodium hydroxide. As we add
the polymer to the system the minimum amount of surfactant to emulsify the whole
system W decreases and the phase inversion temperature T changes. T increases for the
non-ionic sticker polymers which are active in the water domains and cause a preferred
curvature towards oil domains. T" decreases for the ionic sticker polymers respectively.

With figure 6.8 we are able to compare the boosting effect depending on the relative
weight ratio of the polymer to the surfactant 9. The monofunctional non-ionic sticker
polymer Cy3Egy shows the strongest boosting for § = 10%. It is immediately followed
by the bifunctional polymer Ci5(Es7)2. As we have seen earlier, Ci5(Egz)s is not fully
active at the interface and therefore exhibits a weak boosting effect. The two nonionic
sticker polymers both show a lower boosting effect but their different chemical structure
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compared to the non-ionic stickers makes a comparison difficult.

6.2 SANS measurements

To measure the domain size d and the correlation length £, SANS measurements were
performed with the bulk contrast where water of the microemulsions is replaced by heavy
water. As seen earlier, all samples are prepared with enough surfactant to be in the one
phase region. Three values for v are investigated for every polymer concentration ¢.
Since the polymer influences the minimum amount of surfactant necessary to reach the
one phase region all samples are measured at different surfactant amounts.

6.2.1 Sample preparation and measurement

Before the measurement the sample was put in a heat bath and tempered to the phase
inversion temperature 7. It was then filled into quartz cells (Imm sample thickness)
which were transferred into a cell container positioned in the neutron beam. We were
able to adjust the temperature of this container within 0.1°C. Each sample is irradiated
for 10 minutes at two detector distances to cover the full Q-range. The collimation is
set to 20m, maximizing the resolution of the neutron beam.

6.2.2 Discussion of scattering functions

After the correction and radial averaging of the measured data (see chapters 4.2.2 and
4.2.2) we receive the scattering cross section in dependence of the scattering vector Q). To
understand this information about the microscopic structure of the sample we will now
discuss the obtained scattering curves. Figure 6.9 shows three SANS measurements. The
lowest curve has the lowest surface to volume fraction W. The curve in the middle was
multiplied by 10 to make the comparison easier and has more surfactant ( increased by
1.5wt%). The last curve has the largest amount of surfactant und was mutliplied by 100.
Low scattering vectors () represent the structure at large scales. Therefore a constant
high value of the scattering cross section for low () values hints at strong fluctuations on
large length scales. The peak in the middle at about 0.015A ~! represents the typical
length scale of the microemulsions. The domain size d can be estimated from this
charateristic length by d ~ (27)/Q 4. The correlation length & is associated with the
width of this peak.
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Figure 6.9: Three scattering curves for a system with changing surfactant but constant
polymer amount. The upper curves are multiplied by 10 and 100 for easier
comparison.

Using these simple relations we can compare the three scattering curves. The scatter-
ing vector at the peak (),,., seems to increase with larger surfactant amount. A larger
surfactant amount leads to a higher surface to volume fraction ¥ which has to result
in a decrease of the domain size. Since d ~ (27)/Qax a decrease of the domain size
results in an increase of the scattering vector of the peak, Q42

A more detailed interpretation of the scattering functions can be obtained from the
earlier discussed Teubner-Strey-formula (eq. 4.21). By fitting a curve of the form

day 1
E(Q) T az bQ? + cQ*

(6.1)

we can extract the domain size d and the correlation length ¢ by comparing (6.1) with
the Teubner-Strey-formula and receive:
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Figure 6.10: A scattering curve with the corresponding fit of the Teubner-Strey-formula.
The resolution correction (chapter 4.2.2) of the experiment is included.

Figure 6.10 shows a scattering curve with the corresponding fit of the Teubner-Strey-
formula. For high Q)-values this fit leviates from the measure values. That is because the
Teubner-Strey-formula does not account for fluctuations at much smaller length scales
than the domain size of the system.

The domain size in dependence of the surface to volume fraction

We will now discuss the domain size d in dependence of the surface to volume fraction ¥
for the polymer Ci5Eqq at different polymer concentrations § (Figure 6.11). The domain
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Figure 6.11: The domain size d in dependence of the surface to volume fraction ¥ for
measurements with the polymer Ci9Eqg.
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Figure 6.12: d in dependence of U for all investigated polymers. The equation d =
37A- 0! describes this dependence.
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size d decreases with the addition of surfactant. This decrease seems to be independent
of the polymer amount and is therefore only characterized by the surface to volume
fraction.

