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Germany) and the Department of Chemistry (University of Oslo, Norway). In
addition, experiments were carried out at external large-scale facilities, mainly at
Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany, and ISIS Neutron
and Muon Source in Didcot, United Kingdom.
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Scope
The overall aim of the present doctoral thesis was to investigate the fundamental
laws governing molecular self-assembly and the consequences of these relations.
To this end, we employed well-defined model systems and attempted to
extrapolate the gained insight to more complex systems. Since the studied
assemblies have characteristic structural features on the nanometer scale, small-
angle scattering techniques were the natural choice for our experiments. With
these studies, we shed light on the relationship between molecular interaction,
self-assembled structure and molecular exchange kinetics.

The PhD project builds on previous studies of polymeric micelles in our group,
particularly the introduction of poly(ethylene oxide)-mono-n-alkyl ethers, Cn-
PEO, as micellar model system. The core-forming alkyl blocks of these molecules
are truly monodisperse, which, in combination with time-resolved small-angle
neutron scattering experiments, provided enhanced experimental insight into
the molecular exchange kinetics between polymeric micelles in solution. In
the present work, we continue these studies. Exploiting the advantages of
Cn-PEO as a model system, we use (time-resolved) small-angle X-ray and
neutron scattering experiments to shine light on the interplay of crystallization,
co-assembly, molecular architecture and exchange kinetics. The alkyl chains
crystallize below a certain temperature, allowing us to study the impact of
crystallinity on micellar morphology and molecular exchange between micelles.
We successfully tune the crystallization by co-assembling polymers of different
length and observe the consequences for micelle behavior. Furthermore, we
investigate the exchange mechanism in micelles formed by telechelic copolymers.
With our profound insight about molecular self-assembly, we aim to transfer this
knowledge to more complex topics. Thus, we set out to structurally characterize
filaments formed by self-assembling antimicrobial peptides, a potential new
antibiotic material, and measure the exchange kinetics between the assemblies.
In the end, though, we reveal the exceptional physical integrity of the assembled
peptide structures.

v



Scope

The thesis is organized as follows: First, the scientific output of the PhD
project is summarized. Then, Chapter 1 gives an introduction to the field
of Soft Matter and Self-Assembly, provides background information for the
topics covered in the thesis and presents the state of science. Chapter 2 briefly
introduces the samples under investigation, their synthesis and characterization.
Thereafter, Chapter 3 includes a detailed recapitulation of small-angle scattering
as the main experimental method of this work and describes the data evaluation.
Experiments using complementary techniques are shortly outlined. In Chapter 4,
the research results of the PhD project are summarized and discussed in their
scientific context. Finally, Chapter 5 contains a brief conclusion of the thesis and
lists remaining open questions for future studies. The dissertation is based on
five scientific articles which are attached at the end. Three of which are already
published in peer-reviewed journals while the other two are manuscripts to be
submitted shortly.
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Chapter 1

Introduction
Soft (Condensed) Matter is a subfield within Condensed Matter. It is called
“soft”, in contrast to “hard” condensed matter, because the materials under
investigation are literally soft. This can be illustrated with a rough estimation:
The hardness of a material is often described by its shear modulus which has
the dimension of energy per volume. In a conventional molecular crystal, typical
bonding energies are in the range of Emol ∼ 1 eV (i.e., � kBT ) and bond lengths
in the range of dmol ∼ 1Å. In colloidal crystals, a typical Soft Matter system,
on the other hand, interactions are usually in the order of the thermal energy
kBT , which is much weaker (Ecol < 0.1 eV), and at the same time interparticle
distances are substantially longer, dcol ∼ 1µm, because the colloidal particles
are much larger than molecules. With these numbers, the shear module can be
roughly estimated by calculating how much energy per unit volume, E/d3, is
needed to break the crystal bonds when the material is sheared. The result is
that typical Hard Matter shear modules are 1013 times larger than Soft Matter
shear modules! Even though the given values are very rough estimates, it still
exemplifies how “soft” Soft Matter materials are.[1]

