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Abstract 
 

Conventional amphiphilic block copolymers are macromolecules consisting of at least a 

hydrophilic segment covalently attached to a hydrophobic segment. They are unique and 

versatile building blocks in supramolecular polymer chemistry, both for the generation of 

highly organized, self-assembled structures and for the structural control of material 

interfaces. In the absence of solvents, the phase-behavior of block-copolymers is sparingly 

described. In aqueous solutions block copolymers self-assemble into nanoscopic objects. 

These structures are gaining more and more attention for technical formulations. Self-

assembly is simply induced by dissolving dry powder of amphiphilic copolymers in water. 

This self-assembly process, however, cannot be described solely based on bulk phase 

behavior and very few experimental phase diagrams of block copolymer/water mixtures have 

been reported. In order to control, predict and eventually achieve a comprehensive 

understanding of this process and in particular the formation of vesicles, worm/rod-like 

micelles and spherical micelles it is important to systematically investigate the phase behavior 

of block copolymers across the whole water concentration range. We therefore undertook 

investigations of the self-assembly of two block copolymers. Preliminary encapsulation 

studies reveal their potential for applications relevant for drug delivery.  

The concentration profile of the identified amphiphilic block-copolymers diluted in aqueous 

solution was examined across the whole concentration range with four poly(ethylene oxide)-

block-poly(γ-methyl-ε-caprolactone) (PEO-b-PMCL) block copolymers keeping the 

hydrophilic block length constant but varying the hydrophobic lengths. Bulk polymers did not 

display any ordered morphology. With increasing water concentrations the polymers 

underwent transitions from lamellar phases to packed vesicles and eventually all polymers 

self-assembled into vesicles in dilute aqueous solutions. At high concentration the largest 

polymer organized further into an inverse hexagonal phase prior to self-assembly into a 

lamellar phase. The smallest block-copolymer also self-aggregated into rod-like micelles and 

exhibited a hexagonal phase between the packing of the rod-like micelles/vesicles and the 

lamellar phase. 

The concentration profile of phases assembled by amphiphilic block-copolymers diluted in 

aqueous solution was examined as well across the whole concentration range with three 

poly(isobutylene)-block-poly(ethylene oxide) block copolymers having the same hydrophobic 

block length but varying in their hydrophilic lengths. In contrast to PEO-b-PMCL these 
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polymers self-aggregated depending on the hydrophilic length into micelles, worm-like 

micelles and for the shortest polymer into vesicles. Thus, increasing the polymer 

concentration lead to a different phase behavior. The largest polymer which solely formed 

micelles, underwent transitions from packed micelles with a few packed worm-like micelles 

to a hexagonal phase and finally into a lamellar phase, in contrary to the middle length 

polymer, which self-aggregated into worm-like micelles. The best to our knowledge, it is the 

first time that an experimental phase diagram is built such that it displays the formation of 

worm/rod-like micelles. With the composition studied in here, the worms, with increasing 

polymer concentration, pack and undergo afterwards into a hexagonal and finally a lamellar 

phase has been observed. For the shortest polymer the phase behavior was similar to that of 

vesicles self-assembled by PEO-b-PMCL. In contrast, the pure polymer formed an inverse 

hexagonal phase. 

It was eventually shown that PEO23-PMCl32 can be used to encapsulate both small and large 

molecules. By adjusting the pH towards acidic conditions the responsiveness of the vesicles 

could be triggered to release the encapsulated material. 
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1. Introduction 

Polymers, with their extraordinary range of properties, play an essential role in everyday life
1
 

and can be found everywhere. For instance drinks are conditioned in bottles made of 

poly(ethylene terephthalate) (PET), which is one of the most widely used synthetic polymer. 

Scientists, however, are fascinated by Nature. It is thus essential to first have a look into 

Nature‟s library of polymers before having a look on the polymers synthesized in a 

laboratory. A variety of natural polymers exist. For instance wood and accordingly paper are 

mainly composed of cellulose, which belongs to the family of polysaccharides. Foods like 

bread, corn and potatoes are composed of starch which belongs to the same polysaccharide 

family. Aside from these examples a lot more natural polymeric materials (such as shellac, 

amber, and natural rubber) have been identified and used for centuries. In addition to 

polymers that are surrounding us, polymers can be found in the human body as well. Here, 

one prominent example is deoxyribonucleic acid (DNA).
2, 3

 It is a polymer that contains the 

genetic information used in the development and functioning of all known living organisms 

and it is one of the three major macromolecules that are essential for all known forms of life. 

The other two macromolecules are ribonucleic acid (RNA)
4
 and proteins. Inspired by those 

natural polymers, much work has been done with the ambition to synthetically mimic these 

polymers, understand their mechanism of action and even create new macromolecules. All 

started almost 200 years ago (1811), when Henri Braconnot did his pioneering work on 

derivatives of cellulose compounds, which is probably the earliest breakthrough in polymer 

science.
5
 100 years later (1907) the first completely synthetic polymer was synthesized by 

Leo Baekeland (Bakelit).
6
 Since then a very large list of synthetic polymers has been 

generated which includes synthetic rubber, bakelite, neoprene, nylon, poly(vinyl chloride), 

poly(styrene), poly(ethylene), poly(propylene), poly(acrylonitrile), silicone, and many more. 

Thus, we are surrounded by and partially composed of polymers. Interestingly, when the 

public speaks about polymers, it mostly refers to plastics. The main difference, however, 

between plastics and polymers is that plastics are one form of aggregated polymers whereas 

polymers are very large single molecules. This difference can also be emphasized by simply 

analyzing the roots of these two words: plastic comes from the word plastikos and means 

shapeable and polymer is derived from two Greek words as well: πολύ(poly) and μέρος 

(meros). Both words combined mean “many parts”. Accordingly, polymers are more than just 
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plastics, and their role ranges from familiar synthetic plastics and elastomers to natural 

biopolymers. 
7-9

  

Despite of the features macromolecules have on their own, it is also essential to analyze and 

understand their intermolecular behavior. This field is called supramolecular polymer 

chemistry. Thus, it refers to the area beyond single polymers and focuses on the chemical 

systems made up of a discrete number of assembled polymers. While traditional polymer 

chemistry focuses on covalent bonds, supramolecular polymer chemistry examines the weaker 

and reversible non-covalent interactions between molecules (van der Waals, electrostatic 

forces or hydrogen bonding). But in order to achieve microstructural features, the polymer 

architecture on its own has to be considered at first. 

1.1. Block copolymers 

The simplest polymer architecture is a linear chain of one repeating monomer – a single 

backbone with no branches – also referred to as homopolymers
10

 (figure 1.1a). Due to 

statistical reasons, termination reactions, etc. - intrinsic to the synthesis and length of the 

macromolecules – polymers in the same reaction flask have not exactly the same molar mass. 

There is always a size distribution around an average value described by a molecular weight 

distributions (MW/MN), where MW and MN represent the weight and number-average 

molecular weights, respectively. When polymers are composed out of a main chain with one 

or more substituent side chains or branches they are referred to as for example star 

polymers
11-14

, comb polymers
14, 15

, brush polymers
14, 16-18

, hyperbranched polymers
13, 19

, and 

dendrimers
13, 19-22

 (Figure 1.1).  

 

Figure 1.1. Schematic representation of a a) star, b) comb, c) branched polymer and d) 

dendrimer. 

http://en.wikipedia.org/wiki/Elastomer
http://en.wikipedia.org/wiki/Biopolymers
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As soon as these polymers and linear polymers are consisting of more than one repeating 

monomer they are referred as copolymers. Depending on how the monomers are arranged 

along the macromolecule different classes of copolymers are generated. The most 

characterized and simplest configurations of copolymers are linear copolymers. Possible 

linear copolymer configurations build up by just two different monomers can be divided into 

the following types (Figure 1.2 b-e): Alternating copolymers (existing out of regular 

alternating A and B monomers), periodic copolymers (composed of A and B units arranged in 

a repeating sequence (e.g. (A-B-B-A-A-B-A-A)n)), statistical copolymers (copolymers in 

which the sequence of monomers follows a statistical rule) and block copolymers.  

 

Figure 1.2. Schematic representation of a) homopolymer existing out of one repeating 

monomer A, and copolymers existing out of two distinct monomers A and B: b) alternating, 

c) statistical, d) periodic and e) block copolymers.  

The latter copolymer (block copolymer) is composed of at least two (Figure 1.2e) or more 

homopolymer subunits linked by covalent bonds. A more “realistic snapshot” of block 

copolymers is shown in Figure 1.3. Here, two block copolymers are shown, which are mainly 

investigated in supramolecular chemistry.
23-26

 An AB block copolymer consisting of two 

chemically different blocks, and an ABA block copolymer also consisting of two chemically 

different blocks, but block A is repeated twice. Here, A represents the homopolymer existing 

out of monomers A and B the second homopolymer covalently attached to block A and 

composed out of monomers B, respectively. Accordingly, block copolymers are 

macromolecules composed of sequences, or blocks, of chemically distinct repeating units. In 

this work the focus was on amphiphilic block copolymers consisting of two chemically 

incompatible blocks, a hydrophobic and a hydrophilic block. Both blocks are composed of 

hydrophobic and hydrophilic monomers, respectively.  
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Figure 1.3. Schematic representation of block copolymers mainly used in supramolecular 

chemistry. A represents a hydrophilic and B a hydrophobic block.
27

 

These amphiphilic block copolymers are unique and versatile building blocks in 

supramolecular polymer chemistry, both for the generation of highly organized, self-

assembled structures at the nanometer scale and for the structural control of material 

interfaces.
28

  

In order to understand and control self-assembled block copolymer nanostructures in detail 

fundamental studies remain to be done starting with the phase behavior of block copolymers 

in bulk.  

1.2 Phase behavior of bulk block copolymers 

In the absence of solvents, the phase-behavior of block copolymers can be described in terms 

of the strength of the interactions between the blocks (χ), the total number of statistical 

segments (N), the volume fraction of one of the blocks (f), and the differences in the 

conformational properties of the polymer chains (ε).
29, 30

 On the one hand, the two chemically 

different blocks are covalently attached (short range interaction); consequently they cannot 

move away from each other. On the other hand, since the blocks are chemically incompatible, 

they try to avoid each other (long-range interaction). Subsequently, they start to self-organize 

into thermodynamically preferred structures. A simple case is shown in Figure 1.4 A. Here, 

the two chemically incompatible polymer blocks are represented by boxes (A and B) 

representing domains. The distances between two A and two B blocks is called d-spacing and 

represents the periodic length of the structure, which covers a range from 10 nm to 1 cm, 

hence seven orders of magnitude. When the formation of ordered structures is anticipated, as 

a result of an appropriate pair of forces, the question arises as to what kind of superlattice will 

be organized and of which periodicity. The A and B domains are separated from each other by 

an interface (dashed line in Figure 1.4 B). Lamellar domains – planar interfaces between 
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block A and B – are formed preferably because of the stretched shape of an A/B pair. 

Accordingly, the periodic length d of the superlattice depends on the size of the A and B 

domains. 

 

Figure 1.4 a) Schematic illustration of short-range repulsive and long-range attractive forces 

leading to an ordered structure by self-organization. d-spacing is the periodic length of the 

structure.
27

 b) Local geometry and the curvature of domains and interfaces. The superlattice 

structure depends on the volume fraction f = VA/VB of the domains and on the curvature radius 

R of the interface. For a planar interface R = ∞. The application of this model to block 

copolymers is shown at the right hand side.
27

 

When the A domain is smaller than the B domain, curved interfaces will be formed. The bend 

can be characterized by the curvature radius R (Figure 1.4 B). The topology of the domains of 

the superlattice is not readily apparent from curved interfaces. The kind of superlattice 

depends on the volume fraction f = VA/VB of the domains and on the radius of curvature R of 

the interface. Not only the classical superlattices (spheres S, hexagonally packed cylinders C, 

and lamellae) result from these considerations, but so do sophisticated minimal surfaces such 

as gyroid G, perforated lamellae PL, or double-diamond D surfaces. Figure 1.5 shows 

schematically the interdependence of these surfaces with the area-averaged mean curvature H 

as a function of the A-block volume fraction f.  
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Figure 1.5.  Area-averaged mean curvature H as a function of the A-block volume fraction f 

for each of the structures shown schematically calculated using the self-consistent mean field 

theory. The stable and metastable states are shown by solid and dashed lines, respectively, and 

transitions are denoted by dots. As the molecules become asymmetric, structures with more 

curvature are preferred. S: spheres, C: hexagonally packed cylinders, G: gyroid, L: lamellae, 

D: double-diamond structure, PL: perforated lamellae.
31

 

The free energy of a superlattice can be calculated by means of self-consistent mean field 

theory.
32, 33 The superlattice with the lowest energy conforms to the equilibrium structure, the 

stability range of which can be represented in a phase diagram (Figure 1.6 A). Here, the 

theoretical lowest energy-containing structures are displayed interdependent with the 

interactions between the blocks (χ) multiplied by the total number of statistical segments (N) 

as a function of the volume fraction of the hydrophilic block (f). Hajduk et al. investigated the 

phase behavior of bulk poly(ethylene)-block-poly(ethylene oxide) (PEE-b-PEO)
34

 and they 

showed (Figure 1.6 B) that their experimental observations were in good agreement with the 

theory. 
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Figure 1.6. Phase diagrams for bulk block-copolymers. Interactions between the blocks (χ) 

multiplied by the total number of statistical segments (N) as a function of the volume fraction 

of the hydrophilic block (f). a) Phase diagram obtained from self-consistent mean field 

theory.
32, 33

 b) Phase diagram obtained from experimental measurements of PEE-b-PEO.
34

 

LAM and L: lamellae, HEX, H1, H2: hexagonal phase, G1, G2: bicontinuous gyroid, CPS: 

closed packed spheres, X: semicrystalline lamellae, and DIS: disordered phase. 

1.3 Phase behavior of block copolymers in solution 

One of the scientist tasks is to achieve a comprehensive understanding prior to, at last mimic 

nature. In this regard a major task is to improve for instance the delivery of drugs in the 

human body in order to decrease their side effects.
35

 Most of the “nanoscopic reaction 

machines” are in aqueous media. Therefore it is not sufficient to characterize the behavior of 

block copolymers in bulk but also in water. In the following subchapters the various 

morphologies of self-assembled block copolymers are investigated subsequent to dispersion 

in water. 

1.3.1. Isotropic regime 

The self-assembly process of block copolymers diluted in aqueous solution, however, cannot 

be described solely by the abovementioned parameters. In solution, the interaction between 

the polymer and the solvent also plays a critical role in determining the thermodynamically 

preferred structure. 
36, 37

 This interaction, in turn, depends on the polymer concentration, the 

volume ratio of the two different segments, and the chemical composition of the hydrophilic 
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and hydrophobic blocks. In solution block-copolymers self-assemble into nanoscopic 

structures. Typical self-assembled morphologies of block copolymers in solution are micelles, 

rods, and vesicles, among others (Figure 1.7).
38-46

 

 

Figure 1.7. TEM pictures of self-assembled structures of block-copolymers a) micelles
47

, b) 

worm-like micelles
27

 and c) vesicles
48

.  

Micelles are a simple and well-known morphology self-assembled from amphiphilic block 

copolymers. They are not formed only in polar solvent; they can also be found in organic 

solvents (inverse micelles).
49-51

 In polar solvents the corona is hydrophilic and the core is 

composed of the hydrophobic polymers, whereas in apolar solvents it is accordingly vice 

versa. The size of the micelle depends on the length of the polymers. Experimental results can 

be described by a power law
39

 (equation 1), in which the aggregation number Z (the number 

of block copolymers in a micelle), correlates with the degree of polymerization of the 

insoluble block NA, the degree of polymerization of the soluble block NB, and the enthalpy of 

mixing of the soluble and insoluble block Z0. 