Figure 6.12 shows a similar plot, this time including all investigated sticker polymers.
Once again, the amount and the type of the polymer have no effect on the domain size.
Roux et al. [20] have calculated this dependence on W based on a model introduced by
Helfrich [21]. The basic approach d = (2a/V) describes a lamellar structure without
fluctuations and only depends on the thickness of the surfactant interface a =~ 12A.
Corrections due to short-wave fluctuations induce an additional factor:

2a 1 k5T k d
d= a(l + y— In(cy / k‘BTQ\/z» (6.5)

A ~ 54A2 is the area of one surfactant molecule at the interface and ¢ = 1.84 a
constant for the practical cut-off. Assuming d = 251A and x/kgT = 0.42 to be constant
(legitimate due to the weak logarithmic dependence on these parameters) and a = 12A
this equation leads to d = 3.2a/¥ = 38A/W. A fit of d = m - U~! to the data gives
m = 37A. The same result has been obtained in earlier measurements [13].

The correlation length in dependence of the surface to volume fraction
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Figure 6.13: The correlation length ¢ against the surfactant amount W with different
concentrations of the polymer CisEqy.
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Figure 6.14: £ in dependence of ¥ for the polymer Cis(Egs)s.

Figures 6.13 and 6.14 show the correlation length against W for different polymer
concentration. Two effects can be observed: In the first place as the surface to volume
fraction gets larger the correlation length decreases. This is apparent since the domain
size decreases. Second, the correlation length increases with the addition of polymers.
This can be explained with the earlier discussed effect of the addition of sticker polymers
to a microemulsion which suppresses fluctuations of the membrane. For a flabby interface
correlated points lie close to each other whereas the correlation length is increased for a
flattened interface.
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Discussion

After a description of the experimental work we will now take a closer look at the
obtained data and carry out a more profound analysis. First we will discuss the ear-
lier described dependence of In(¥) on the scaled polymer amount oR? and compare
our results with the theoretical predictions. After that we discuss the influence of the
polymers on the spontaneous curvature. Both information were taken from the phase
diagram measurements. The last subject of this chapter will be the change of the bend-
ing rigidity evoked by the polymers which has been directly measured with small angle
neutron scattering.

7.1 Efficiency boosting

We will first consider the non-ionic sticker polymers. Figure 7.1 shows In(V) against
oR%. U was determined from the fish-tail point of the system and o can be calculated
with equation (2.16). Even though Cy4(Eg7)2 has two hydrophilic parts, o R2 shows the
same dependence on the volume fraction of the polymer 0. For the bifunctional sticker
polymers o represents the density of polymer arms at the interface and R, is the typical
size of a single arm.

As we have discussed in chapter 3.1.1 we expect a linear dependence:

(7.1)

The predicted slope = = —(47) /@~ 1/6 contains two theoretical assumptions: the first
part, (47)/@ with @ = —10/3, arises from renormalization group calculations whereas
the factor 1/6 comes from the predicted influence of sticker polymers. Joining both
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Figure 7.1: In(¥) in dependence of o R?. A linear behavior with a slope of 7/5 is pre-
dicted by theory.

effects we expect a slope of == /5 = 0.628 for ideal polymer chains. We are not able
to separate the two effects when comparing this value with our results.

After a linear fit on the data we get the measured slope =. For the monofunctional
sticker = = 1.62 £ 0.05. The bifunctional sticker polymer shows a little less boosting:
Z = 1.30 £ 0.06 for the long sticker (Cy6) and only = = 0.83 £ 0.03 for the short sticker
(C12). In general the phase diagrams show a bigger sensitivity to the addition of polymers
as predicted by theory. This trend is a confirmation of measurements performed for the
diblock copolymer which gave the result = = 1.544+0.05 [2]. While our measurements for
the monofunctional sticker agree well with the results obtained for diblock copolymers,
the consistent discrepancy to the theory might be caused by two different suppositions:
an oversimplified treatment of real polymer chains and the state of the microemulsions
which is assumed to be lamellar for the prediction but forms a bicontinuous structure in
reality. The sensitivity of the bifunctional longer sticker polymer nearly agrees with the
measurements for the monofunctional sticker, tiny amounts of polymer might still be
non-active. Opposed to that the bifunctional polymer with the short sticker shows only
half the sensitivity. This result is in agreement with our tendency that, due to the short
sticker, some of the added polymers are not active at the interface and dissolved in the
water domains as unimers. Even though the sticker has the same length as that of the
monofunctional polymer, the entropic force exerted on the sticker by two hydrophilic
polymer arms is larger and requires an appropriate counter-force which can be obtained
by synthesizing longer stickers.
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Figure 7.2: In(¥) in dependence of o R? for the two ionic sticker polymers.