Soft Matter is a very interdisciplinary field, at the interface of physics,
chemistry and biology, as illustrated in Figure 1.1, and also has direct relevance
for material science and medicine. Typical examples of Soft Matter systems are
dispersion colloids, self-assembling amphiphiles, polymers, proteins, membranes
and many more. According to Jones [2], all these systems share three main
characteristics:

• Thermal fluctuations play a key role in their behavior. Since relevant
energy levels are on the order of kBT , these systems are constantly affected
by thermally activated, structural fluctuations. This is also one reason for
their “softness”.

• The structures that define the overall material properties are mesoscopic:
Larger than the constituting microscopic, molecular building blocks, yet
smaller than the overall macroscopic sample size.

• These mesostructures arise from spontaneous self-assembly of the molecular
building blocks into hierarchical superstructures, driven by thermodynamic
interactions.

The present doctoral thesis deals mainly with structures arising from self-assembly
and how molecular exchange  induced by thermal fluctuations  takes place
between them.

1



1. Introduction

Figure 1.1: Illustration of Soft Matter at the interface of physics, chemistry
and biology. Some graphics were taken from https://commons.wikimedia.org/
under Creative Commons license.
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Self-Assembly in Soft Matter

This chapter gives an introduction into the scientific topics covered by the
thesis and presents the state of science. After some general notes on the use
of the term “self-assembly” in the field of Soft Matter, a prime example will
be discussed: polymeric micelles. Particular focus will be on crystallization
phenomena in these self-assembled structures and their molecular exchange
kinetics. Furthermore, we will introduce the polymeric model system, Cn-PEOx,
which we employed in large parts of this work. Finally, the last section of this
chapter introduces another self-assembling system, antimicrobial peptides, and
presents the specific example treated in this thesis, self-assembling Kx(QL)yKz
peptides.

1.1 Self-Assembly in Soft Matter

The term self-assembly applies to many different phenomena and has been used
extensively, triggering Whitesides and Grzybowski to ask “Is Anything Not Self-
Assembly?”.[3] Therefore, Grzybowski et al. later tried to define self-assembly
as “the spontaneous formation of organized structures from many discrete
components that interact with one another directly [...] and/or indirectly,
through their environment [...]”.[4] They further introduced the concepts of
“static” or “equilibrium” self-assembly and “dynamic” self-assembly, where the
former describes stable structures in thermodynamical equilibrium whereas the
latter is applied to more flexible and active systems that dissipate energy.[3, 4]
These definitions, though, are still very general and can be applied to phenomena
at all length scales, from molecules to galaxies.

In the scope of the present work, however, we will only refer to equilibrium
self-assembly in the context of Soft Matter research, where microscopic molecules,
driven by the appropriate thermodynamic potential, spontaneously form
superstructures on the mesoscopic scale which define the macroscopic properties
of the material. But even under this constraint, there are still manifold aspects

Figure 1.2: Overview over the concept of self-assembly in the context of Soft
Matter research. Topics treated in the present thesis are highlighted.
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1. Introduction

to the concept which are (non-exhaustively) presented in Figure 1.2. The most
basic topic is probably the quest for ever new morphologies created via molecular
self-assembly which triggers research regarding the underlying driving forces
or application of external stimuli. Of course, systems can only attain their
thermodynamic equilibrium if there is molecular exchange. But also kinetically
trapped systems offer unique opportunities. Therefore, control over the exchange
kinetics is a another goal. Furthermore, the particular building blocks under
investigation are limitless: from simple surfactants and synthetic polymers over
membrane-forming lipids to polypeptide chains constituting proteins. And finally,
all these systems find various applications in medicine (tissue engineering [5,
6], drug delivery [7, 8]), industry (oil recovery [9, 10], nanolithography [11,
12], nanoreactors [13]) or everyday life products (personal care [14], viscosity
modification [15]).