          (eq. 1.1) 

For most of the polymers, β = 0.8 and equation 1.1 describe the formation of micelle by 

diblock,
39, 52

 triblock,
52

 graft,
53

 and heteroarm star copolymers.
54, 55

 Micelles can be used as 

drug
56-58

 and gene
59-61

 carriers. They can also be used for surface modification in order to 

promote specific characteristics, e.g. wetting, dispersibility and stabilization of solid pigment 

particles in a liquid or in a solid phase as well as improved biocompatibility.
62, 63

 Micelles are 

therefore used in many industrial and pharmaceutical applications.
64-66
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Micelles tend toward elongated structures when the packing parameter of the amphiphilic 

molecule, p= v/Al, increases towards p = 1/2, where p is the volume of the hydrophobic part 

of the block-copolymer, A is the surface area occupied by the surfactant head group and l is 

the extended length of the hydrophobic portion. Micelles are considered rod-like if the length 

of the micelle is short compared to its persistence length, and worm-like when the overall 

length, or contour length, is much greater than its persistence length.
46

 The persistence length 

is defined as the length over which correlations in the direction of the tangent are lost. 

Consequently the persistence length defines the stiffness of a polymer. In contrast to 

micelles
67-70

, the interaction of particles with cells and within animals has not been studied 

extensively, and the effects of shape have received little attention. It was found that worm-like 

micelles - also known as filomicelles - persisted in the circulation up to one week after 

intravenous injection.
71

 This is about ten times longer than their spherical counterparts. Under 

fluid flow conditions, spheres are taken up by cells more readily than elongated micelles 

(worm/rod-like micelles) because the latter are extended by the flow.
72, 73

 Moreover, 

worm/rod-like micelles appear surprisingly useful in their ability to reptate through the blood 

stream and permeate tumor tissues to target anticancer drugs.
71, 74, 75

 Indeed, when compared 

to spherical micelles composed of the same copolymer, worm-like micelles increased the 

maximum tolerated dose of Paclitaxel
®
 (tax) – an anti-cancer drug –, allowing higher doses to 

be administered.
75

 Filomicelles might therefore be expected to minimize the accumulation of 

cytotoxic drugs such as tax in healthy organs. Despite of their use as drug delivery agents, 

worms made from low molecular weight surfactants have served as templates for inorganic 

frameworks
76

 and as additives in oil recovery fluids.
77

 

The self-assembly process of block copolymers leading to vesicle formation has been 

considered to be a vesiculation. 
78

 A bilayer is formed, which then close-up to form a vesicle. 

Classically, the shape of self-assembled structures is determined by the size of the 

hydrophobic blocks, at a constant hydrophilic block length. This further influences the 

curvature of the hydrophilic-hydrophobic interface. The interface is described by two 

parameters
78, 79

, the mean curvature H and the Gaussian curvature, KG, defined by the two 

radii of curvature, R1 and R2: 

     (eq. 1.2) 

     (eq. 1.3) 
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The interfacial curvature is related to the surfactant packing parameter as follows
80

: 

    (eq. 1.4) 

where v is the hydrophobic volume of the amphiphile, a is the interfacial area of the 

hydrophobic volume and l is the chain length of the hydrophobic segment.
81

 The packing 

parameter p=v/al determines the geometry of the aggregates. Hence, when p < ⅓, spherical 

micelles are formed, and when ⅓ <p < ½, cylindrical micelles are observed (cf. above), 

whereby ½ <p < 1 corresponds to the formation of vesicles.
82

 If p = 1, planar bilayers are 

formed, and finally for p > 1, inverted structures are expected. These trends are well 

established for small surfactants and lipids and are generally valid also for amphiphilic block 

copolymers. But with block copolymer based systems the packing parameter will only 

provide an estimation of the morphologies expected in the system, as the actual situation 

depends on the complex balance among several forces.
83

 In any case, it is more convenient to 

use the volume or weight fraction f of the hydrophobic block (0 <f < 1) to describe the shape 

of amphiphilic block copolymers. In fact, decreasing the lengths of the hydrophilic blocks at 

constant hydrophobic block lengths causes a transition from spherical to wormlike micelles 

and finally to vesicular structures.
84, 85

 The latter of those morphologies – vesicles – are of 

most interest. In contrast to vesicles formed out of lipids (liposomes) the hydrophobic blocks 

of block copolymers is much longer (leading to greater van der Waals energies) and they 

entangle in the vesicle membrane. Therefore polymeric vesicles are more stable than lipid-

based vesicles
84, 86

 and can also be used to encapsulate water soluble guest molecules in their 

inner pool, e.g. drugs. Thus, they can be used as drug delivery devices.
87-91

 Further 

applications of polymer vesicles are nanoreactors, supramolecular biomaterials, lab-on-a-chip 

components, and building components in microfluidic and bioprocessing applications.
92-97

 

1.3.2. Lyotropic regime 

Commercial formulations are often made by simply dissolving dry amphiphilic copolymers in 

water. A simplistic view is that amphiphiles spontaneously self-assemble into their 

thermodynamically/kinetically preferred structure (cf. chapter before). But the molecular 

processes involved in these formations are much more complex. For instance the vesicle 

formation can be theoretically described by water diffusion into the bulk polymer, swelling of 

hydrophilic domains and eventually the swollen lamella sheets start to detach, that finally 

bend and close to form vesicles. Thus, the polymer traverses the whole concentration range 
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from the bulk to diluted aqueous solutions upon dissolving in water. In order to control, 

predict and understand micelle, worm/rod-like and vesicle formation, it is thus important to 

systematically investigate the phase behavior of block copolymers as a function of their 

concentration in water across the whole concentration range. And in order to establish proper 

rules on the phases a block copolymer has to overcome in order to form micelles, worm/rod-

like micelles or vesicles a broad variety of polymers has to be studied. 

Only a few experimental binary phase diagrams of block copolymer/water mixtures have been 

reported.
34, 98-103

 However, they do not describe any phase behavior of worm-, or rod-like 

micelles forming block copolymers. One example describes poly(oxyethylene)-block-

poly(oxybutylene) (EB) phase behavior. When this polymer is capable of forming micelles it 

was shown that for concentrations between 23 and 38 wt% at low temperatures the EB block 

copolymers form body-centered cubic (bcc) or face-centered cubic (fcc) structures. At higher 

temperature a hexagonally packed rod structure was observed.
100-102

 However, not the whole 

concentration regime was investigated. In contrast, when the polymer is self-assembling into 

vesicles at low polymer concentrations, the polymer undergo transitions from vesicles to 

packed/interconnected vesicles, then to a sponge phase and subsequently to a lamellar phase. 

For the polymer with higher molecular weight, the morphology changed further into a 

hexagonal phase and finally into a disordered phase. 
98, 99

 In another report
34 

the phase 

behavior of PEE-b-PEO was investigated depending on the weight ratio between the two 

segments. Mainly lamellar and hexagonal phases were observed. But no closer look on the 

isotropic regime was carried out.  

 

1.4. “Living polymers” 

 

Before phase diagrams of block copolymers can be arranged it is crucial to synthesize well-

defined block copolymers, which ensure correct interpretation of phase diagrams. But before 

the state-of-the-art polymerization techniques are shortly introduced, a short historical 

background is given on anionic polymerization which was the first example of “living 

polymers” chemistry. 

 

1.4.1. Short historical background on anionic polymerization 

As early as 1910, interests in anionic polymerization aroused curiosity through several reports 

stating that a viscous material could be generated from dienes in the presence of alkali 
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metals.
104-107

 In 1929, Karl Ziegler put forth a proposition for the addition of sodium or 

lithium metals to dienes and suggested a mechanism for anionic polymerization.
108

 Ziegler et 

al. suggested that two atoms of sodium add to the unsaturated double bonds of dienes, 

forming two carbon–sodium linkages. They proposed a mechanism through propagation via 

the insertion of monomers into the carbon–sodium linkage.
109-111

 It was believed that the 

carbon-sodium linkage was a covalent bond, since it was not understood clearly at that time to 

be different.
112-114

 Schlenk et al., however, proposed an alternative mechanism involving a 

radical intermediate for the formation of viscous materials composed of dienes in the presence 

of sodium.
115, 116

 

In 1914, Schlenk and Thal
106, 107

 undertook studies on the interactions of alkali metals with 

aromatic hydrocarbons, which later became the foundation for radical anion chemistry. 

Schlenk et al.
116

 and Scott et al.
117

 showed that the reaction of aromatic hydrocarbons with 

metallic sodium forms a colored 1:1 complex in a polar solvent such as in ether. This complex 

was later identified as a negatively charged aromatic radical anion associated with the sodium 

counterion.
118, 119

 Such a complex is formed via an electron transfer from metal to aromatic 

hydrocarbon, assisted by solvation of a polar solvent. In 1936, Scott and coworkers used 

complexes of aromatic hydrocarbons with sodium to initiate the anionic polymerization of α-

olefins.
117, 120

 Although several reports concerning the anionic polymerization of vinyl 

monomers were published in the late 1940s
121-123

, it was Michael Szwarc who first 

demonstrated the anionic polymerization of styrene using sodium naphthalenide in 

tetrahydrofuran (THF).
124, 125

 He suggested that the initiation of polymerization occurs via 

electron transfer from the sodium naphthalenide radical anion to the styrene monomer. A new 

species, a styryl radical anion, forms upon addition of an electron from the sodium 

naphthalenide (Figure 1.8). 
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Figure 1.8. Anionic polymerization of styrene using sodium naphthalenide as the initiator and 

THF as the solvent.
126

 

Different formal anion mechanisms were proposed to explain how the styryl anion is formed. 

But Szwarc et al. was able to prove, using spectroscopic and kinetic measurements, the 

formation of a radical anion through an electron transfer process and subsequent rapid 

dimerization, yielding dimeric-dicarbanion. This anion starts the propagation of styrene.
124, 125

 

The propagating benzyl anion is bright red. The color of the reaction mixture remains after the 

incorporation of all the monomers. This indicated that the chain ends remain active. The 

resumption of propagation was demonstrated when another portion of fresh styrene was 

added. A special reactor was designed to prove the transfer and termination-free nature of the 

polymerization.
127

 Michael Szwarc characterized this route of the polymerization as “living 

polymerization” and called the polymers “living polymers”.
125

 Here, the term „living‟ refers to 
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the ability of the chain-ends of these polymers to retain their reactivity for a sufficient time, 

enabling continued propagation. Detailed kinetic measurements confirmed that such 

polymerizations are indeed free from termination and transfer reactions.
124, 125

  

Although accounts of several reports on the anionic polymerization of vinyl monomers were 

available in the literature previous to this observation, Szwarc's first report on living anionic 

polymerization of styrene free of termination and transfer reactions in THF marks the 

beginning of lively research activities in this field.
121-125

 Accordingly, other polymer research 

fields have also emerged. Besides sodium, catalysts based on other metals
128-132

, such as tin
129, 

133, 134
 and aluminium

133, 135, 136
 are currently widely used, respectively as tinoctoate and 

aluminium alkoxides. As an example, the mechanism
133

 of aluminium-mediated ring opening 

polymerization (ROP) of ε-caprolactone is shown in figure 1.9.  

 

Figure 1.9. ROP mechanism of poly(ε-caprolactone).
133

 

1.4.2. Anionic and other “living” polymerization techniques 

The emergence of “living polymers” enabled the sequential addition of monomers to various 

carbanion-terminated linear polymer chains. Consequently, molecular weight distributions 

(MW/MN) of “living” polymerization are very close to 1.
137

 Nowadays, it is however possible 

to synthesize polymers of various architectures and functionalities.
138, 139-144

 On the one hand, 
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new monomers have become accessible for controlled polymerization, which has given rise to 

the preparation of new classes of amphiphilic or functional polymers and, on the other hand, 

new polymerization techniques have been developed.
140, 145

 In this respect the “living“ 

polymerization is of special interest, since lower reactivity of the living chain ends enables 

polymerization to be accomplished with less technical issues such as using inert gas, high 

vacuum, rigorous exclusion of air and humidity.
140

 Therefore, these polymerization routes are 

of considerable interest from a technical and scale-up-process point of view. Those “living” 

polymerizations can be divided into “living“ cationic
146-150

, radical
145, 151-161

and anionic 

polymerizations
140, 162-166

. Table XXX shows subcategories of these polymerizations. 

Table 1.1. Common living polymerization techniques. 

 

Reactive group Polymerization technique 

Cationic Cationic polymerization 

Ring opening (ROP) 

Radical Nitroxide polymerization 

Organometals 

ATRP
a 

RAFT
b 

Anionic Anionic polymerization 

GTP
c 

Ring opening (ROP) 

a
 Atom-Transfer Radical Polymerization, 

b 
Reversible Addition Fragmentation,

c 
Chain 

Transfer Polymerization, Group Transfer Polymerization. 
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2. Scope of the thesis 

The state of the art in chapter 1.3 reports on specific block copolymer systems, but a much 

broader variety of block copolymers will need to be studied in order to achieve a 

comprehensive understanding to formulate proper rules necessary for the theoretical treatment 

of nanostructured systems. In this thesis the phase evolutions of poly(ethylene oxide)-block-

poly(γ-methyl-ε-caprolactone) (PEO-b-PMCL) and poly(isobutylene)-block-poly(ethylene 

oxide) (PIB-b-PEO) from pure polymer to dilute aqueous solutions were investigated. These 

block copolymers are of special interest for potential applications, because the hydrophilic 

PEO is tolerated by living organisms and exhibits very low adsorption affinity for proteins.
167

 

Moreover, the hydrophobic and fluid PMCL is biodegradable
168

 whereas PIB is bio- and 

hemocompatible.
169-171

 Thus, supramolecular structures formed by block copolymers of these 

polymers are both biocompatible and biodegradable. PIB is a commercially important 

polymer that finds a large number of applications exploiting its thermal stability, good 

flexibility at ambient temperature, and impermeability to gases.
172, 173

 The glass transition 

temperatures Tg of PIB, PMCL and PEO are below -50 °C.
174-176

 A Tg below room 

temperature ensures that the formed structures, e.g. membranes of vesicles, are flexible and 

fluid, thus mimicking the properties of biological lipid membranes. The aqueous core of 

vesicles is a reservoir for encapsulation of various hydrophilic compounds, rendering them 

ideal for medical,
177

 pharmaceutical,
178

 and nutritional applications.
179

 Valuable work on 

PEO-b-PMCL and PIB-b-PEO block-copolymers was carried out.
180-183

 However, the 

morphologies, in particular for the vesicular system, have not been studied in detail and the 

phase transitions from bulk polymer to diluted systems has not been investigated. Moreover 

PEO-b-PMCL block-copolymers consisted of a large hydrophobic block, which resulted in 

decreased solubility in water. In order to mimic biological systems, vesicles that feature a 

comparably thin membrane (8    15 nm) are desirable; otherwise, the membranes are too 

hydrophobic to further allow, for example, insertion of membrane proteins.
42

 Furthermore, the 

amphiphiles must be able to form vesicles on a relatively short time scale, due to the often 

short life times of biological macromolecules such as enzymes. Therefore, block copolymers 

with a relatively low molecular weight and low Tg are desirable. Taking these requirements 

into consideration, polymers with molecular weights below 10 000 g/mol were investigated.  
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The theoretical background of the synthesis and self-assembly process of block copolymers 

sat, it is essential to systematically investigate the phase behavior of distinct block copolymers 

to establish their phase diagrams. Moreover, such investigations will help to further 

understand the process of vesicle and worm/rod-like micelles and micelle formation which, in 

turn, will help to control this process. In this regard the first and the second subchapters of the 

“results and discussion” part will describe the phase behavior of PEO-b-PMCL and PIB-b-

PEO, respectively. The synthesis of the block-copolymers is discussed first. Next, the 

evolution of the various morphologies in the lyotropic regime, starting from the pure polymer 

down to low polymer concentrations is characterized through small-angle X-ray scattering 

(SAXS). At low polymer concentrations, SAXS measurements were combined with 

transmission electron microscopy (TEM) and light scattering (DLS and SLS) in order to 

determine the process of self-assembly of these block copolymers. Based on these data, phase 

diagrams are presented that will show how the hydrophobic to hydrophilic ratio influences the 

phase transitions and the characteristics of the supramolecular self-assembled aggregates in 

the isotropic regime. 