Figure 7.2 shows In(¥) against o R? for the two ionic sticker polymers. We only
compare the data taken for a pH-value of 13. The sensitivity of the first polymer,
monocarboxy terminated poly(t-butyl acrylate), on In(¥) is = = 0.95 + 0.03. For the
addition of monocarboxy terminated polybutadiene we get = =1.19 £ 0.04.

Both ionic sticker polymers show a lower sensitivity than the two non-ionic polymers
discussed earlier. These results were quite surprising since the mixture of ionic (polymer)
and non-ionic (surfactant) materials has shown to lead to an increased efficiency. There
might be unconsidered charge effects that influence the behavior of the polymer at the
interface. Comparing the ionic polymers among each other we see a higher sensitivity for
polybutadiene. This slight difference could be induced by electrostatic effects of the free
Na™ particles. Their positive charge might pull the sticker further into the water domains
since the surfactant layer is tightly packed and does not allow charges to penetrate. This
forces hydrophobic parts of the polymer chains into the surfactant and water domain.
This unfavorable situation has a negative effect on the free energy of the polymer. Since
we are dealing with an end effect, the polymer with the shorter chain, COOH-poly(t-
butyl acrylate), is influenced stronger by this negative effect. Additionally, the bigger
size of the monomers, and therefore a bigger volume of hydrophobic substance in water,
exposes another penalty for COOH-poly(t-butyl acrylate). Last of all, the short polymer
might not be a Gaussian chain.
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7.2 Spontaneous curvature
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Figure 7.3: The change of the spontaneous curvature in dependence of 0 R,, for the three
non-ionic sticker polymers.

In chapter 3.1.1 we have shown that the influence of polymers on the spontaneous
curvature can be extracted from phase diagram measurements by the change of the
temperature 7. We have seen in eq. (3.3) that this change scales linear with the polymer
amount o R..:

mkgT
= 2
ACO (T) + - 4 \/; K ORee (7 )

The sign of Acy depends on the type of the polymeric part and is negative for sticker
polymers with hydrophilic chains. Approximating x/(kgT) =~ 0.42 (assuming a weak
absolute dependence of k on the polymer amount) gives a theoretical prediction of
Fl/4- /7 (kgT)/k = F0.43 for the sensitivity of the spontaneous curvature on
oR,..

Figure 7.3 shows Acy against the scaled polymer amount o R,, for the non-ionic sticker
polymers Ci2Eqy and Cyg(Eg7)2. A linear fit gives the slope ¢gope = —0.52+0.01 for the
monofunctional sticker polymer and cgope = —0.44 = 0.01 for the bifunctional polymer
with the longer sticker. The value cgppe = —0.27 & 0.01 for the bifunctional polymer
with the short sticker relates to the fact that only part of these polymers is active at the
interface. We also note that the values for the active polymers agree reasonably well with
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Figure 7.4: Acy against o R, for the two ionic sticker polymers COOH-poly (t-butyl acry-
late) and COOH-polybutadiene (both at pH 13).

Poly(t-butyl acrylate)
m pH13

000254 | ® pH12
4 pH11.2

0.0030

0.0020
0.0015

0.0010

Ac, ()

0.0005 |
0.0000

-0.0005 4
J A A

-0.0010

T T T T T T T T T T T T T 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006
4
oR (A7)

Figure 7.5: Acy against o R, for COOH-poly(t-butyl acrylate) at all three investigated
pH-values.
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the theoretical prediction. The bifunctional sticker shows little less sensitivity compared
to the monofunctional sticker. A possible explanation is that the entropic force of the
bifunctional sticker, which bends the curvature towards oil domains, is not as strong since
two polymer arms are fixed to one position (the sticker) on the membrane. Placing both
arms further apart with a separate sticker for each arm has an overall stronger influence
on the curvature, hence a larger sensitivity for the monofunctional sticker polymers.

Figure 7.4 shows the same plot for the two ionic sticker polymers at pH 13. This
time the spontaneous curvature increases with the addition of polymers since they are
only active in the oil domains and cause a curvature towards the water domains. The
slopes read 0.52 4+ 0.02 for COOH-poly(t-butyl acrylate) and 0.30 + 0.01 for COOH-
polybutadiene.