In the following, the focus will lie on the particular topics treated in this
thesis: polymeric micelles and how they and their exchange kinetics are affected
by crystallization as well as self-assembling antimicrobial peptides.

1.2 Polymeric Micelles

Beside being a paramount example for molecular self-assembly, polymeric
micelles have been the subject of extensive research because of their enourmous
versatility.[16, 17] When block copolymers are dispersed in a solvent that is
selective for one of the blocks, micellar aggregates form. However, there are no
limits to possible solvent/copolymer systems which leads to a zoo of different
morphologies, dynamics and functionalities. Therefore it is not surprising
that polymeric micelles have found application in the unlikeliest fields, from
subterranean crude oil recovery to nano-sized electric wires. The following section
shines light on different aspects of polymeric micelles that are relevant for the
present thesis.

1.2.1 Micellization

Whenever amphiphilic molecules like amphiphilic block copolymers are dispersed
in water, the common understanding is that the hydrophobic moieties will
aggregate to minimize the interaction with water molecules.1 In fact, though, it
is the other way round, as Charles Tanford described in his classical textbook The
Hydrophobic Effect.[18] Actually, the attraction between hydrophobic moieties
is too weak to drive the aggregation since it is mostly van-der-Waals forces.
Nevertheless, the dispersed hydrophobic groups disturb the hydrogen bond
network of water which is highly dynamic and thus has a high degree of entropy.
But the water molecules in contact with a hydrophobic surface can only establish
a reduced number of hydrogen bonds. This constrains their orientational freedom

1This concept is in principle also valid for other solvophobic/solvophilic systems, but here
we will only discuss the concept of hydrophobic/hydrophilic, because water is the only solvent
used in the present thesis.
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Figure 1.3: The concept of micellization: a) The number density of unimers and
micelles vs. the overall polymer concentration. b) Distribution of aggregation
numbers well above the CMC.

and reduces the entropy substantially, which drives the minimization of contact
area between water and hydrophobic groups, leading to aggregation of the
latter. This process can be described as a mesoscopic phase separation. Yet, the
aggregation cannot continue infinitely because of packing restrictions inside the
hydrophobic domain as well as the presence of the hydrophilic moieties which
favor solvent contacts. So, instead of macroscopic phase separation, mesoscopic
equilibrium structures are formed, so-called micelles. They can take the form of
spheres, ellipsoids, disks, cylinders or worms  but all these morphologies share
a hydrophobic core surrounded by a water-swollen hydrophilic shell.[19, 20]

As illustrated in Figure 1.3a), this process of micellization only happens
above a certain threshold concentration: the critical micelle concentration
(CMC). Below the CMC, the amphiphilic molecules are dispersed as unimers.
Even though the contact area between hydrophobic groups and water is in
principle thermodynamically unfavorable, mixing entropy averts micellization
at low concentrations. With increasing amphiphile concentration, however,
the contribution from the disturbed water network starts to dominate and
micellization sets in. In the classical theory, based on the seminal works of
Leibler et al. [21], this system is described through its Gibbs free energy

Gsystem = Gmic +Gmix − TSm, (1.1)

where Gmic is the free energy (per molecule) of a micelle, Gmix is the mixing
term of unimers and water and Sm is the translational entropy. In the so-called
pseudo-phase approximation, the micelles and unimers are considered as distinct
phases and the CMC is the amphiphile concentration at which the two phases
are in equilibrium.[22] However, the interfacial tension between hydrophobic
groups and water is typically high, so that the CMC is rather low and there is
only an insignificant amount of unimers present in solution. In that case, Gmix
and Sm become negligible and it is sufficient to consider the micellar free energy
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1. Introduction

per molecule Gmic to derive micellar properties. It consists of three terms:

Gmic = Gint +Gcore +Gshell. (1.2)