The last subchapter shows preliminary results regarding encapsulation with vesicle forming 

PEO-b-PMCL. 
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3. Materials and Methods (and some short theoretical backgrounds) 

All chemicals and solvents were purchased from Sigma-Aldrich (Schnelldorf, Germany) in 

the highest available purity and used without further purification unless otherwise stated.  

3.1. Synthesis of the block copolymers 

3.1.1. Synthesis of poly(ethylene oxide)-block-poly(γ-methyl-ε-caprolactone) 

PEO-b-PMCL diblock copolymers were synthesized from a common MeO-PEO-OH by the 

aluminium-mediated ring-opening polymerization of methyl-ε-caprolactone (MCL) according 

to a previously published protocol.
180

 The monomer γ-methyl-ε-caprolactone (MCL) was 

synthesized via a Bayer-Villiger reaction using 1.4 eq. of m-chloroperbenzoic acid (mCPBA) 

and 1 eq. of 4-methyl-cyclohexanone in dichloromethane, as described elsewhere.
15 

First, in 

order to remove traces of water from MeO-PEO-OH, an azeotropic mixture formed by adding 

toluene was vacuum distilled to yield residual, pure polymer. Prior to synthesis, THF was 

dried by reflux over a Na/K-alloy with the addition of small amounts of benzophenone used 

as colorimetric indicator. First the macroinitiator MeO-PEO-OH (1.00 g, 1.00 mmol) was 

activated by reacting it with 2 equivalents of triethylaluminium in the presence of pyridine 

(0.5 mL) in 10 mL THF. To start the polymerization, MCL was added directly to the solution. 

After 20 min the reaction was terminated by adding 10 mL of 0.5 % sulfuric acid in a 1:1 vol.-

% mixture of water and methanol. The block-copolymer was purified by precipitation in 

petrolether and dried over magnesium sulfate. The polydispersity index Mw/Mn, ratio of the 

apparent weight-average and apparent number-average molecular weights, and the 

composition were determined by gel permeation chromatography (GPC) on a 

ViscotekTDAmax with a PLgel 5 µm mixed c column, using THF as solvent and polystyrene 

(PS) standards. 
1
H-NMR spectra were recorded on a Bruker DPX-400 NMR spectrometer in 

CDCl3 (99.8% D, 0.1% TMS) at room temperature. The signals were referenced to 

tetramethylsilane (TMS) at δ = 0.00 ppm. The spectrometer was operated at 400 MHz. 

Number-average molar masses (Mn) of the PMCL block were calculated based on the 

integrals of the peaks corresponding to the methyl group compared to the integrals of the 

ethylene oxide groups. The yield was ≥ 80 %. 
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3.1.2. Synthesis of poly(isobutylene)-block-poly(ethylene oxide) 

ω-hydroxy-poly(isobutylene) (PIB-OH) was synthesized by quasi-living cationic 

polymerization as follows: The polymerization of isobutylene was initiated with 2-chloro-

2,4,4-trimethylpentane in conjunction with TiCl4 in the presence of a nucleophile
184

, and the 

polymerization was quenched with allyltrimethylsilane
185, 186

, leading to allyl-terminated PIB. 

Hydroboration of the terminal double bonds with 9-borabicyclo[3.3.1]nonane (0.5 M in THF) 

and subsequent oxidative cleavage of the carbon-boron bonds with alkaline H2O2 resulted in 

PIB-OH
187, 188

. In order to remove cyclooctane-1,5-diol, a by-product formed during the 

treatment with 9-BBN, the crude product was dissolved in hexane and precipitated three times 

by the drop-by-drop addition of methanol under vigorous stirring. Finally, the polymer was 

redissolved in hexane, precipitated into acetone, filtered, and dried in vacuum. Thin-layer 

chromatography (TLC) and 
1
HNMR analyses showed that the product was free from 

contaminants and exhibited 100 % end-functionality
185, 186

. According to vapor-pressure 

osmometry  and GPC using PS standards, the number-average molecular weight Mn of the 

sample was 4450 g mol
-1

 (corresponding to 79 isobutylene repeating units), and Mw/Mn was 

1.1. 

The block-copolymer PIB-b-PEO was synthesized according to a procedure described 

elsewhere
189

. Briefly, to a 5 wt% solution of PIB-OH in THF was added 1.0 equivalents of the 

phosphazene base t-BuP4 (1 M solution in hexane) via a syringe and stirred at room 

temperature for 1 hour. Then, ethylene oxide was added via a syringe into the reactor. The 

reaction mixture was stirred at that temperature for a few minutes, then slowly heated to 40 

°C and stirred for 6 days under a dry argon atmosphere. After quenching the polymerization 

with acetic acid, the reaction solution was washed with the strongly acidic cation exchanger 

DOWEX Marathon to remove traces of protonated t-BuP4, filtered and concentrated. The 

Mw/Mn and the composition were determined by GPC and 
1
H-NMR. Mn was calculated from 

the integrals of the peaks corresponding to the poly(isobutylene) groups compared with those 

of the ethylene oxide peaks. The yield of block copolymers ≥ 70 %. 

3.2. Preparation of solutions 

3.2.1. Solutions used for phase behavior studies 

Polymer solutions at concentrations below 1 wt% were stirred for at least four weeks in 

doubly-distilled water at room temperature in order to reach the thermodynamically preferred 
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structures. Prior to measurement, the solutions were extruded 10-times through 1 µm -, 10-

times through 400 nm -, and 10-times through 200 nm Nuclepore Track-Etch filters 

(Whatman, Schleicher &Schuell) with a barrel extruder (Lipex extruder, Northern lipids Inc.). 

Solutions with polymer concentrations above 1 wt% were shaken continuously for at least two 

weeks at room temperature. For this purpose, homemade Teflon capsules containing ceramic 

grinding balls were used and continuously shaken with a peptide shaker (Bioblock Scientific, 

Agitest). 

3.2.1. Solutions used for encapsulation studies of PEO23-b-PMCL32 vesicles. 

Both Enhanced Cyan Fluorescent Protein (ECFP) and fluorescein encapsulation experiments 

were performed in phosphate buffer solutions (PBS) containing 137 mM  sodium chloride 

(NaCl), 2.7 mM potassium chloride (KCl), 0.37 mM potassium dihydrogenphosphate 

(KH2PO4) and 2.1 mM of disodium hydrogenphosphate (Na2HPO4) and were adjusted 

between pH 3.8 and 7.5 with 2M hydrochloric acid (HCl). Prior to measurements all buffer 

solutions were autoclaved at 121 C° and degassed.  

Encapsulation of fluorescein: The starting concentration of fluorescein was 25 µM. The 

vesicles were prepared by solvent displacement: The polymer was dissolved in approximately 

50-60 mL of THF and then the fluorescein solution was added drop wise under constant 

stirring. The final polymer concentration is 10 mg/mL. The whole setup was left for about 3-4 

days. The resulting solution was then dialyzed against PBS to remove the excess dye, 

extruded 10 times through 0.4 mm Nuclepore Track-Etch filters (Whatman, Schleicher 

&Schuell) manually and purified by size exclusion chromatography (SEC) on a Sepharose 2B 

stationary phase. The purified vesicles were then exposed to various pH conditions (3.8-7.5) 

and the fluorescein release was followed by measuring the fluorescence of the dye at 480 nm 

excitation wavelength and 515 nm emission wavelength. 

Encapsulation of ECFP: The starting concentration of ECFP was 0.3 mg/mL (~11mmol). The 

vesicles were prepared by bulk swelling. The polymer was added to an ECFP solution at a 10 

mg/mL concentration and left under stirring for three days at 4 °C. The resulting solution was 

extruded 10 times through 0.4 mm Nuclepore Track-Etch filters (Whatman, Schleicher 

&Schuell) manually and purified by SEC on a Sepharose 2B stationary phase. The release of 

ECFP was monitored by fluoresence correlation spectroscopy (FCS). 
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3.3. Static and dynamic light scattering  

Light scattering (LS) is a powerful technique to characterize the structure modes of formation 

and interaction of supramolecular systems. Studying the scattering of light by structures with 

sizes in the sub-micrometer range allows the determination of critical characteristics such as 

shape or internal structure.  

In the static light scattering (SLS) mode, the absolute value of the intensity of the scattered 

light is monitored, whereas instantaneous variations in intensity are recorded by dynamic light 

scattering (DLS). A combination of these two light scattering modes yields complementary 

thermodynamic and hydrodynamic information such as the molecular weight, size and shape 

of the system under investigation.
190

 The detailed theory behind LS is reported in several 

excellent publications 
190-192

. Briefly, electro‐magnetic waves − or photons − interact with the 

local electron cloud of the analyte. This interaction results in an energy transfer from the 

electro-magnetic wave to the electrons, inducing fluctuations, depending on the polarizability 

of the analyte. Since any accelerated particle emits light, the electrons reemit photons. This 

process, extending from the interaction between the incident photon to the reemission of light 

is called LS, and the analysis of the characteristics of the scattered light yields information 

about the system under investigation. 

 

 3.3.1. Theoretical background of dynamic light scattering 

When a particle assumes Brownian motion and irradiates, two frequencies in addition to the 

frequency that would normally be scattered and which are of equal intensity are generated and 

detected, inducing a positive and a negative Doppler shift proportional to the particle velocity. 

The interference between the non-shifted wave (photon reemission) and the two waves due to 

Brownian motion yields infinitesimal variations in intensity. Detection of these infinitesimal 

variations in intensity is the basic principle of DLS, which is therefore particularly suited to 

the study of properties of solutions. The scattered intensity is acquired as a function of time 

and is then self‐correlated.  This yields the relaxation time due to the Brownian motion and 

leads to the characterization of the particle size through hydrodynamic models of the diffusion 

coefficients. In DLS experiments, a time correlation function decaying in time is measured. 

From this, the cooperative translatory diffusion coefficient Dm at a concentration c can be 

determined. 

     (eq. 3.1) 
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where Dm is a z-averaged cooperative translational diffusion coefficient and kd the diffusion 

virial coefficient. The extrapolation to zero concentration yields a diffusion coefficient D0, 

which allows the calculation of the hydrodynamic radius Rh via the Stokes-Einstein equation
8
 

3.3.2. Theoretical background of static light scattering 

The scattered intensity by dilute solutions is usually described by the virial expansion  

     (eq. 3.2) 

with the scattering vector where Mw is the weight-average molecular 

weight, P(q) the particle scattering factor, and Ai the ith virial coefficient. The time-averaged 

scattered light intensity is expressed by , with an optical contrast factor 

. n0 is the refractive index of the solvent, c the concentration of the 

polymer solution, R(q) the Rayleigh ratio of the solution corrected for the contribution of the 

pure solvent, and dn/dc the refractive index increment. At small angles, the particle scattering 

factor can be expanded in a Taylor series, yielding 

     (eq. 3.3) 

with Rg is the radius of gyration. Inserting eq 3.3 in 3.2 gives 

  (eq. 3.4) 

Measurements at several finite angles and concentrations can be extrapolated in a Zimm, 

Berry or Guinier plot
193

 and permit the determination of single particle properties such as Mw, 

RG, and A2. A Berry plot was used since this plot includes the interaction between large 

aggregates. 

3.3.3. Setup and limitations of light scattering 

The intensity of the scattered light monitored over the course of a LS measurement depends 

on both the concentration and angle of detection.  
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Figure 3.1: Schematic representation of a typical light scattering setup. 

 

Therefore, for example, to accurately quantify the size of a particle, rather than merely 

observing relative changes that depend on the composition of the surrounding medium, 

measurements must be carried out at several concentrations and angles. Small particle sizes 

below the laser wavelength / 20, in nm, however, can be represented as single scattering 

centers; here, the intensity of scattered light does not exhibit angular dependence. The shape 

of the particle is assumed to be spherical, and hydrodynamic models of the diffusion 

coefficient yield the equivalent hydrodynamic size of a sphere of the particle under 

investigation. The most common model uses the Stokes-Einstein equation, which assumes no 

intermolecular interactions between small, spherical particles. Concentration-dependent 

measurements therefore enable extrapolation to infinite dilution for accurate size 

quantification by LS.  

However, few macromolecules are of a size that matches this criterion. When particles cannot 

be described as point scattering centers, the scattered light from two different parts along the 

same molecule interfere constructively or destructively, leading to an angle dependence of the 

intensity of scattered light. As in cases of shape anisotropy, for which the autocorrelation 

function must be corrected, the determination of the size of the molecules is hampered by LS 

angle-dependent measurements. 
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3.3.4. Experimental setup of light scattering 

The static and dynamic light scattering experiments were performed using a commercial 

goniometer (ALV/CGS-8F, ALVLangen) equipped with a He:Ne linear polarized laser (JDS 

Uniphase, wavelength = 632.8 nm) at scattering angles between 40° and 150° in 5° 

increments. An ALV-7000 correlator was used to calculate the photon intensity 

autocorrelation function. The samples were centrifuged for 5 min prior to measurement in 

order to avoid the presence of dust particles in the solution. Measurements were performed in 

quartz cells (dimensions 10x75 mm). These cells were mounted in a thermostated optical 

matching vat with a temperature accuracy of T = 0.02 K. The experiments were performed at 

T = 293.00 K. Toluene was used as the calibration standard. Solutions with concentrations 

below 0.1 wt% were analyzed. The weight-average molecular weight (Mw), average radius of 

gyration (Rg) and the second virial coefficient (A2) were obtained from the SLS data using 

Berry analysis.
16

 In the case of DLS, second order cumulant analysis of the data was 

performed.
194

 The angle-dependent apparent diffusion coefficient (Dapp) was extrapolated to 

zero concentration and zero momentum transfer (q
2
) and converted to the hydrodynamic 

radius (RH) using the Stokes-Einstein equation.
195

 The refractive index increment dn/dc was 

obtained at the corresponding temperature and wavelength of the light scattering set-up by 

using a commercial ALV-DR-1 differential refractometer. 

3.4. Transmission electron microscopy 

The first TEM was built by Max Knoll and Ernst Ruska in 1931
196-199

, with resolving power 

greater than that of light in 1933 and the first commercial TEM in 1939. 

TEM is a microscopy technique whereby a beam of electrons is transmitted through an ultra-

thin specimen, interacting with the specimen as it passes through. An image is formed from 

the interaction of the electrons transmitted through the specimen; the image is magnified and 

focused onto an imaging device to be detected by a sensor such as a charge-coupled device 

camera.  

At smaller magnifications TEM image contrast is due to absorption of electrons in the 

material, due to the thickness and composition of the material. At higher magnifications 

complex wave interactions modulate the intensity of the image, requiring expert analysis ofthe 

observed images. Alternate modes of use allow for the TEM to observe modulations in 

http://en.wikipedia.org/wiki/Max_Knoll
http://en.wikipedia.org/wiki/Ernst_Ruska
http://en.wikipedia.org/wiki/Resolving_power
http://en.wikipedia.org/wiki/Microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Focus_%28optics%29
http://en.wikipedia.org/wiki/CCD_camera
http://en.wikipedia.org/wiki/CCD_camera
http://en.wikipedia.org/wiki/Contrast_%28vision%29
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chemical identity, crystal orientation, electronic structure and sample induced electron phase shift 

as well as the regular absorption based imaging. 