Comparing the three measurements at different pH values for COOH-poly(t-butyl
acrylate) (figure 7.5) we see a decreased influence on the spontaneous curvature with
lower pH-values. This could be interpreted by a lower activity at the interface since
less NaOH is available to dissociate the ionic sticker in the water domains. The fact
that the spontaneous curvature even decreases with the addition of polymers (which
corresponds to a curvature towards oil domains) for the lowest allocation at pH 11.2
rises doubts about this interpretation. A possible explanation of these results will be
given in context of the behavior of the bending rigidity.

7.3 Bending rigidity

We will now discuss the change of the bending rigidity induced by the addition of the
different sticker polymers. It was shown in eq. (2.19) that x depends on the surfactant
amount W and the scaled polymer amount o R :

KRR Ko « — 2
—=—+4+ —In(V ZoR 7.3
kBT I{JBT + 4 n< ) W=const = v ( )

The theoretical value is = = (1 4+ 7/2)/12 ~ 0.214. At the same time we have
seen in chapter 4.3.1 that the bending rigidity is connected to the domain size d and the
correlation length & by equation (4.15). This means that we are able to directly calculate
k/kpT from the data obtained by SANS measurement and gives us the possibility to
compare the sensitivity of the bending rigidity on the scaled polymer amount.

Figure 7.6 shows the measured bending rigidity in units of kg7 for the polymer
Ci6(Es7)2. In order to only examine the influence of the polymer we compare k/kgT
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Figure 7.6: Bending rigidity x measured by SANS in dependence of U. k is measured in
units of kgT, the investigated sticker polymers is Ci4(Esgr)o.
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Figure 7.7: k/kpT for C13Egg. To investigate the influence of the polymer and eliminate
the dependence of W the data is extrapolated to a fixed value of ¥ = 0.1.
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for a fixed value of . That is the reason why we have measured three different surfac-
tant concentrations for every polymer concentration 9. Using these three measurements
we are able to extrapolate the dependence on W as can be seen in figure 7.7. Since
any fixed value for ¥ can be chosen we pick the median of all investigated surfactant
concentrations to minimize the error generated by the extrapolation of the data.

0.55 +

0.50

T

0.45
o

w/K

0.40

0.35 1

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 7.8: k/kpT for the non-ionic sticker polymers in dependence of the scaled polymer
amount o R,

Figure 7.8 shows this dependence for all three non-ionic sticker polymers. Ci5Egg shows
the strongest impact on the bending rigidity as was already indicated by the intense
boosting effect of this polymer. A linear fit gives a sensitivity of = = 0.256 +0.016. The
two bifunctional sticker polymers clearly show a weaker influence on k. For Cis(Egs)o
the sensitivity is = = 0.165 + 0.012 and for Cy4(Esg7)2 we get = = 0.158 £+ 0.011.

Measurements on diblock copolymers performed by Hitoshi Endo have given a slope
of 0.334. The monofunctional sticker polymers comes close to this value but are not
quite as effective. This means that one diblock copolymer with two polymer chains
pressing on the membrane from both sides shows a stronger influence than two sticker
polymers that are only able to affect the interface from the hydrophilic side. The fact that
both bifunctional polymers with different sticker lengths show an almost equal behavior
regarding the effect on x is quite surprising. Especially since the phase behavior, the
influence on K and that on ¢y indicated that a fraction of these polymers, in particular
for the short sticker, is not active at the interface. Even the direct comparison of the
raw scattering data at equal surfactant and polymer concentrations (figure 7.9) shows
no significant difference.
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Figure 7.9: Comparison of the scattering curves for the polymers Ci5(Eqgz)2 and Ci6(Eg7)2
at the same concentration of surfactant () and polymer (J).

Comparing the diblock copolymer, the monofunctional sticker polymer and the bifunc-
tional sticker polymer we see that all three show a similar sensitivity on the saddle-splay
modulus % and the spontaneous curvature ¢y (for the two asymmetric polymers). Op-
posed to that the influence on x clearly decreases. Computer simulations realized by
Auth [22| provide an explanation of this effect: the asymmetric sticker polymers prefer-
ably anchor at the buckles of the membrane undulations that are initially induced by the
surfactant. In this position the polymer coil has a reduced influence on the membrane
which is reflected by a decreased sensitivity of the bending rigidity x. The influence of
this effect is even increased for bifunctional sticker polymers.