The unfavorable enthalpy Gint of hydrophobic-hydrophilic interfaces drives the
aggregation but it is countered by the terms Gcore and Gshell which describe
stretching, spatial restrictions and entropic penalties arising from aggregation
in the hydrophobic and hydrophilic moieties, respectively. The resulting overall
micellar free energy Gmic depends on the number of molecules per micelle,
Nagg, and has a minimum at a certain equilibrium aggregation number N0

agg.
Yet, these micelles are no static structures. Since they are not covalently
bound, they are subject to constant thermal fluctuations  as it is typical
for Soft Matter systems  which can lead to exchange of molecules between
micelles. This is the principal mechanism to reach thermodynamic equilibrium
and the time scale on which molecular exchange takes place depends mainly
on temperature and hydrophobicity, see Section 1.5 on page 14.2 This leads to
an aggregation number distribution as sketched in Figure 1.3b). Most micelles
contain N0

agg amphiphiles but due to thermal fluctuations, there is a certain
distribution ∆Nagg/Nagg ∝ N3/2

agg around it.[21] In addition, there is a number of
unimeric amphiphiles corresponding to the CMC and finally some sub-micelles
with aggregation numbers in between which are only transient as they are
thermodynamically unstable.

However, this thesis focuses on spherical micelles in thermodynamic
equilibrium, formed by amphiphilic block copolymers, which will be treated in
the next section. Therefore, the topic of micellization is not discussed further
here and the interested reader is referred to the literature.[19–21, 23, 24]

1.2.2 Morphology

There have been a number of theoretical studies to predict the equilibrium
structure of polymeric micelles which can be divided into two groups. Firstly,
there are models based on Flory-type mean-field theories.[21, 22, 25, 26]
These theories require a homogeneous core and shell, though, which is a good
approximation for thin shells but not applicable to micelles with extended shells
where the local polymer concentration is expected to decrease further from the
core. Here, scaling approaches are more suitable which exploit the self-similar
properties of polymers in solution.[27–30]

The micellar systems presented in this thesis exhibit an extended spherical
shell because the hydrophilic block is much larger than the hydrophobic one.
These kinds of micelles are also called star-like micelles due to their resemblance
to starpolymers. The most established model for spherical, star-like micelles is
that of Halperin and Alexander [27, 28] which builds on the ideas of Daoud and
Cotton [31]. The model assumes a homogeneous, solvent-free core comprising
the hydrophobic blocks which is surrounded by a shell of swollen hydrophilic

2If molecular exchange is slower than the experimental time scale, one speaks of kinetically
trapped systems.
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blocks, the so-called corona. Based on the self-similar properties of the swollen
hydrophilic blocks, the local polymer concentration in the corona is supposed
to decrease ∝ r−4/3 with the distance r from the core. Later, the model was
extended by Zhulina et al. to also accomodate swelling of the core and non-
spherical morphologies.[32, 33] According to these scaling theories, the micellar
size is mostly determined by the degree of polymerization of the hydrophobic block
n, the degree of polymerization of the hydrophilic block m and the interfacial
tension γ between hydrophobic core and water-swollen corona. By minimizing
the micellar free energy Gmic, Equation (1.2), Zhulina et al. [32] found that the
aggregation number of spherical, star-like micelles scales as

Nagg ∝ γ6/5 n4/5. (1.3)

With a solvent-free, spherical core, this immediately leads to a core radius of

Rc ∝ γ2/5 n3/5. (1.4)

Furthermore, by assuming water is a good solvent for the hydrophilic block
(Flory exponent ν = 0.588 ≈ 3/5 [34]), the thickness of the corona scales as

D ∝ γ6/25 n4/25m3/5. (1.5)

In addition, there is also a geometrical approach to derive how the aggregation
number Nagg scales with the length of the hydrophobic block n. In the so-called
super-strong segregation limit (SSSL) [35], i.e., when γ is very high, one can infer
that the corona blocks are packed as densely as possible on the core surface
to minimize the surface area per molecule, s = 4πR2

c/Nagg. In this case, s
would equal the monomer cross-section a2, with the monomer size a. A simple
geometrical consideration then yields 4πR2

c = Nagga
2 and 4πR3

c/3 = Naggna
3,

which results in [36]
Nagg ∝ n2. (1.6)