3.4.1. Experimental setup of transmission electron microscopy 

Samples were prepared by negative staining of a drop of polymer solution with a 2% uranyl 

acetate. They were deposited on a carbon-coated copper grid and examined with a Philips 

EM400 at an acceleration voltage of 80 kV. 

3.5. Small angle X-ray scattering  

SAX analysis is a technique for studying structural features of colloidal size (0.1 - 100 nm). 

Any scattering is characterized by a reciprocity law giving an inverse relation between 

scattering angle and morphology. Colloidal dimensions from a few to thousands of Ǻ are 

enormously large compared to X-ray wavelength (most frequently Cu based X-ray sources are 

used having a wavelength λ of 1.54 Ǻ). This makes the angular range of observable scattering 

correspondingly small. X-rays are primarily scattered by electrons. Due to that SAXS is only 

observed when electron density inhomogeneities in the colloidal size range exist in the 

sample. And we only consider coherent scattering (the scattered waves have a constant 

relative phase), since incoherent scattering is negligibly weak at small angles. Thus, the 

scattering process is that electrons resonate with the frequency of the X-rays passing through 

the samples and emit secondary waves which interfere with each other. A small example is 

given below: Figure 3.2a schematizes scattering by a spherical particle. 

 

 

Figure 3.2. Illustrative SAXS by a small (a) and a large sphere (b).  
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The waves scattered by the two indicated points at an angle 2θ have a path difference of 1λ. 

2θ is the angle between the incident X-ray and the scattered wave. If the scattering by all 

points (electrons) is taken into account (large detection angle), the superposition of waves 

with all possible phases will essentially lead to no scattering in the direction of 2θ as a result 

of destructive interferences. At smaller detection angles, the phase difference becomes smaller 

and the waves will interfere constructively. The scattering maximum is therefore observed in 

the direction of zero angle, at which all waves are exactly in phase. 

 

Figure 3.3. SAXS patterns by a large (curve 2) and a small sphere (curve 1). 

The observed scattering curve will be qualitatively like curve 1 in Figure 3.3. Applying the 

above scheme to a much larger sphere (using the same wavelength λ) a path differences of 1 λ 

will already occur at smaller scattering angles (Figure 3.2b) resulting in a narrower scattering 

curve (curve 2, Figure 3.3). Finally for particles that are huge compared to the wavelength, 

SAXS occurs. This leads depending on the structure to different SAXS patterns.  

3.5.1. Experimental setup of Small angle X-ray scattering 

A Bruker AXS Nanostar setup, including an Incoatec Cu-IμS microfocused X-ray source (λ = 

0.154 nm) with Montel multilayer optics at a generator power of 40W (45kV, 630µA) and a 

virtually noise-free, real-time Våntec 2D-detector with photon counting ability, was used to 

perform X-ray measurements in the range of scattering vectors from 0.1     3 nm
-1

. All 2D 

images of the samples loaded in quartz capillaries (diameter 1.5 mm) were taken at ambient 

temperatures with exposure times of 8 h per sample and azimuthally-averaged using Fit2D 

software to produce 1D intensity profiles.  
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3.6. Fluorescence detection 

Florescence is used in many aspects of daily life, some of the popular examples are neon 

tubes
200

 as well as fluorescent dyes.
201, 202

 

Fluorescence is the characteristic property of certain molecules called fluorochromes, 

fluorophores or fluorescent dyes. It is best described by a model of electronic energy levels of 

a molecule as illustrated by the so-called Jablonski diagram (cf. Figure 3.4). In the first stage 

an electron is excited by a photon from an external photon source (laser) from the ground 

state S0 into an excited electronic singlet state S1`. This level is quickly converted to the so-

called relaxed singlet exited state S1 (exited-state lifetime). After this relaxation, which has in 

general a relaxation time between 0.1 to 10 ns, fluorescent emission occurs. The molecule 

emits spontaneously a photon and relaxes back to the ground state S0, resulting in 

fluorescence. 

 

Figure 3.4. Jablonski diagram, an electronic state diagram. 

3.6.1. Fluorescence correlation spectroscopy 

The concept and experimental realization of FCS was developed in the 1970s by Magde, 

Elson and Webb, based on the technique of DLS.
203

 FCS is an experimental technique that 

monitors the motion of fluorescently labeled molecules in a tiny, optically defined observation 

volume. It is a noninvasive technique that allows probing the dynamics and interactions of 

labeled molecules in vitro and in vivo. The key principle of FCS is the analysis of 

spontaneous fluctuations of a laser-induced fluorescence signal. The fluorescent photons 

come from an ensemble of identical independent emitters at thermal equilibrium. By 

examining samples at low concentrations, the relaxation of spontaneous fluctuations in the 

fluorescence signal originating from the motion of fluorophores in and out of the observation 

volume are monitored. Statistical analysis of time correlations of thermodynamic 
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concentration fluctuations reveal the underlying dynamics within a sample. The second order 

autocorrelation function of these intensity variations yields thermodynamic and kinetic 

parameters of the system, such as the diffusion coefficient and concentration. These 

parameters can be extracted from the recorded autocorrelation curve by analysis with an 

appropriate mathematical model depending on the number of various particles inside.
204

 

3.6.1.1. Experimental setup of Fluorescence correlation spectroscopy  

FCS measurements were performed at room temperature in special chambered quartz glass 

holders (Lab-Tek; 8-well, NUNC A/S), on a Zeiss LSM 510-META/Confcor2 laser-scanning 

microscope equipped with an Argon-laser (488 nm) and a water-immersion objective (Zeiss 

C/Apochromat 40X, NA 1.2), with pinhole adjusted to 70 µm. Spectra were recorded over 30 

s, and each measurement was repeated 10 times. Excitation power of the Ar-laser was PL =15 

mW, and the transmission at 488 nm was of 20%. Diffusion times for free ECFP were 

determined and fixed in the fitting procedure. The results were presented as a mean value of 

three independent measurements. 

The fluorescence signal was measured in real time and the autocorrelation function was 

calculated by a software correlator (LSM 510 META - ConfoCor 2 System).  

By means of an iterative least-square method, the values calculated by the algorithm are 

compared repeatedly to the experimentally generated autocorrelation curve and approximated 

until the difference between the two curves is minimized. 

 

3.6.2. Fluorescence spectroscopy 

Fluorescein kinetics in solution or upon encapsulation in vesicles were investigated with a 

PerkinElmer LS55 fluorescence spectrometer (Waltham, Massachusetts, USA) at ambient 

temperature. The fluorophore was excited at 480 nm and the emitted light was detected at 530 

nm.
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4. Results and Discussion 

4.1. Phase behavior of vesicle forming poly(ethylene oxide)-block-poly(γ-methyl-ε-

 caprolactone)
103 

4.1.1. Synthesis of poly(ethylene oxide)-block-poly(γ-methyl-ε-caprolactone) 

One of the most important tasks in polymer chemistry is to predict and control the polymer 

length over the course of the synthesis. The reaction, a living anionic polymerization, is 

known to yield well-defined homopolymers
10

 and block-copolymers.
64

 Block copolymers 

were synthesized by the aluminium-mediated ring-opening polymerization of γ-methyl-ε-

caprolactone using a monofunctional PEO macroinitiator.  

Preparation of the monomer. The monomer γ-methyl-ε-caprolactone (MCL) (3) was prepared 

by the Baeyer-Villiger oxidation of 4-methylcyclohexanone (1) using 1.4 equivalents of 

mCPBA (2).
176, 205

 In a typical reaction, 4-methylcyclohexanone and mCPBA were dissolved 

in CH2Cl2 (~10 w/v % solution) and stirred vigorously at 25 °C for 24 h. Removal of the 

mCPBA byproduct was achieved by repeated filtration until no white precipitate was present 

when the solution was cooled to -78 °C. The mixture was then washed three times with 

saturated NaHCO3 and once with brine before drying over MgSO4. The solution was 

concentrated in vacuo. The crude product was stirred over calcium hydride prior to isolation 

by vacuum distillation. A clear solution was obtained. 
1
H-NMR (CDCl3): δ 4.13-4.31 (m, 

2H), 2.56-2.71 (m, 2H), 1.71-1.96 (m, 3H), 1.27-1.56 (m, 2H), 1.00 (d, 3H); 13C NMR 

(CDCl3): δ 176.0, 67.9, 37.1, 35.0, 33.0, 30.6, 22.0. 

 

Figure 4.1.1. Baeyer villiger rearrangement of 4-methylcyclohexane (1) and mCPBA (2) to 

result in MCL (3). 
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Preparation of diblock copolymers. In order to remove traces of water from MeO-PEO-OH 

(4), an azeotropic mixture formed by adding toluene was vacuum distilled to yield residual, 

pure polymer. Prior to synthesis, THF was dried by reflux over a Na/K-alloy with the addition 

of small amounts of benzophenone. THF, 1.1 equivalents of triethylaluminum (1M in 

heptane) with respect to polymer and 3 equivalents of pyridine with respect to aluminum were 

added to the flask under N2. The flask was placed in an oil bath and reacted at 60 °C for 1 

hour under a slight Ar flow. MCL (3) was added directly to the macroinitiator solution and the 

polymerization was carried out at 60 °C for approximately 20 min. Reactions were quenched 

with aqueous HCl (0.1 M in 50:50 methanol/water) and products precipitated in petrolether to 

remove unreacted MCL. Recovered copolymers were redissolved in CH2Cl2, dried over 

MgSO4, filtered. Purified diblocks (5) were then dried in vacuo. 
1
H-NMR (CDCl3): 4.10 (m, 

2H, -C(O)-O-CH2), 3.65 (s, 4H, -CH2-O-CH2-), 2.30 (m,3 2H, -CH2-C(O)-O), 1.75-1.35 

(m, 5H, -CH2-CH(CH3)-CH2-,-CH2-CH(CH3)-CH2- and -CH2-CH(CH3)- CH2-), 0.90 (d, 

3H, -CH2-CH(CH3)-CH2-). 

 

Figure 4.1.2. Aluminium-mediated ring-opening polymerization of MCL (3) using a 

monofunctional PEO macroinitiator (4) resulting in PEO-b-PMCL (5). 

 

Table 4.1.1 shows the molecular characteristics of the synthesized polymers. Here, the first 

four polymers out of table 4.1.1 were studied more in detail. Except for PEO23-PMCL63, 

which self-assembles also into vesicles, the hydrophobic block is too large which leads to 

increased time for vesicle formation. For very long hydrophobic blocks (NMCL > 90) 
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precipitation of the block copolymers even occurs. Figure 4.1.3 shows GPC elution curves of 

the polymers which were studied more in detail. And a 
1
H-NMR example is also shown in 

Figure 4.1.3 on the right. (Figure 4.1.3 B). 

 

Figure 4.1.3..a) GPC elution chromatography of PEO23-b-PMCL25 (black), PEO23-b-PMCL32 

(red), PEO23-b-PMCL44 (blue) and PEO23-b-PMCL54 (green). b) 
1
H-NMR spectrum of PEO23-

b-PMCL54 as an example. 

According to 
1
H-NMR spectroscopy (Table 4.1.1), the desired PMCL block lengths were 

obtained quite accurately. However, GPC measurements standardized with PS show slight 

deviations from the expected molecular masses. Since the molecular architecture of PS differs 

from that of the block-copolymers studied in here, the hydrodynamic radii of the polymers in 

THF are also different. This explains the deviation of the molecular masses measured by GPC 

compared to those obtained by NMR. As expected for an anionic polymerization, the 

polydispersity of all polymers was measured below 1.3. 
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Table 4.1.1. Molecular characteristics of synthesized PEO-b-PMCL block copolymers. 

Polymer NMCL(th.)
a 

NMCL(NMR)
b
 

Mn(NMR) 

(g/mol)
c
 

Mn(GPC) 

(g/mol)
d
 

Mw(GPC) 

(g/mol)
e
 

PDI 

(Mw/Mn)
f
 

wPMCL 

PEO23-b-

PMCL25 
20 25 4200 5000 6400 1.28 0.76 

PEO23-b-

PMCL32 
30 32 5100 5150 6300 1.22 0.8 

PEO23-b-

PMCL44 
40 44 6600 5840 6780 1.16 0.85 

PEO23-b-

PMCL54 
50 54 7900 6210 7510 1.20 0.87 

PEO23-b-

PMCL63 
60 63 9000 7200 8100 1.18 0.88 

PEO23-b-

PMCL72 
70 72 10200 8000 9900 1.24 0.90 

PEO23-b-

PMCL82 
80 82 11500 8700 10800 1.24 0.91 

PEO23-b-

PMCL93 
90 93 12900 9500 11900 1.25 0.92 

PEO23-b-

PMCL100 
100 100 13800 10100 12900 1.27 0.93 

a
 Targeted numbers of MCL monomers. 

b
 Number of monomer repeat units in the PMCL 

block as determined by 
1
H-NMR spectroscopy. 

c 
Number-average molecular weight of block-

copolymers as determined by 
1
H-NMR spectroscopy. 

d,e
 Number- and weight average 

molecular weight of block-copolymers as determined by GPC with polystyrene as a standard. 
f 
Polydispersity index determined from GPC results. 

g
 Weight fraction of the PMCL block as 

determined by 
1
H-NMR spectroscopy. 
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4.1.2. Lyotropic regime of poly(ethylene oxide)-block-poly(γ-methyl-ε-caprolactone) 

solutions 

The synthesized polymers were allowed to self-assemble in water at various concentrations. It 

was possible to construct a phase diagram of the binary mixture of PEO-b-PMCL and water 

upon analysis of the evolution of the structures with concentration. In order to determine 

structures, two methods were considered: SAXS and TEM. SAXS is a fundamental tool in the 

study of macromolecules. The major advantage of this method lies in the possibility to obtain 

structural information on partially or completely disordered systems. Moreover, it can be used 

to analyze both concentrated and diluted samples. In contrast, TEM images are not useful to 

assess the morphology of highly concentrated polymer solutions, as the TEM grids become 

overloaded with polymer and the electron beam cannot pass through the material. Therefore, 

SAXS measurements were used to study the structures of the complete dilution series of PEO-

b-PMCL block copolymers. Figure 4.1.4 shows the 1-D SAXS patterns of all block 

copolymers after self-assembly in water, starting from the pure polymer down to a 5 wt% 

polymer concentration in water. 
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Figure 4.1.4. One-dimensional SAXS patterns for the dilution series of self-assembled block 

copolymers in water. a) PEO23-b-PMCL25, b) PEO23-b-PMCL32, c) PEO23-b-PMCL44 and d) 

PEO23-b-PMCL54. For clarity the SAXS patterns are shifted to higher intensities. 
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No Bragg peaks can be observed in any of the spectra of the pure polymers, indicating a 

disordered phase.
206

 When small amounts of water are added to the polymers (90 wt% 

polymer) a form factor is observed in all polymer/water mixtures except for PEO23-b-

PMCL25. This form factor presumably arises from a not well-ordered system which we 

assume to be a transition phase between the disordered and the following lamellar phase. In 

contrast PEO23-b-PMCL25 shows two superimposing patterns: a peak (0.54 ±0.04 nm
-1

)
 
and a 

form factor. Since the next phase is a lamellar phase the peak is indicative for a lamellar phase 

and the form factor is indicative for a transition phase. Increasing the water concentration (80 

wt% polymer) leads to the appearance of more than one peak in PEO23-b-PMCL32, 44 and 54. For 

PEO23-b-PMCL32 and 44, the second peak (0.72 ± 0.02 and 0.68 ± 0.04 nm
-1

, respectively) is 

shifted by a factor of two to a higher q than the first Bragg peak (0.36 ± 0.02 and 0.35 ± 0.03 

nm
-1

, respectively) indicating the presence of a lamellar phase. For PEO23-b-PMCL54, the 

second peak (0.63 ± 0.05 nm
-1

) is shifted by √3 in relation to the first (0.36 ± 0.02 nm
-1

), 

which is typical of a hexagonal phase. Here, the phase is predicted to be an inverse hexagonal 

(H2) phase, a so-called “water in oil” phase
34

 with cylinders of PEO in the PMCL matrix due 

to the very low mass fraction of water. The diameter of hexagonal rods of the inverse 

hexagonal phase can be calculated from the position of the first Bragg peak (q1) in SAXS 

spectra according to 



dH2


4

3q1

 . We found the spacing of those hexagonal rods to be 20.2 ± 

1.0 nm. For PEO23-b-PMCL25, only one peak was observed. However, it is narrower than the 

peak at 90 wt%. Thus, the polymer-water mixture forms a transition-phase with some lamellar 

content.  