We will now discuss the influence of the two ionic sticker polymers on x. Figure 7.10
shows the results of the SANS measurements for COOH-poly(t-butyl acrylate) at a pH-
value of 11.2. We have already seen in the discussion of the phase diagrams (chapter
6.1.2) that there is just enough NaOH in the system to allow a polymer amount of § = 3%
to attach to the interace. This result is confirmed by the SANS measurements which
clearly show that the increase of § above 3% does not influence the bending rigidity
much further.
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Figure 7.10: Increase of xk with the addition of COOH-poly(t-butyl acrylate) at a pH-
value of 11.2. An increase of § above 3% has no further influence.
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Figure 7.11: Influence of COOH-poly(t-butyl acrylate) on x depending on the allocation.
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Figure 7.11 shows the increase of r/kpT with o R? for all three measured pH-values.
As we have just seen the dependence flattenes for a pH-value of 11.2. Using the slope
between the first two measured points (dashed red line) we get = = 0.560 for the sen-
sitivity. For a pH-value of 12 the sensitivity of x on the scaled polymer amount is
= =0.42940.027. For ten times the amount of NaOH (pH 13) we get = = 0.175+0.019.

A decreased sensitivity with increased pH-value is against a first expectation because
a higher allocation would assure a better activity of the polymers at the interface and
therefore be accompanied by an increased sensitivity of k. To explain the effect we have
to account for the free Nat particles available in the water domains. The COOH-sticker
will release an H™ and be left with a negative charge. Free Na™ particles will move in
and form a cloud around the negative sticker. The Debye-Hiickel theory describes the
electrostatic interaction of ions in electrolytes and allows to approximate the radius of

this sphere:
QNAGQI
R=\|—F— 74
EkBT ( )

where [ is the ionic strength of the available NaOH. For the highest amount of NaOH
available (pH 13) the radius is ~1A. In this configuration plenty of Na* ions are available
per COO~ and move very close to the negative charge. For pH 11.2 we get R ~ 10A.
Thus the interaction zone diameter (20A) becomes comparable in size with a polymer
of diameter R, = 70A. We assume that these charged clouds press on the interface
just like a polymer chain would do. This explains the decrease of the sensitivity for
the spontaneous curvature with decreased pH value as we have seen in figure 7.5: As
less NaOH is available, the radius of the cloud around the sticker increases and starts
to balance the effect of the hydrophobic polymer that influences the other side of the
membrane. At the same time it affects the membrane from two sides, similar to a diblock
copolymer, and shows a stronger influence on k with decreased pH-value.

To conclude, for the ionic sticker polymers we have found that an increase of the pH
value corresponds to a decrease of the effect induced by the charge cloud until it vanishes
for a pH value of 13. At the same time we have to consider the end effect which pulls
part of the hydrophobic chain into the water domains and induces a decrease of the
available free energy.

When comparing the influence of the two ionic sticker polymers at equal pH-value
on k (figure 7.12) we find = = 0.175 + 0.019 for COOH-poly(t-butyl acrylate) and
= =0.182 4+ 0.015 for COOH-polybutadiene. Both have equal influence on the bending
rigidity.
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Figure 7.12: Influence of the two ionic sticker polymers on x at equal pH values of 13.

—_

—_

Polymer = Cslope =
Ci2Eqg 1.624+0.05 | —0.52+0.01 | 0.256 & 0.016
Ci2(Eg2)2 0.83+0.03 | —0.27 £0.01 | 0.165 +0.012
Ci6(Es)s 130 £0.06 | —0.44 £ 0.01 | 0.158 £ 0.011
COOH-poly(t-butyl acrylate) || 0.954+0.03 | 0.524+0.02 | 0.175+0.019
pH 13

COOH-poly(t-butyl acrylate) - 0.339 £ 0.034 | 0.429 £ 0.027
pH 12

COOH-poly(t-butyl acrylate) - —0.40 0.560

pH 11.2

COOH-polybutadiene 1.19+£0.04 | 0.30+£0.01 | 0.182+0.015

Table 7.1: Summary of all results for the five investigated polymers.