This behavior is usually found for low-molecular-weight surfactant micelles.[23,
36]

1.2.3 Mixed Polymeric Micelles

As discussed above, the (structural) properties of polymeric micelles depend
on different factors, most importantly the chemical nature of the constituting
polymer blocks as well as their respective degree of polymerization. For specific
applications, exact control over these parameters is crucial and this can pose
a severe challenge in the synthesis process. Even though the advance of
living ionic and controlled radical polymerization have improved the accuracy
of polymer synthesis tremendously [37], exactly controlled polymerization is
still difficult and inherently the products have a (small) Poisson-distributed
polydispersity. Fortunately, the blending of block copolymers has turned out
to be a facile and efficient method for fine-tuning micellar properties. In fact,
this concept has already proven its worth both in natural (e.g., lipid mixtures in
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biological membranes) and artificial systems (e.g., personal care products). Hence,
copolymer blending has also attracted research interest. For instance, it has
been exploited to tune thermodynamic properties and the rheological response of
polymeric micelles [38–41], to improve the physical stability and enhance loading
capacities for drug delivery applications [42–45] or to create completely novel
morphologies [46–50]. In addition to this intentional blending, the polydispersity
inherent to polymerization techniques can also be understood as a form of
mixture. It was even postulated that, under certain conditions, polydispersity
increases the micelle stability and leads to a narrower size distribution.[51]
Therefore it is important to investigate the effect of blending different block
lengths on the micellar properties. Accordingly, a lot of computational and
experimental studies have been performed which will be discussed in more detail
in Section 4.2.2 on page 69, in the discussion of the results of the present work.

There have also been theoretical treatments of the topic.[52–54] Shim et
al. have studied copolymers with soluble blocks of the same chemical nature
but different lengths and insoluble blocks of the same length but a different
chemical nature.[52] They found two possible scenarios when the overall polymer
concentration is gradually increased, depending on the ratio of the two species
in solution. Either mixed micelles are formed immediately upon crossing the
(common) CMC or one species micellizes first and then the other species is
incorporated into these micelles gradually. Sens et al. extended this work and
investigated copolymer mixtures of the same chemical nature but where all block
lengths of both hydrophobic and hydrophilic blocks are varied.[53] They reported
a somewhat different finding: If the difference between the copolymer blocks
are “not too large”, mixed micelles are formed. With larger differences, though,
pure micelles of the larger block coexist with mixed micelles. In the context of
the present thesis, it is particularly interesting that they predict identical core
blocks with moderately mismatched corona blocks to always form mixed micelles,
whereas only a slight mismatch in the core blocks with identical corona blocks
can already prohibit mixed micelles. They concede, however, that this might
only be true for asymptotically long polymers and in reality might be blurred
by the inherent polydispersity. Yet, for the work presented here, the theory of
Borovinskii and Khokhlov is probably most suitable as they analyzed copolymer
blends with very long, identical corona blocks and mismatched core blocks.[54]
They identified five concentration regimes: At very low overall concentration,
only unimers are present in solution. Upon crossing the longer blocks’ CMC,
these micellize first while the shorter blocks mostly stay unimeric. Then, even
though still below the shorter blocks’ CMC, these start to be incorporated into
the existing micelles. When the concentration is increased over the shorter
blocks’ CMC, a part of the shorter copolymers is incorporated in the longer
blocks’ micelles and the excess short chains form a population of pure short-
block micelles. Finally, well above the CMC of both species, mixed micelles of
approximately equal size and composition dominate as long as the difference
between the core blocks is “not so great” [54]. Otherwise, this last regime cannot
be observed. These theoretical predictions will be compared with the results of
the present work and other experimental findings in Section 4.2.2 on page 69.
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Figure 1.4: Illustration of the Vilgis and Halperin model for core-crystalline
micelles.