At 70 wt% polymer, three polymer/water mixtures gave rise to SAXS patterns with more than 

two peaks, indicating well-ordered morphologies. The higher order Bragg peaks are shifted by 

factors 2;3; … relative to the main peak, providing proof of lamellar phases. PEO23-b-

PMCL54 only reveals two peaks that are spaced by a factor of 3. The double shifted peak 2q1 

has a low amplitude observed in this sample, presumably because the minimum of the form 

factor overlaps with the 2q1 peak of the lamellar peak and only a weak peak appears. From 60 

wt% to 40 wt% polymer, the three polymers with larger PMCL blocks exhibited lamellar 

phases. In contrast, in the SAXS spectrum of PEO23-b-PMCL25 the second peak is shifted by a 

factor of √3. Moreover, the third peak has a higher intensity than the second, and the intensity 

of the second peak increased with increasing water concentration. For 40 wt% even two 

shoulder peaks near to the first and second peak are observed and for 40-60 wt% even weak 

peaks at position 3q1 can be observed. These facts indicate that a lamellar and a hexagonal 
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phase coexist in mixtures of this polymer in the intermediate concentration range. The 

occurrence of a hexagonal phase in addition to a lamellar phase was also reported in literature 

for poly(ethylene oxide)-block-poly(ethylethylene).
34

 In contrast to the hexagonal phase that 

occurred for PEO23-b-PMCL54 at 80 wt% polymer, the water mass fraction is much higher; 

thus, we call the hexagonal phase formed by the smallest polymer an H1 phase, i.e. an “oil in 

water” phase.
34

 

The spacing d between layers in lamellar phases can be calculated by 



dL 
2

q1

. Figure 4.1.5 

summarizes the d-spacings, assuming, as a first approximation, that the first Bragg peak in the 

SAXS spectra of mixed, coexisiting phases arises solely from a lamellar phase.  

 

Figure 4.1.5. Lamellar d-spacing of PEO23-b-PMCL25 (▼), PEO23-b-PMCL32 (▲),PEO23-b-

PMCL44 (●) and PEO23-b-PMCL54 (■). Continuous lines represent linear fitting of the data 

points. 

For all polymer/water mixtures, the lamellar d-spacing increases with increasing water 

concentration. At low water content (70 wt% polymer) the d-spacing ranges from 15 ± 2 nm 

(PEO23-b-PMCL25) to 24 ± 3 nm (PEO23-b-PMCL54). The spacing increases linearly up to 28 

± 1 (PEO23-b-PMCL25) and 33 ± 5 nm (PEO23-b-PMCL54), respectively, at higher water 

content. This phenomenon is known as lamellar swelling – incorporation of water molecules 

into the interlamellar space – and is generally linear.
98

  Not only can an increase in lamellar 

spacing be observed in Figure 4.1.5, but so can the influence of the hydrophobic part of the 
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block-copolymers on the inter-lamellar distance. At the same polymer concentration, a longer 

hydrophobic block results in greater d-spacing, for example at 60 wt% polymer the d-spacings 

are 19 ± 2 nm, 22 ± 3 nm, 25 ± 3 nm, and 26 ± 2 nm for PEO23-b-PMCL25 to PEO23-b-

PMCL54. Lamellar d-spacing at distinct polymer concentrations was plotted interdependent 

with the number of PMCL units per block-copolymer (cf. Figure 4.1.6). In a first 

approximation, this data can be fitted by linear regression, resulting in similar slopes (0.28 ± 

0.07 nm for 50 wt%, 0.27 ± 0.04 nm for 60 wt% and 0.3 ± 0.06 nm for 70 wt%, respectively) 

for all three polymers. Accordingly, since the length of the hydrophilic block is the same for 

all polymers – only the length of the hydrophobic block varies – we assume that the polymers 

are partially stretched. However, it should be noted that the data curves appear to converge 

towards constant values at high numbers of PMCL units, most likely due to partial-coil 

formations. Extrapolation of the curves in the figure 4.1.6 to zero MCL units reveals the 

PEO/water thickness at a given polymer concentration. Thus, the PEO/water (hydrophilic 

shell) thickness can be calculated be 15.8 ± 2.2 nm for 50 wt%, 12.5 ± 1.6 nm for 60 wt%, 

and 9 ± 2 nm for 70 wt%.  Therefore the thickness of the lamellar layers depends on the 

length of the hydrophobic block. 

 

Figure 4.1.6. Lamellar d-spacing at distinct polymer concentrations (70 wt% (▲), 60 wt%(●) 

and 50 wt% (■)) interdependent with the number of PMCL units per block-copolymer. 
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A general observation is that the peak width in the lamellar regime becomes broader as the 

lengths of the hydrophobic blocks increase. Thus, the correlation length 
1

2

q



  in number 

of repeating lamellar layers can be calculated by the ratio of momentum transfer at the first 

peak (q1) and the full width at half maximum (∆q1), 
1

1

q

q


. Figure 4.1.7 shows an example at 

80 wt%. The smallest polymer has the most repeating layers, whereas the largest one has the 

fewest. Accordingly, the self-assembly of the smallest polymer is the most ordered.  

 

 

Figure 4.1.7. Number of repeating lamellae at 80 wt% of polymer plotted as a function of 

block-copolymer lengths. 

At polymer concentrations of 30 wt% and lower, the well-defined, thin, repeating Bragg 

peaks vanish and broad form factors
22

 appear. These form factors are typical of unilamellar 

and multilamellar aggregates.
98, 207

 Furthermore, it is known that lamellae swell to a water 

concentration at which the repulsive interactions overcome the attractive interactions and the 

lamellar sheets start to unbind,  resulting in peaks that broaden and shift their SAXS 

patterns
99

, resulting in form factors. This indicates that more than one aggregate is present and 

that these phases are not well-ordered. Analyzing the distance between the minima of the 

form factors shows (except for PEO23-b-PMCL25) that, as the concentration of the polymer or 

the polymer length increase, the unilamellar and multilamellar aggregates become larger. 
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SAXS results at polymer concentrations ≤ 20 wt% were supported by TEM images in order to 

visualize the morphologies and to investigate the possible presence of two phases. At 20 wt% 

polymer, the three longer polymers (PEO23-b-PMCL54, PEO23-b-PMCL44,and PEO23-b-

PMCL32) show lamellar layers (indicated by L in Figure 4.1.8) next to packed, deformed 

vesicles (indicated by P in Figure 4.1.8). The packed, deformed vesicles explain the 

appearance of form factors of multilamellar or unilamellar aggregates found with SAXS. For 

PEO23-b-PMCL25 a lamellar phase is also observed.  

 

Figure 4.1.8. TEM images of 20 wt% solutions of a) PEO23-b-PMCL25, b) PEO23-b-PMCL32, 

c) PEO23-b-PMCL44 and d) PEO23-b-PMCL54. Arrows point to the different phases that exist 

at 20 wt%: hexagonal (H1), lamellar (L) phase, and packed vesicles (P). 

This phase presumably coexists next to another phase – based on the SAXS results at high 

PEO23-b-PMCL25 concentrations – a hexagonal H1 phase (indicated by H1 in Figure 4.1.8). At 
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10 wt% polymer concentration (Figure 4.1.9) some lamellae can be observed, but packed 

vesicles are dominant. In the case of PEO23-b-PMCL25 not only are packed vesicles present, 

but also packed rod-like micelles (Figure 4.1.9 A, indicated by an arrow). The dominant 

morphology in 5 wt% solutions of PEO23-b-PMCL54, PEO23-b-PMCL44 and PEO23-b-PMCL32 

is packed vesicles (Figure 4.1.10). Packed vesicles have been previously observed for semi-

dilute aqueous block copolymer solutions.
99

 In the PEO23-b-PMCL25 solution, packed rod-like 

micelles and vesicles can again be observed. 

 

Figure 4.1.9. TEM images of 10 wt% solutions of a) PEO23-b-PMCL25, b) PEO23-b-PMCL32, 

c) PEO23-b-PMCL44 and d) PEO23-b-PMCL54. Arrows point to packed, rod-like micelles (R). 
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Figure 4.1.10. TEM images of 5 wt% solutions of a) PEO23-b-PMCL25, b) PEO23-b-PMCL32, 

c) PEO23-b-PMCL44 and d) PEO23-b-PMCL54. 

4.1.3. Isotropic regime of poly(ethylene oxide)-block-poly(γ-methyl-ε-caprolactone) 

solutions 

In the isotropic regime, i.e., below a concentration of 1 wt% polymer, we expect the block 

copolymers to assemble into nano-sized objects such as vesicles and micelles. TEM is a 

powerful technique to visualize those supramolecular structures. Figure 4.1.11 shows TEM 

images of the four polymers at concentrations of approx. 1 mg/mL (0.1 wt%). PEO23-b-

PMCL25 self-assembles into vesicular structures with radii ranging from 70 to 100 nm, and 

into rod-like micelles. Agglomerations of rod-like micelles are observed, some of them are 

shown in Figure 4.1.11 A. PEO23-b-PMCL32 forms vesicles with radii (75- 110 nm)similar to 

the structures formed by PEO23-b-PMCL25 and some very short rod-like micellar structures 

and membrane fragments. PEO23-b-PMCL44 and PEO23-b-PMCL54 self-assemble into mostly 

vesicular structures of slightly larger size (80-120 and 80-200 nm, respectively). However, a 

few worm-like micelles with diameters of 16.0 ± 2.0 nm or membrane fragments are present. 

All vesicles are collapsed due to drying effects during sample preparation. 
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Figure 4.1.11.  TEM images of 0.1 wt% block copolymer solutions of a) PEO23-b-PMCL25, 

b) PEO23-b-PMCL32, c) PEO23-b-PMCL44, and d) PEO23-PMCL54. The insets show 

agglomerations of rod-like micelles. 

Another technique to analyze supramolecular structures is light scattering. Figure 4.1.12 

shows the Berry plots and apparent diffusion coefficient plots for all four polymers. The 

obtained radii of gyration RG and hydrodynamic radii RH are summarized in Table 4.1.2. 

Polymers that self-assemble predominantly into vesicular structures (PEO23-b-PMCL32-54) 

form, according to LS, larger vesicles with increasing PMCL block length (PEO23-b-PMCL32: 

RG = 106 ± 2 nm and RH= 100 ± 2 nm; PEO23-b-PMCL32: RG = 108 ± 3 nm and RH= 111 ± 2 

nm; PEO23-b-PMCL32: RG = 137 ± 2nm and RH= 130 ± 2 nm;). Compared to the TEM 

images, which indicate the same trend, the radii obtained from light scattering are larger. This 

can be attributed to the drying process during TEM sample preparation and to the 

polydispersity of the systems.  
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Figure 4.1.12. Light scattering data of block-copolymers a) PEO23-b-PMCL25, b) PEO23-b-

PMCL32, c) PEO23-b-PMCL44, and d) PEO23-b-PMCL54. Berry plots are shown on the left 

hand side. On the right side apparent diffusion coefficients are plotted versus the 

concentration of polymers. These plots were used to calculate RG and RH, respectively. 

Squares represent measured data, and circles are values obtained by extrapolation to zero 

concentration and zero angle. 
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Table 4.1.2. Light scattering data of self-assembled PEO-b-PMCL. 

Polymer 

RG
a
 

(nm) 

RH
b
 

(nm) 

ρ = RG/RH 
c 

dn/dc
d
 

(ml/g) 

Mw
e
 

(g/mol) 

N
f 

PEO23-b-

PMCL25 
118 ± 2 30 ± 2 3.9 ± 0.1 0.106± 0.010 5.4*10

8 
120 000 

PEO23-b-

PMCL32 
106 ± 2 100 ± 2 1.06 ± 0.04 0.113 ±0.001 7.0*10

8
 137 000 

PEO23-b-

PMCL44 
108 ± 3 111 ± 2 0.97 ± 0.03 0.124 ± 0.008 5.5*10

8 
88 000 

PEO23-b-

PMCL54 
137 ± 2 130 ± 2 1.05 ± 0.03 0.136 ± 0.007 9.9*10

8 
125 000 

a
 Radius of gyration obtained from SLS, 

b
 hydrodynamic radius obtained from DLS, 

c
 ratio 

between radius of gyration and hydrodynamic radius, 
d 

refractive index increment, 
e 
molecular 

mass of supramolecular structures from SLS, 
f 

number of polymers per supramolecular 

aggregate. 

The presence of vesicles can be further confirmed by the LS data. For a perfect vesicle with 

an infinitely thin membrane, the form factor ρ, the ratio of RG to RH, should equal 1.
208

 For the 

reported polymers, the light scattering form factors (Table 4.1.2) are close but not equal to 1. 

This can be explained by the fact that the polymers predominantly self-aggregate into 

vesicles, but also form some smaller structures such as rod-like micelles according to TEM 

(Figure 4.1.11). The presence of worm-like micelles is most probably due to the 

polydispersity of the block copolymers. Furthermore, the size of the vesicles is not uniform 

and shows an intrinsic polydispersity, even though the vesicle solutions were extruded prior to 

measurements. The average number N of polymer molecules in a supramolecular structure 

can be calculated from SLS. For PEO23-b-PMCL32-54 this value is around 100 000, which is in 

agreement with literature reports for vesicles. 
208, 209

 In contrast to the common behavior of the 

three polymers discussed above, the LS data for PEO23-b-PMCL25 are different. In this 

sample, the measured RG agrees with the RG of the supramolecular structures formed by the 

other polymers. However, RH is almost four times smaller than the RG of the other polymer 

solutions. This can be explained by the fact that PEO23-b-PMCL25 only partially self-
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assembles into vesicles, while it also forms rod-like structures which have a ρ ≈ 2, or more, 

depending on the axial ratio (Figure 8).
210

 Moreover static light scattering is dominated by the 

higher intensity of large vesicular aggregates. Therefore the presence of rod-like aggregates 

does not influence the average number of polymer molecules per supramolecular structure 

and a similar value of N is obtained for all four polymers.  