63




Chapter 8

Summary and conclusions

In this work we aimed to replace amphiphilic diblock copolymers by sticker polymers as
efficiency boosters in microemulsions. These polymers have a short hydrophobic sticker
and a long hydrophilic polymeric block or vice versa. Efficiency boosting describes the
significantly lower amount of surfactant needed to solubilize equal amounts of water and
oil. We studied monofunctional stickers of the Ci3Egy type in comparison to equiva-
lent diblock copolymers. Bifunctional sticker polymers were interesting because their
behavior is less flexible with respect to the anchoring point. Since the anchoring was not
stable for a Cqy(Eg2)o sticker, we had to extend the study to a Cig(Egr)s sticker with a
better anchor. The ionic stickers reverse the amphiphilicity, which might be interesting
for applications in which the domains of the droplets are reversed. The current studies
focus on bicontinuous microemulsions.

Using the measured phase diagrams, we were able to determine the minimum amount
of surfactant necessary to solubilize all available water and oil at the phase inversion tem-
perature 7. A comparison of these values for different polymer concentrations allowed us
to evaluate the change of the saddle splay modulus % and the spontaneous curvature cg
depending on the scaled polymer amount. The domain size d and the correlation length
& were obtained from SANS experiments using the Teubner-Strey formula to describe
the distribution of scattered neutrons. The Gaussian random field model links d and &
with the bending rigidity x. Therefore SANS allows us to directly measure the influence
of polymers on k.

We have summarized our results in one plot comparing the theoretical predictions,
measurements on the diblock copolymer [2| and our measurements on the sticker poly-
mers. Figure 8.1 shows the coefficients é, Csiope and =, which measure the sensitivity of
R, ¢o and k as a function of the scaled polymer amount on a logarithmic scale. For = we
notice a discrepancy (factor two) between the theoretical predictions and the measured
data. The oversimplified treatment of the polymer branches as ideal chains and the
assumption of a lamellar instead of a bicontinuous domain structure are most probably
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Figure 8.1: Summary of the results for the theoretical prediction, diblock copolymer [2],
the monofunctional sticker polymer, the bifunctional sticker polymer (longer
sticker) and the two ionic sticker polymers COOH-poly(t-butyl acrylate) and
COOH-polybutadiene at pH 13.

responsible for the deviation.

We have successfully shown that non-ionic sticker polymers in microemulsions can be
used as efficiency boosters. The influence on % shows a similar sensitivity as was found for
diblock copolymers. The slightly decreased impact of the bifunctional sticker polymers
might be due to a reduced activity at the interface. Both hydrophilic arms exert an
entropic force on the sticker and try to pull it out of the membrane. The impact on the
spontaneous curvature shows a similar trend: the sensitivity of the bifunctional sticker
is slightly decreased compared to the monofunctional sticker. The diblock copolymer
shows no change of ¢y due to its symmetric structure. In contrast to these results we
observe a clear decrease for the sensitivity of x. Simulations by Auth [22] suggest that the
asymmetric sticker polymers prefer to position themselves at buckles of the fluctuating
surfactant membrane. The effect on x is therefore reduced for monofunctional sticker
polymers and, particularly, for bifunctional sticker polymers.

We have also investigated two ionic sticker polymers which are active in the oil domains
of the microemulsion. NaOH was added to the system to allow the COOH-sticker to
dissociate in the water domains. Their different influence on the saddle-splay modulus
was explained with the effect caused by the positive Na® charges available in the water
domains (both measurements were performed at pH 13). The charges pull the COO~
sticker and with it parts of the hydrophobic polymer chain into the water domains, which
has a negative influence on the free energy. This end effect will have a smaller influence
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on polybutadiene since it has four times more monomers than poly(t-butyl acrylate).
We also noticed a smaller impact on the spontaneous curvature.

To determine the role of the Na*t allocation, three different pH values were investigated
for COOH-poly(t-butyl acrylate). We noticed a strong decrease for the sensitivity on &
with increased pH value. This was explained by Na™ charge clouds that form around
the electronegative sticker and influence the membrane. As the pH value is increased,
more positive particles are available and the size of the charge cloud decreases. Since
the latter has a similar effect as a hydrophilic polymer coil, its positive effect is reduced.
This concept is supported by measurements of the spontaneous curvature induced by
the charge clouds.

We have shown that sticker polymers can be used as efficiency boosters as they are
similarly effective as diblock copolymers. Bifunctional sticker polymers might need an
even longer sticker to guarantee complete activity at the interface. In future, it will be
interesting to investigate star polymers with more than one hydrophilic and hydrophobic
arm since they will not follow the undulations of the surfactant film. To fully understand
ionic sticker polymers, more measurements at different pH values have to be carried out.
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