4.1.4. Conclusions and summary on the phase behavior of vesicle forming poly(ethylene 

 oxide)-block-poly(γ-methyl-ε-caprolactone) 

Figure 4.1.13 combines the findings for all four PEO-b-PMCL block-copolymers in a single phase 

diagram. PEO23-b-PMCL32,PEO23-b-PMCL44 and PEO23-b-PMCL54 self-assemble at low 

concentrations in aqueous solution into vesicles. PEO23-b-PMCL54 forms the largest vesicles. As the 

length of the hydrophobic block decreases, the vesicles get smaller. With increasing polymer 

concentration the vesicles start to pack. The packed vesicles are coexisting with lamellar structures 

from approximately 10 wt% polymer. This lamellar phase becomes more dominant as the polymer 

concentration increases. At a polymer concentration of approximately 80 wt% a transition phase 

occurs that leads to a disordered morphology, which is characteristic of pure polymers. PEO23-b-

PMCL54 shows a hexagonal H2 phase prior to the transition phase. The phase behavior of the shortest 

polymer PEO23-b-PMCL25 is similar to that of the larger polymers, but with some small differences: 

Packed rod-like micelles and a hexagonal H1 phase were found.  

In conclusion, the phase diagram describes the formation of vesicles when the bulk polymer is 

dissolved in water. The polymers undergo several phase transitions starting from disorded 

phase to lamellae and to packed vesicles. These findings can be used to optimize vesicle 

formation on the lab scale and in technical applications. We have shown that the hydrophobic 

PMCL block length determines the phase morphology at a given polymer concentration 

(Figure 4.1.6). Moreover, this block length influences the size of the vesicles and the spacing 

of the lamellar layers. Polymers with a higher hydrophobic-to-hydrophilic ratio form larger 

vesicles. Due to the biocompatibility and degradability of the polymer, vesicles formed by 

PEO-b-PMCL are promising candidates as nanocarriers and nanoreactors for biomedical 

applications.  
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Figure 4.1.13.Schematic phase diagram of binary PEO-b-PMCL water mixtures. 
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4.2. Phase behavior of supramolecular structure forming poly(isobutylene)-block-

poly(ethylene oxide)
219 

4.2.1. Synthesis of poly(isobutylene)-block-poly(ethylene oxide) 

In order to understand self-assembly of block copolymers in detail it is important to control 

and predict their synthesis. The reactions, living cationic and anionic polymerization, are 

known to yield well-defined homopolymers and block-copolymers.
64

 
10, 140, 146

  

Preparation of the macroinitiator: The homopolymer PIB-OH was synthesized by quasi-

living cationic polymerization as follows: The polymerization of isobutylene was initiated 

with 2-chloro-2,4,4-trimethylpentane in conjunction with TiCl4 in the presence of a 

nucleophile
184

, and the polymerization was quenched with allyltrimethylsilane
185, 186

, leading 

to allyl-terminated PIB. Hydroboration of the terminal double bonds with 9-

borabicyclo[3.3.1]nonane (0.5 M in THF) and subsequent oxidative cleavage of the carbon-

boron bonds with alkaline H2O2 resulted in a viscous PIB-OH.
187, 188

 The yield was ≥ 90 %.
 

1
H-NMR (CDCl3): δ 3.6 (q, 1H, HO- CH2-CH2-), 1-72- 0.79 (m, 8H, isobutyl Hs).. 

 

 

Preparation of the diblocks: The block-copolymer PIB-b-PEO (5) was synthesized according 

to a procedure described elsewhere
189

. Briefly, to a - 5 wt% solution of PIB-OH (1) in THF 

was added 1.0 equivalent of the t-BuP4 (1 M solution in hexane) (2) via a syringe and stirred 

at room temperature for 1 hour. Then, ethylene oxide (4) was added via a syringe into the 

reactor. The reaction mixture was stirred at that temperature for a few minutes, then slowly 

heated to 40 °C and stirred for 6 days under a dry argon atmosphere. After quenching the 

polymerization with acetic acid, the reaction solution was washed with the strongly acidic 

cation exchanger DOWEX Marathon to remove traces of protonated t-BuP4, filtered and 

concentrated in vacuo. The yield was ≥ 70 %. 
1
H-NMR (CDCl3): δ 3.6 (m, 4 H, ethylene 

oxide Hs), 1.63- 0.95 (m, 8 Hs, isobutyl Hs). 
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Figure 4.2.1. Anionic ring-opening polymerization of EO (3) using a hydroxyl functionalized 

PIB-OH macroinitiator (4) resulting in PIB-b-PEO (5). 

 

Table 4.2.1 shows the molecular characteristics of the synthesized polymers. Figure 4.2.2 

shows GPC elution curves of the polymers. And a 
1
H-NMR example is also shown in Figure 

4.2.2 on the right. (Figure 4.2.2 B). 

 

 

Figure 4.2.2. a) GPC elution chromatography of PIB-OH (blue), PIB79-b-PEO53 (red), PIB79-

b-PEO68 (green) and PIB79-b-PEO106 (blue). b) 
1
H-NMR spectrum of PIB79-b-PEO68 as an 

example . 

According to 
1
H-NMR measurements (Table XXX), the desired PMCL block lengths were 

obtained quite accurately. However, GPC measurements standardized with PS show slight 

deviations of the molecular masses. Since the molecular composition of PS differs from that 
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of the block-copolymers studied here, the hydrodynamic radii of the polymers in THF are also 

different. This explains the deviation of the molecular masses measured by GPC compared to 

those obtained by NMR. As expected for an anionic polymerization, the polydispersity of all 

polymers was measured at below 1.15. 

 

Table 4.2.1. Molecular characteristics of synthesized block copolymers. 

Polymer NPEO(NMR)
a
 Mn(NMR) (g/mol)

b
 (Mw/Mn)

c
 WPIB

d 

PIB79-OH - 4450 1.1 1 

PIB79-b-PEO53 53 6780 1.12 0.66 

PIB79-b-PEO68 68 7440 1.13 0.6 

PIB79-b-PEO106 106 8910 1.14 0.5 

a
 Number of monomer repeat units in PEO block as determined by 

1
H NMR spectroscopy. 

b 

Number-average molecular weight of block-copolymers as determined by 
1
H NMR 

spectroscopy. 
c 

Polydispersity index determined from GPC with polystyrene as a standard. 
d
 

Weight fraction of the PIB block as determined by 
1
H NMR spectroscopy. 

4.2.2. .Self-assembly characterization of poly(isobutylene)-block-poly(ethylene oxide) 

SAXS measurements were used to study the morphologies of the complete dilution series of 

PIB-b-PEO. In the following chapters the structure changes of the self-assembled polymers 

will be shown starting with the shortest polymer. In the low concentration regime, SAXS was 

combined with TEM and SLS/DLS experiments. 

 

4.2.2.1 Phase diagram of self-assembled PIB79-b-PEO53 

Figure 4.2.3 shows the 1-D SAXS patterns of self-assembled PIB79-b-PEO53 block-copolymer 

in water starting from the pure polymer down to a 5 wt% polymer concentration in water. For 

the pure polymer (100 wt%) the first peak has a momentum transfer of 0.22 ± 0.04 nm
-1 

and 

the second and third peaks are √3q1 and √7q1 shifted to 0.37 ± 0.05 and 0.68 ± 0.07 nm
-1

, 

respectively. This is indicative for an hexagonal phase. Here, due to the absece of water it has 
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to be an inverse hexagonal phase (H2). In contrast, when the polymer is mixed with small 

amounts of water (90 wt% PIB79-b-PEO53) different scattering peaks are observed. The first 

scattering peak q1 is shifted towards a higher momentum transfer compared to the pure 

polymer and has a momentum transfer of 0.39 ± 0.02 nm
-1

. The second and third peaks are 

2q1 and 2.74q1 times shifted to 0.78 ± 0.03 and 1.07 ± 0.08 nm
-1

, respectively. The first shift 

is indicative of a lamellar phase but the shift of the third peak suggests the coexistence of 

another phase. Since the pure polymer shows the patterns of an inverse hexagonal phase 

suggests that this is due to the coexistence of a lamellar and a hexagonal phase. Increasing the 

water concentration further (75 wt%) peaks indicative for a lamellar phase can be observed, 

too. Here, the first peak is appearing at 0.34 ± 0.01 nm
-1 

and such as at 90 wt% the second and 

third peaks are 2q1 and 3q1 times shifted to 0.68 ± 0.03 and 1.02 ± 0.04 nm
-1

, respectively. 

Since a similar scattering pattern down to 30 wt% of  PIB79-b-PEO53 can be observed, this 

concentration range is appointed to lamellar phases, too. 



RESULTS AND DISCUSSION 

51 
PHASE DIAGRAMS AND APPLICATIONS OF AMPHIPHILIC  
BLOCK COPOLYMERS IN AQUEOUS SOLUTIONS 

 

Figure 4.2.3. One-dimensional SAXS patterns of PIB79-b-PEO53 starting from the pure 

polymer (100 wt%) down to a 5 wt% self-assembled polymers concentration in water. 

From the positions of the first Bragg peaks q1
 
in SAXS spectra the spacing d between layers 

in lamellar sheets can be calculated according to d . At low water content (90 wt% 

polymer) the d-spacing is 16 ± 1 nm and increases linearly up to 27 ± 2 nm at higher water 

content (Figure 4.2.4). This phenomenon is known as lamellar swelling.
98

 The lamella swell 

with 0.19 ± 0.01 nm/wt%. Extrapolating the linear fit (d= 0.19 wt% + 33, where wt% is the 

polymer concentration) to the pure polymer a d-spacing of 14 ± 1 nm can be found. Therefore 

the polymers forming the lamellar layers are partially stretched. They are too long to be in a 

coiled conformation and too short for a fully stretched conformation. 
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Figure 4.2.4. lamellar d-spacing d of self-assembled PIB79-b-PEO53. Solid line represents a 

linear fit (R
2
= 0.99). 

The number of repeating lamellar layers can be calculated knowing the correlation length 



 
2

q1

, the ratio of the momentum transfer at the first peak (q1) to the full width at half 

maximum (∆q1) , 
1

1

q

q


. At high polymer concentrations the highest number of repeating 

lamellar layers can be found (figure 4.2.5). But increasing the water concentration leads to a 

decrease of these repetitions. 

  

.  

Figure 4.2.5. Number of repeating lamellae interdepending on the PIB79-b-PEO53 

concentration. 
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Starting at 20 wt% polymer concentration the Bragg peaks vanish. But having a closer look 

still peaks with the same shifts as for higher concentrations are observed, indicating that there 

is still a lamellar phase present. Since form factors are dominating the pattern this phase is not 

that ordered compared to higher polymer concentrations. In addition, these form factors are 

typical of unilamellar and multilamellar aggregates.
99, 207

 Furthermore, it is known that 

lamellae swell to a water concentration at which the repulsive interactions overcome the 

attractive interactions and the lamellar sheets start to unbind, resulting in peaks that broaden 

and shift their SAXS patterns
99

 and result in form factors. This indicates that more than one 

aggregate is present and that these phases are not well-ordered. 

Below a concentration of 10 wt%, TEM can be used. It was observed that at higher 

concentrations the electron beam could not pass through the sample, i. e. no picture could be 

seen. Here, at 10 wt% polymer concentration, PIB79-b-PEO53 self-assembles still into a 

lamellar phase (cf. Figure 4.2.6 A indicated with a L) and into packed vesicles, too (cf. Figure 

4.2.6 B). The packed deformed vesicles explain the appearance of form factors of 

multilamellar or unilamellar aggregates in SAXS.  

 

Figure 4.2.6. TEM picture ≤ 10 wt% PIB79-b-PEO53. a) and b)  10 wt% PIB79-b-PEO53, c)  5 

wt% PIB79-b-PEO53, and d)  1 wt% PIB79-b-PEO53. Arrow points to lamellar phase (L). 

For 5 % the packing of vesicles self-aggregated out of PIB79-b-PEO53 is still observed (cf. 

Figure 4.2.6 C). At this concentration the polymer does not purely self-assemble into vesicles. 

There are some smaller aggregates – micelles - squeezed in between packed vesicles. The 

vesicles on the other hand do not have entirely the nice round shape, they are elongated and 

curved.  

In the isotropic regime, i.e., below a concentration of 1 wt% polymer, we expect the block 

copolymer to assemble into nanozized objects like vesicles and micelles. Figure 4.2.6 D 

shows a TEM image of PIB79-b-PEO53 with 1 wt% concentration. It shows three different 
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morphologies. On the one hand some micelles are present, which explains the micelles found 

at 5 wt% of polymer concentration and on the other hand a few worm/rod-like micelles with 

diameter of 37±7 nm can be observed. But the main fraction is composed of vesicular 

structures. They are not purely round objects but this phenomenon is also known from 

literature
211

 and can be due to drying effects of the sample during sample preparation. 

Vesicles are - due to their fluid membrane - flexible. Another technique to analyze 

supramolecular structures is light scattering. For PIB79-b-PEO53 no angle dependency of the 

Berry plot is observed and the data can be extrapolated to zero concentration and zero angle 

with a linear fitting of both momentum transfer q and concentration c. Out of the data 

obtained from figure 4.2.7 the calculated radii are RG= 133 ± 2 nm and RH= 139 ± 3 nm. For a 

perfect vesicle with an infinitely thin membrane, the form factor ρ from light scattering, the 

ratio of RG to RH, should equal 1.
208

 Here, the ρ is 0.96 ± 0.03, which is another indication for 

the existence of vesicles. The deviation from 1 can be explained by the fact that besides 

predominance of vesicles, also some smaller structures such as worm/rod-like micelles and 

spherical micelles are present. Furthermore, the size of the vesicles is not uniform and shows 

an intrinsic polydispersity, even though the vesicle solutions were extruded prior to 

measurements. The average number N of polymer molecules in a supramolecular structure 

can be calculated (Table XXX). N is calculated to be 95 000. This number is in agreement 

with literature
208, 209

 values obtained for vesicular structures. 
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Figure 4.2.7. Light scattering data of self-assembled PIB79-b-PEO53 block-copolymer. The 

apparent diffusion coefficients are plotted versus the concentration of polymers and the Berry 

plot is shown. These plots were used to calculate RH and RG, respectively. Squares represent 

measured data, and circles are values obtained by extrapolation to zero concentration and zero 

angle. 

4.2.2.2 Phase diagram of self-assembled PIB79-b-PEO68 

Increasing the hydrophilic block length results in a different SAXS pattern, and accordingly, 

into a different behavior of the self-assembly. Figure 4.2.8 shows the 1-D SAXS patterns of 

self-assembled PIB79-b-PEO68 block-copolymer in water starting from the pure polymer down 

to a 5 wt% polymer concentration in water. For the pure polymer (100 wt%) the peaks can be 

appointed to a lamellar phase. The first peak has a momentum transfer of 0.19 ± 0.05 nm
-1 

and 

the second peak is 2q1 shifted to 0.38 ± 0.04 nm
-1

. But the pattern is not as pronounced as the 

one described in the following.
 
In contrast, when the polymer is mixed with small amounts of 

water (90 wt % PIB79-b-PEO68) a different scattering pattern is observed. Here, two 

superimposed scattering patterns can be observed. The scattering pattern leading to narrow 

and small peaks is indicative for a lamellar phase. The first peak q1 of this pattern has a 

momentum transfer of 0.35 ± 0.02 nm
-1

 and the second and third peaks are 2q1 and 3q1 times 
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shifted to 0.71 ± 0.03 and 1.05 ± 0.05 nm
-1

, respectively. In contrast, the very first peak of the 

whole scattering pattern is presumably a peak arising from a phase in coexistence with the 

lamellar phase or due to the shift of the pattern compared to the pure polymer. Increasing the 

water concentration further (75 wt%) only a lamellar phase can be observed. Here, the first 

peak appears at 0.31 ± 0.01 nm
-1 

with a 3q1 folds shift for the third peak (0.92 ± 0.04 nm
-1

). 

The second peak is very weak but can be identified by zooming into the patterns and is 

assigned to 0.6 ± 0.03 nm
-1

. The form factor, having presumably a minimum at this 

momentum transfer, is overlapping with the second peak and is thus vanishing. The second 

peak at 60 wt% is smaller than the third peak. This supports the hypothesis the minimum of 

the form factor and the lamellar peak overlap. At 60 and 50 wt% the scattering patterns are 

still indicative of a lamellar phase. For 60 wt% the first peak has a momentum transfer of 0.27 

± 0.02 nm
-1 

and the second and third peaks have a shift of 2q1 and 3q1 0.55 ± 0.03 nm
-1 

 and 

0.82 ± 0.05 nm
-1

, respectively. For 50 wt% even four peaks are observed (q1 = 0.26 ± 0.03 

nm
-1

, q2 = 0.52 ± 0.04 nm
-1

,
  
q3 = 0.78 ± 0.03 nm

-1 
 and q4 = 1.04 ± 0.05 nm

-1
). The peak width 

of the first peaks in the lamellar regime does not significantly become smaller as the water 

concentration increases. Accordingly the number of repeating lamellar layers is similar 

(approximately five repeating lamellar layers per concentration).  
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Figure 4.2.8. One-dimensional SAXS patterns of PIB79-b-PEO68 starting from up the pure 

polymers (100 wt%) down to a 5 wt% of self-assembled polymers in water. 

From the positions of those first Bragg peaks q1
 
in SAXS spectra the spacing d between layers 

of the lamellar phases can be calculated such as shown for PIB79-b-PEO53. At low water 

content (90 wt% polymer) the d-spacing is 18 ± 1 nm and increases linearly up to 26 ± 3 nm 

at higher water content (Figure 4.2.9) due to lamellar swelling. Extrapolating the linear fit (d 

= 0.17 wt% + 33) to the pure polymer a lamellar d-spacing of 16 ± 2 nm can be calculated. 

This is approximately 2 nm more than for the smaller vesicle forming polymer and is due to 

the larger size of the polymer. Again this finding agrees with the assumption that the 

polymers are in a partially stretched conformation. 
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Figure 4.2.9. lamellar d-spacing d of self-assembled PIB79-b-PEO68. Solid line represents a 

linear fit (R
2
= 0.99). 

When the water concentration is even more increased (40 and 30 wt%) the first Bragg peaks 

at 0.23 ± 0.02 and 0.22 ± 0.01 nm
-1

 are still behaving linearly but, in contrast, the second 

peaks are shifted by a factor of √3q1 (0.38 ± 0.03 and 0.37 ± 0.03 nm
-1

, respectively). This is 

typical of a hexagonal phase. Here, the phase has to be a hexagonal (H1) phase, a so-called 

“oil in water” phase
34

 with cylinders of PIB in the PEO matrix since there is a lower polymer 

concentration compared to the water concentration. The third peak on the other hand is not 

shifted by a factor of 2q1 - typical for a hexagonal phase - but shifted by a factor of √7q. This 

shift is typically the fourth shift of a hexagonal phase. At 20 wt% two superimposing peaks 

and a form factor are observed. This is indicative for the coexistence of more than one phase 

in a less ordered system. The first peak has a momentum transfer of 0.17 ± 0.04 nm
-1 

and the 

second is √3q1 (0.3 ± 0.03 nm
-1

) shifted which is indicative for a hexagonal phase. The not 

well-ordered system can be directly seen when the patterns at 10 wt% and 5 wt% are 

examined. At 10 wt% only pure form factors from packed worm/rod-like micelles are 

identified. In contrast, 5 wt% shows only the small-angle x-ray scattering signal indicative for 

a disordered system. In contrast to the lamellar layers, the diameter of hexagonal rods in the 

hexagonal phase has to be calculated from the position of the first Bragg peak (q1) in SAXS 

spectra according to 
13

4
1

q
dH


  . For 40 wt% a diameter of 31.5 ± 2.5 nm and for 30 wt% a 

diameter of 33 ± 1.5 nm is observed. These diameters are in good agreement with the 
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diameter of worm-like micelles found in the isotropic regime especially when they are packed 

on the TEM grid (35 ± 8 nm). The peak width does not significantly become smaller as the 

water concentration increases. Accordingly the number of repeating hexagonal rods is similar 

(approximately four repeating hexagonal rods per concentration). 

At 10 wt% and lower the SAXS results were supported by TEM measurements (figure 

4.2.10). At 10 wt% polymer a not clear phase was found. But at 5 wt% packing of worm/rod-

like micelles and micelles was observed. In addition some round objects with radii of 60 ± 15 

nm are observed. Their sizes are too large for micelles and they are presumably vesicles. 

Since vesicles in general self-associate out of a lamellar phase, the TEM micrograph at 10 

wt% could be interpreted as a partial lamellar phase but it would not be in agreement with the 

SAXS results. Decreasing the polymer concentration even further the polymer forms purely 

worm/rod-like micelles with a diameter of 35 ± 8 nm and lengths between 200 nm up to more 

than 1 µm. The diameter of those worm/rod-like micelles are comparable with the diameters 

of the worms found with the shorter polymer but longer worms are found in here. 

 

Figure 4.2.10. TEM picture of ≤ 10 wt% PIB79-b-PEO68. a) 10 wt% PIB79-b-PEO68, b)  5 

wt% PIB79-b-PEO68, and c)  1 wt% PIB79-b-PEO68. 

The TEM pictures were combined with DLS and SLS experiments. In contrast to the vesicle 

forming PIB79-b-PEO53, PIB79-b-PEO68 shows an angle dependency in the Berry plot. 

Denkinger et. al.
212

 showed that worm/rod-like micelles show an angle-dependent scattering. 

Thus, and knowing that it self-assembles into worm/rod-like aggregates (Figure 4.2.11 D) the 

plot was extrapolated to zero concentration and zero angle with a higher order of q-fitting. 

But, even though higher order fits were used, the RG/RH yields a value of 1.52 ± 0.1. This 

ratio cannot explain the worm/rod-like behavior since pure rods have a ratio of 2 and 

higher
210

. For that the Holtzer-plot
213

 XXX is used (see figure 4.2.11 C). The form-factor 

analysis of this plot fits very well with the worm/rod-like form-factor (full line) leading to a 
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length of the worm/rod-like micelles of about 400 nm. This is shorter than what is observed in 

TEM. In here worms/rods can be found which are longer than 1 µm. But the model used for 

the Holtzer-plot is for stiff rods and, in contrast, the copolymer self-assembled rods observed 

by TEM are flexible. The average number N of polymer molecules in a supramolecular 

structure (Table 4.2.2) was further estimated to 17 000. This number is in agreement with 

literature
208, 209208, 209 

values obtained for worm/rod-like structures.
212, 213

 

 

Figure 4.2.11. Light scattering by self-assembled PIB79-b-PEO68 block-copolymer. a) The 

apparent diffusion coefficients are plotted against the concentration of polymer and b) the 

Berry plot is shown. These plots were used to calculate RH and RG, respectively. Squares 

represent measured data, and circles are values obtained by extrapolation to zero 

concentration and zero angle. c) Form factor analysis, called Holtzer-plot. Dashed line 

represents model form factors for hard spheres, solid line for worm/rod-like micelles, and 

squares are the experimental data obtained with PIB79-b-PEO68. 

4.2.2.3 Phase diagram of self-assembled PIB79-b-PEO106 

In order to analyze the self-assembly of PIB79-b-PEO106 SAXS measurements were performed 

with the pure polymer down to 5 wt% of PIB79-b-PEO106 in water. Figure 4.2.12 summarizes 

the 1-D SAXS patterns of self-assembled PIB79-b-PEO106 block-copolymers. For the pure 

polymer (100 wt%) SAXS patterns are observed which are indicative of a well-ordered 

lamellar phase. The first peak has a momentum transfer of 0.2 ± 0.03 nm
-1 

and the other peaks 

are 2q1 3q1 and 4q1 shifted (0.4 ± 0.04, 0.6 ± 0.05, and 0.8 ± 0.05 nm
-1

, respectively). At very 

low water concentrations (90 wt%) a lamellar phase is still observed. In contrast, the patterns 

are slightly shifted towards higher momentum transfers. Here, the first Bragg peak appears at 

(0.25 ± 0.04) nm
-1

 and the following peaks are 2q1 and 3q1 folds shifted, 0.48 ± 0.06 and 0.73 

± 0.05 nm
-1

, respectively. Increasing the water concentration further (75 wt%) a different 

SAXS pattern is found. The first peak can be separated into two superimposed peaks with q-

values of 0.26 ± 0.04 nm
-1

 and 0.31 ± 0.05 nm
-1

, respectively. The following peaks when they 
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are compared to the first of those superimposed peaks are 2 and 3 times shifted to 0.53 ± 0.03 

and 0.79 ± 0.06 nm
-1

, respectively), indicating a lamellar phase. In contrast, comparing them 

to the second peak of the superimposed peak at 0.31 ± 0.05 nm
-1

 they are √3, √6 and√9, 

respectively, shifted. This is indicative for a hexagonal phase. Accordingly at 75wt% two 

phases are coexisting: a hexagonal and a lamellar phase. In contrast, at 60 wt% only one 

phase is observed. The second and third peaks are √3q1 and √7q1 shifted, indicative for a 

hexagonal phase. The peak at 2q1 is presumably superimposed by the minimum of the form 

factor of this phase. The hexagonal phase is detected down to 20 wt%. In contrast to the 

worm/rod-like micelle forming PIB79-b-PEO68 the hexagonal phase cannot be easily assigned, 

i.e. at which concentrations the H1 and H2 phases are. Therefore we define down to 50 wt% at 

which the polymer-mass fraction is larger than the water fraction, the phase as a H2 phase – 

water in oil phase - and for lower polymer concentrations a H1 phase (similar to the H1 phase 

found for PIB79-b-PEO68). At 20 wt% form factors from nanosized aggregates are appearing. 

At 10 and 5 wt % only the form factors are present.  
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Figure 4.2.12. One-dimensional SAXS patterns of PIB79-b-PEO106 starting from the pure 

polymer (100 wt%) down to a 5 wt% aqueous solution of self-assembled polymers in water. 

At 10 wt% and lower polymer concentrations TEM supports the findings of the SAXS 

measurements. At 10 wt% packed micelles and worm/rod-like micelles are observed (Figure 

4.2.13 A). At 5 wt% (cf. Figure 4.2.13 B) packing of micellar and worm/rod-like micellar 

structures are observed. The packing of worm/rod-like structures is in good agreement with 

the SAXS results at higher polymer concentrations at which hexagonal phases are observed. 

At very low polymer concentration (< 1 wt%) mainly micelles with a diameter of 28 ± 5 nm 

and some worm/rod-like micelles with the same diameter are found. This finding explains the 

packing of both micelles and worm/rod-like micelles at higher concentrations and assignment 

of the hexagonal phases above 20 wt%. 
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Figure 4.2.13 TEM pictures ≤ 10 wt% PIB79-b-PEO106. a) 10 wt% PIB79-b-PEO106, b)  5 wt% 

PIB79-b-PEO106, and c)  1 wt% PIB79-b-PEO106. 

At polymer concentrations below 1 wt% TEM was combined with LS. Extrapolating the 

apparent diffusion coefficients to zero concentration and zero angle and using the Berry plot a 

ratio of RG/RH = 0.84 ± 0.04 is calculated. This is close to the ratio corresponding to hard 

spheres (RG/RH = 0.775).
208

 But the radius of gyration and the hydrodynamic radius (RG = 130 

± 3 nm and RH = 155 ± 4 nm, respectively) are too large compared to micelles observed by 

TEM (see above). This is due to the formation of worm/rod-like micelles which scatter due to 

their large size more than the smaller micelles. Therefore a number weight CONTIN fit was 

performed at 40°. Here, when the number weight of the aggregates was taken into account, 

the main radii distribution had a diameter of 26 ± 3 nm. This diameter is in good agreement 

with the diameter found by TEM (28 ± 5 nm).  The refractive index increment (dn/dc) is 

0.1242 ± 0.0087 mL/g. Knowing that and taking the average molecular weight of one polymer 

obtained out of 
1
H-NMR experiments the average number of polymers (c.f. table 4.2.2) per 

micelle NMW can be calculated to be 8 000. This number is much higher than expected
39, 214

 

for micellar aggregates. But this arises from the scattering by worm/rod-like micelles.  
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Figure 4.2.14. Light scattering data by self-assembled PIB79-b-PEO106 block-copolymers. a) 

The apparent diffusion coefficients are plotted versus the concentration of polymers and b) the 

Berry plot is shown. These plots were used to calculate RH and RG, respectively. Squares 

correspond to measured data and the points on the left in the diagrams are the points 

extrapolated to zero concentration and zero angle. c) CONTIN fit at 40 ° at 0.1 wt% PIB79-b-

PEO106 concentration. 

All LS results obtained with the three polymers investigated herein are summarized in table 

4.2.2. 

 

Table 4.2.2. LS data for self-assembled PIB-b-PEO.  

Name 

MN 

(
1
H -NMR) 

(g/mol)
a 

dn/dc 

(ml/g)
b 

RG 

(nm)
c 

MWM 

(g/mol)
d 

RH 

(g/mol)
e 

N
f 

RG/RH
g 

PIB79-b-

PEO53 
6780 

0.1955 ± 

0.0011 
133 ± 2 9.92* 10

8 
139 ± 3 95000 

0.96 ± 

0.03 

PIB79-b-

PEO68 
7440 

0.2135 ± 

0.0005 
200 ± 10 1.26*10

8 
131 ± 3 17000 

1.52 ± 

0.1 

PIB79-b-

PEO106 
8910 

0.202 ± 

0.009 
130 ± 3 7.26*10

8 
155 ± 4 8100 

0.84 ± 

0.04 

a
 Number-average molecular weight of block-copolymers as determined by 

1
H NMR 

spectroscopy. 
b 

Refractive index increment determined with a differential refractometer.           
c
 radius of gyration determined by SLS. 

d
 Molecular weight of the analyzed nanosized 

morphology. 
e
 Hydrodynamic radius determined out of DLS. 

f
 Aggregate number of polymers 

per nanosized morphology. 
g
 Ratio of the radius of gyration to the hydrodynamic radius. 
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4.2.3 Conclusion and summary on the phase behavior of poly(isobutylene-block-

poly(ethyleneoxide) 

It could be shown that the hydrophobic to hydrophilic ratio of PIB-b-PEO does influence the 

nanosized morphology and the phases those morphologies have to overcome in order to form 

them upon dilution. Polymers have to be tailored in the right way to achieve the targeted 

objects. If the hydrophobic to hydrophilic ratio is only slightly changed the final morphology 

can vary drastically from the initial expected design. Figure 4.2.15 sums up all phases found 

for the three examined polymers. 

 

Figure 4.2.15 Schematic phase diagram of binary PIB-b-PMCL water mixtures. 
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4.3. Application of vesicle forming PEO23-b-PMCL32 

Polymeric formulations based on vesicles have emerged as versatile for drug delivery due to 

their increased stability, site specificity (depending on the chemistry), blood circulation life-

time and thus overall potential therapeutic effects compared to liposomes.
88

 Ideally, a loaded 

vesicle should remain stable until it reaches the target site. Upon accumulation of the vesicle 

at the target, the encapsulated molecule (e.g. drug) must be released at a high enough 

concentration to mediate an effective therapeutic response. Consequently, drug release in 

response to a specific stimulus at the target site, i.e., triggered release, is a desired feature of 

effective targeted delivery systems. 
215

 

In chapter 3.1.3. the self-assembly of PEO23-b-PMCL32 was investigated. In contrast to the 

other studied polymers, it has the lowest hydrophobic to hydrophilic ratio meaning the 

shortest hydrophobic block, respectively. Accordingly, since shorter hydrophobic blocks 

favor short time scales for vesicle formation, this polymer seemed to be the most prominent 

polymer to study as an encapsulation and releasing system. Besides, the hydrophobic block 

composed of polyesters could be hydrolyzed upon proton concentration increase. The 

chemical principles behind hydrolyzing esters
216

 have been described in review published 

almost decades ago by Cordes and Bull.  

4.3.1. pH triggered release of fluorescein from PEO23-b-PMCL32 

Fluorescein (figure 4.3.1) is a red crystal in the bulk. The large delocalized π-electron system 

makes it a very efficient energy absorbing molecule and a candidate for fluorescence. 

 

Figure 4.3.1 Molecular structure of fluorescein. 
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At high concentrations of fluorescein (> 20 µM) it self-quenches resulting in no fluorescence. 

Accordingly the dye is encapsulated at a high concentration and the resulting fluorescence 

signal is low. However, when the vesicle releases the fluorescein, the concentration of the 

fluorescent molecule in the surrounding is low and its fluorescence intensity can be detected. 

This is the basis for monitoring time dependent release of encapsulated fluorescent dye. Here, 

the starting concentration of fluorescein was for all experiments 25 mM.  

Figure 4.3.2 summarizes the time dependent fluorescein release profiles when the release is 

triggered at different pH. At physiological pH (7.5) no fluorescence release was detected. 

Even after more than a month the vesicles are still stable and only 1- 3 % of fluorescence 

release was detected which is in the range of the detection limit of the fluorimeter. At neutral 

pH (pH= 7) until the 7
th

 day almost no dye release (4 %) was observed as well. Even a few 

days later still a small release could be detected which did not drastically increase (6%) until 

the end of the time dependent measurements. A similar behavior can be also found when the 

pH is again slightly increased (pH= 6.5). After 36 days approximately 10 % of fluorescein 

were released. However, when the proton concentration is further increased the release curve 

changes drastically (pH= 6). Here, 3 times as much dye release after three weeks could be 

observed (30 %). A longer monitoring time does not yield a stronger effect. 14 days later 

almost the same concentration of free dye can be observed as two weeks before. Interestingly 

the pH profile looks the same for pH= 5.1 as for pH= 6. Here, after 21 days the maximum of 

free dye is observed as well. The picture changes dramatically when the proton concentration 

is 10 times increased (pH= 3.8). After six days 8 % of the dye is free, being the maximum 

concentration of free dye at neutral pH. After 16 days the released dye concentration (43 %) 

exceeded the maximum concentrations found at pH= 6 and 5. And finally after more than a 

month (36 days) almost 80 % of all encapsulated dyes were released.    

In summary after three weeks the possible released dye concentration is reached depending on 

the pH. At high proton concentrations (pH= 3.8) and after 36 days 80 % of the encapsulated 

fluorescein dye is released. Since sites of inflammation and tumors are acidic this nanocarrier 

seems to be a promising candidate. It can keep its cargo over a long time in its interior at 

physiological pH and when it reaches an acidic site the vesicles release it.  
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Figure 4.3.2. pH-dependent fluorescein release by PEO23-PMCL32 vesicles 

4.3.2. pH triggered release of  Enhanced Cyan Fluorescent Protein 

Besides small molecules, polymer vesicles can encapsulate macromolecules like proteins. 

Delivery of proteins is important because the bioavailability limitations of proteins make them 

difficult to be directly delivered, particularly in diseases caused by insufficient amounts or 

inactive variants of those proteins. Thus, vesicles represent a new promising approach to 

overcome these limitations because they protect the protein in their aqueous lumen.
96

 Further, 

polymers can be tailored in order to release the encapsulated molecules at the favored site. 

Thus, chemical incompatible blocks can be for instance functionalized with stimuli responsive 

molecules or the self-assembled blocks on their own are stimuli responsive to release their 

cargo by stimuli triggered by light, temperature, and chemical stimuli (ions, pH).
217, 218

  

Since ECFP is able to fluoresce on its own without any further labeling this protein was 

chosen to demonstrate the facile encapsulation of macromolecules in polymeric vesicles. 

ECFP is a genetically encoded fluorophore widely used as a donor in fluorescence resonance 

energy transfer based cell imaging experiments. It consists of eleven β-barrels, which 
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surround a light active molecule in the center of the protein. A 3D representation is shown in 

figure 4.3.3. 

 

Figure 4.3.3. 3D representation of ECFP. 

Three different PBS solutions were adjusted to pH 4, 5.2 and 7.4. The starting concentration 

of ECFP was 0.3 mg/mL (~5mmol) in all three solutions. The vesicles were prepared by bulk 

swelling. The encapsulation of ECFP was studied by FCS. The solution adjusted to pH= 7.4 

did not contain any encapsulated ECFP. Fitting the resulting autocorrelation curves resulted in 

the presence of either pure, non-encapsulated ECFP or large aggregates, presumably 

aggregations of polymer and ECFP. At pH= 5.2, however, 10 % of the ECFP molecules were 

encapsulated into vesicles. Decreasing the pH further to 4 showed that 70% of the ECFP 

molecules were encapsulated. The favorable encapsulation of the protein at pH= 4 can be 

explained by considering the secondary structure of the protein (Figure 4.3.4). Here, two 

dominant amino acids are found: glutamic acid (E) and aspartic acid (D). The pKA value of E 

and D are 4.07 and 3.90, respectively. Accordingly those amino acids are non-charged at ∼pH 

4. The net charge of the amino acid is zero. The secondary structure of the ECFP consists of 

eleven β-barrels, five small α-helices and some loops. From the convolution of the secondary 

structures it can be shown that most of the glutamic and aspartic acids are on the surface of 

the ECFP. At pH= 4 the surface of ECFP is neutral. Considering that the polymer is also not 

charged, the non-charged entities of ECFP at this pH favors the self-assembly of the polymer. 

When the pH is increased, ECFP is charged and larger aggregates are formed. These 

aggregates are most probable aggregations of polymers and protein. This would explain the 
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results at neutral pH and at pH= 5.2 where autocorrelation curves shifted towards longer 

relaxation times.  

 

Figure 4.3.4. The primary sequence and the secondary structure of the ECFP (yellow arrows 

are β-sheets, beige are α-helices and purple are turns). 

Next, the pH sensitivity of the release of the polymer vesicles was studied. Two samples were 

stirred independently for three days at 4 °C containing the optimized conditions found 

previously at pH= 4. Prior to FCS measurements both samples were filtered through 400 nm 

filters and most of the free, non-encapsulated ECFP was separated by SEC. The difference 

between both solutions was the mobile phase (pH= 4 and 7.4, respectively) upon separation of 

the vesicles from the non-encapsulated ECFP. Though the vesicle interior had a pH= 4, the 

pH of the surrounding was maintained at 4 (solution 4) and 7.4 (solution 7.4), respectively. 

After SEC solution 4 resulted in vesicles with 70% of the initially encapsulated ECFP. In 

contrast solution 7.4 contained vesicles with only 50% of initial ECFP. Four days after the 

SEC separation and storage of the samples at 4 °C, still 60% of encapsulated ECFP was 

detected in solution 4. But already after 12 days most of the ECFP was released (5 % of 
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encapsulated ECFP). In contrast, solution 7.4 showed over the same period of time no 

significant difference of ECFP release. 

 

Figure 4.3.5. pH time dependent ECFP release. Red: solution 7.4 (pH= 4 inside and pH= 7.4 

outside of the vesicles). Black: solution 4 (pH= 4 inside and pH= 4 outside of the vesicles). 

Solid lines are a guide to the eye. 

Comparing the results obtained either with fluorescein or ECFP release triggered by pH 

shows that ECFP is interestingly released earlier than the approximately 10 times smaller 

molecule fluorescein. But it has to be noted that both results are not directly comparable. In 

the case of fluorescein the amount that was released corresponds to the real value which was 

encapsulated since the initial encapsulated volume was determined by chemically destroying 

the particles. With respect to ECFP the findings are just qualitative since FCS only enables to 

conclude about encapsulation happening or not. And since these are just preliminary results, it 

is not clear if ECFP is really encapsulated or it is on the outside of the particles. 

4.3.3. Conclusion on potential applications of vesicle forming PEO23-b-PMCL32 

It was shown that PEO23-PMCl32 can be used to encapsulate both small and large molecules. 

By adjusting the pH towards acidic conditions vesicles can be triggered to release 

encapsulated molecules. It was also shown that the vesicles are stable in physiological-like 

conditions. They are not only keeping their cargo inside they are also stable over a long period 

of time, making those polymer vesicles promising candidates for drug delivery. Sites of 
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inflammation and tumors are acidic. This favors the pH-triggerable release of the cargo, and 

therefore increases the efficiency of targeting drugs to desired cellular sites while protecting 

them from potential degradation in lysosomes. And compared to pH-sensitive liposomes those 

polymer vesicles are very stable. They could be still stable in the plasma, resulting in no 

failure to deliver their contents to their targeted sites. They could also be used in food science. 

Health improving food additives, that are not stable under acidic conditions, could be 

encapsulated. Accordingly the probability that they reach their target would be increased and 

subsequently the efficiency of delivery. 
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5. General Conclusion 

It was shown that the hydrophobic to hydrophilic ratio of block copolymers is influencing the 

self-assembled morphologies and a fortiori the phases the macromolecules have to overcome 

in order to self-aggregate into their preferred structure of a given size.  

The block copolymers, which are self-assembling into vesicles, PEO23-b-PMCL32, PEO23-b-

PMCL44, PEO23-b-PMCL54, and PIB79-b-PEO53, show a similar phase behavior when they are 

undergoing the transition from the bulk to the diluted regime. In general, they first transform 

into a lamellar phase then into packed vesicles and finally into single vesicles. The exceptions 

are PEO23-b-PMCL63 and PIB79-b-PEO53. At very high polymer concentrations they self-

assemble into an inverse hexagonal phase. PEO-b-PMCL block copolymers showed no long-

range order in the bulk as well. In contrast to similar phase behavior of PEO-b-PMCL, it was 

shown that the hydrophobic PMCL block length determines the phase morphology at a given 

polymer concentration. Moreover, this block length influences the size of the vesicles and the 

spacing of the lamellar layers. Polymers with a higher hydrophobic-to-hydrophilic ratio form 

larger vesicles. 

Block copolymers that are forming (partially) into worm/rod-like micelles (PEO23-b-PMCL25 

and PIB79-b-PEO68, respectively) also present similarities. It has to be noted that the PEO23-b-

PMCL25 dominantly forms vesicles but the worm-like micelles that are also present influence 

the phase diagram, which can be also compared to the PIB79-b-PEO68 phase diagram. In both 

cases the block copolymers have to overcome a transition from a lamellar layer to a hexagonal 

phase prior to packing of those structures before they self-assemble in worm/rod-like 

structures. Since the dominant morphology is vesicles for PEO23-b-PMCL25 the hexagonal 

phase is superimposed with a lamellar phase. But similarities between those phases are 

definitely identified. It also has to be noted that this is the first time, to the best of our 

knowledge, that an experimental phase diagram displays worm/rod-like micelles self-

assembled from block copolymers. 

The largest polymer in this work PIB79-b-PEO106 was the only example with which the 

morphology change of a micelle forming block copolymer was shown. This polymer had to 

undergo transitions from lamellar phases, hexagonal phases and packing of micelles prior to 

self-assembly into micelles. 

These findings can be used to optimize vesicle/worm-like micelle/micelle formation on the 

lab scale and in technical applications. Due to the biocompatibility and degradability of the 
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polymers, morphologies self-assembled from PEO-b-PMCL and PIB-b-PEO are promising 

candidates as nanocarriers and nanoreactors for biomedical applications. This assumption can 

be strengthened since it was also possible to encapsulate both small and large molecules into 

PEO23-PMCl32. Furthermore, by adjusting the pH towards acidic conditions, vesicles 

responsiveness could be triggered to release the encapsulated molecules. 
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7. Abbreviations 

a  interfacial area of the hydrophobic 

  volume 

A  surface area occupied by the 

  surfactant head group 

Ai  ith virial coefficient 

ATRP  Atom-Transfer Radical  

  Polymerization 

C   hexagonally packed cylinders 

C  concentration 

CPS   closed packed spheres 

D   double diamond surfaces 

D  aspartic acid 

d  spacing 

DIS  disordered phase 

DLS  dynamic light scattering 

Dm   translatory diffusion coefficient 

DNA  deoxyribonucleic acid 

E  glutamic acid 

EB  poly(oxyethylene)-block- 

  poly(oxybutylene) 

ECFP  Enhanced Cyan Fluorescent 

  Protein 

EO  ethylene oxide 

f  volume fraction of one of the 

  blocks (VA/VB) 

fcc  face-centered cubic 

FCS  fluoresence correlation  

  spectroscopy 

G, G1, G2 bicontinuous gyroid 

GPC  gel permeation chromatography 

GTP  Chain Transfer Polymerization, 

  Group Transfer Polymerization 

1
H-NMR proton nuclear magnetic  

  resonance spectroscopy 

H   area-averaged mean curvature 

H(EX), H1, H2 hexagonal phase  

HCl  hydrochloric acid 

K  optical contrast factor 

KCl  potassium chloride 

kd  diffusion virial coefficient 

KG  Gaussian curvature 

KH2PO4  potassium dihydrogenphosphate 

L or Lam  lamellae 

l  extended length of the  

  hydrophobic portion  

LS  light scattering 

MCL  γ-methyl-ε-caprolactone 

mCPBA  m-chloroperbenzoic acid 

MN  average- number molecular 

weights 

MW  average-weight molecular weights 

Mw/Mn, PDI  polydispersity index 

N (NA, NB) total number of statistical  

  segments (whole polymer or 

  block A and B) 

n0  refractive index 

Na2HPO4 disodium hydrogenphosphate 
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NaCl  sodium chloride 

p  packing parameter 

P(q)  particle scattering factor 

PBS  phosphate buffer 

PEE-b-PEO poly(ethylene)-block- 

  poly(ethylene oxide) 

PEO  poly(ethylene oxide) 

PEO-b-PMCL  poly(ethylene oxide)-block-

  poly(γ-methyl-ε-caprolactone 

PET  ,polyethylenterephthalat  

PIB  poly(isobutylene) 

PIB-b-PEO poly(isobutylene)-block- 

  poly(ethylene oxide) 

PIB-OH  ω-Hydroxy-poly(isobutylene) 

PL  perforated lamellae  

PMCL  poly(γ-methyl-ε-caprolactone) 

PS  polystyrene 

q (LS)  scattering vector 

q (SAXS) wave number 

q
2  

zero momentum transfer 

R   curvature 

R(q)  Rayleigh ratio 

RAFT  Reversible Addition  

  Fragmentation 

Rg   radius of gyration 

Rh   hydrodynamic radius 

RNA  ribonucleic acid 

ROP  ring opening polymerization 

S   spheres  

S0  ground state 

S1  relaxed singlet exited state  

S1`  excited electronic singlet state  

SAXS  small-angle X-ray scattering 

SEC  size exclusion chromatography 

SLS  static light scattering 

T  temperature 

tax  Paclitaxel
®

 

t-BuP4  phosphazene base 

TEM  transmission electron microscopy 

Tg  glass transition temperature 

THF  tetrahydrofuran 

TMS  tetramethylsilane 

VA(B)  volume of block A or B 

wPMCL   Weight fraction of the PMCL 

  block 

X  semicrystalline lamellae 

Z  number of block copolymers in a 

  micelle 

ε  differences in the conformational 

  properties of the polymer chains 

λ   wavelength 

χ  interaction parameter
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