1.3 Crystallinity in Polymeric Micelles

So far, we mainly discussed the hydrophobic effect [18] as driving force behind
micellization  or, more general, the selectivity of the solvent towards one of
the copolymer blocks. But there are also other interactions that can trigger
aggregation. One example that has attracted significant attention in recent years
is crystallization. The so-called crystallization-driven self-assembly (CDSA)
approach allows for unprecedented control over the micellar morphology and
opens up many new applications.[55–57] It will be discussed in the following
section. Crystalline micellar cores also have effects on possible applications.
In micelles employed for drug delivery, for instance, it was shown that core
crystallization can retard the drug release [58] but at the same time reduces the
micellar loading capacity [59]. Moreover, crystallization affects the molecular
exchange kinetics between micelles.[60, 61]

Theoretically, the topic has been treated by Vilgis and Halperin who proposed
a model for micelles with crystalline cores.[62] In this model, the hydrophobic
blocks undergo chain-fold crystallization as depicted in Figure 1.4 and form
cylindrical or disk-like cores. The hydrophilic blocks are grafted on the basal
planes of the core and, in the limit of long hydrophilic blocks, form an extended
corona that would be nearly spherical, despite the aspherical core. Surprisingly,
these assumptions lead to the same scaling laws as those for star-like micelles,
Equations (1.3) to (1.5) on page 7, which can be partly explained by the fact
that the enthalpy gain upon crystallization is independent of the aggregation
number and thus does not influence the aggregation behavior.
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1.3.1 Crystallization-Driven Self-Assembly

As mentioned above, CDSA has introduced unprecedented control over micellar
structures.[55–57] Conventional micellar (self-)assembly routes have difficulties
producing low-dimensional structures like cylinders or platelets. They often
only coexist with other morphologies and/or occur only in limited regions of the
phase diagram. In contrast, CDSA has excelled in producing such structures.
For example, the groups of Ian Manners and Mitchell A. Winnik [63–66] as well
as Rachel K. O’Reilly [67, 68] have presented remarkable works.

Even though crystallization can be the sole driving force behind self-assembly
in a common solvent, it usually acts together with solvent selectivity. The
common understanding is that CDSA is a two-step process: The selectivity of the
solvent drives the initial aggregation of solvophobic blocks which then crystallize
and determine the final micellar shape. The origin of CDSA can be traced
back to 1998, when Massey et al. reported the formation of cylindrical micelles
driven by core-crystallization.[69] The concept was further evolved into living
CDSA, starting with the work of Wang et al.[70] Like in living polymerization
techniques, the micellar ends remain “active” and micellar growth can continue
when more material is added to the solution, allowing defined structures up to
the multi-micrometer range. These structures might find applications in different
fields, from drug and gene delivery over nanomotors to optoelectronic devices.[57]

1.3.2 Crystallization in Micellar Confinement

Nonetheless, crystallization in the confined space of a micellar core exhibits
several peculiarities [71, 72], which will be addressed in the following. Common
techniques to investigate the crystalline nature of a material are X-ray diffraction
(XRD) and/or wide-angle X-ray scattering (WAXS). Yet, when the crystallites,
i.e., the coherently scattering crystalline domains, are very small, the diffraction
peaks become broadened. This effect was first described by Paul Scherrer in
1918 [73]:

∆(2θ) & K λ

d cos (2θ/2) , (1.7)

where ∆(2θ) is the peak width, K ≈ 1 a shape factor, λ the X-ray wavelength, d
the crystallite size and 2θ the scattering angle. Thus, Bragg peaks can become
non-distinguishably broad in the case of nanometer-sized crystallites such as in
micellar cores. In addition, the fact that the hydrophobic blocks are tethered
to the core-corona interface limits the achievable crystallinity. This was found
by Nojima et al. who in a clever experiment prepared poly(δ-valerolactone)-
polystyrene (PVL-PS) diblock copolymers which formed spherical PVL domains
in a PS matrix.[74] The gist of the experiment, however, was that the block
junction was photocleavable. So they could directly compare the crystallization
behavior of tethered PVL blocks in the PS matrix with free PVL chains in the
same matrix and found that the former displayed a reduced crystallinity. This was
shortly after verified via Monte Carlo simulations by Cai et al.[75] They confirmed
that the grafting sites reduced the achievable crystallinity but at the same time
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the chain stretching caused by the tethering to the core-matrix interface allowed
for faster crystallization. In addition, Das et al. reported that block length
polydispersity can further reduce the crystallinity in micellar cores.[76] Thus,
reported degrees of crystallinity in polymeric micelles are typically in the range
of 30 – 50 %.[77–79]

Another interesting aspect refers to the mechanism of crystallization. Due
to their smallness, micellar cores are practically devoid of impurities which
would serve as crystallization seeds. Hence, crystallization can only occur
homogeneously and takes place independently in every single micelle.[80] But
also surface freezing has been proposed as principal nucleation mechanism.[81]
Nevertheless, each micellar core crystallizes independently which means that
the crystallites, which are highly imperfect due to the spatial confinement,
also exhibit different melting points. Despite being individually sharp, the
superposition of all micellar melting transitions thus leads to broadened melting
ranges of the macroscopic sample.[82] Another consequence of homogeneous
crystallization in micellar cores is that tremendous undercooling is necessary
to induce crystallization. For example, in the study mentioned above, Nojima
et al. reported that they observed crystallization of the PVL blocks about 80 K
below the melting point.[74] However, a part of the melting/crystallization
point suppression can also be explained by the Gibbs-Thomson effect. Under
nanometer confinement, the surface-to-volume ratio of the confined material is
greatly increased and, because the surface creates an excess energy for the solid
phase, the equilibrium is shifted towards the liquid phase.[83–85] Petrov and
Furo gave the melting point depression as [84]

∆Tm = T 0
m − Tm = VM γ T 0

m

∆Hm

∂S

∂V
, (1.8)

where T 0
m is the bulk melting temperature, Tm the melting point in confinement,

VM the material’s molar volume, γ the interfacial tension, ∆Hm the molar
melting enthalpy, S the pore surface and V the pore volume. Thus, the factor
∂S/∂V depends on the pore geometry. For spherical pores with radius Rc, one
obtains

∆Tm = VM γ T 0
m

∆Hm

2
Rc
. (1.9)

1.3.3 Crystallization of n-Alkanes

A significant part of this thesis deals with micelles where n-alkyl groups form
the hydrophobic block. Therefore, the particular crystallization behavior of
n-alkanes will be briefly reviewed in the following.3 Despite their chemical
simplicity, alkanes exhibit a surprisingly rich phase diagram.[86] A well-known
example is the odd-even effect: The melting points of alkanes with an even

3Throughout this thesis, we only treat linear n-alkanes. To avoid confusion with the index
n, denominating the number of carbon atoms in an alkane Cn, we will in the following omit
the leading n in n-alkanes and still refer exclusively to linear alkanes.
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Figure 1.5: Melting curve of pure docosane (C22) measured with DSC at a
scan rate of 0.5 K/min. (unpublished data)

number of carbon atoms are systematically higher than those of alkanes with
an odd number of carbon atoms because even-numbered alkanes can form
crystals of higher order. However, the effect flattens out among longer alkanes.
Another interesting feature is the existence of so-called rotator phases. They
are intermediate phases between the solid crystalline and liquid phase where
the alkane molecules retain their longitudinal order but gain a rotational degree
of freedom around their axes. Figure 1.5 shows a DSC melting curve of pure
docosane (C22) which clearly reveals two transitions: from the crystalline phase
to the rotator phase and then to the melt. Interestingly, alkanes of all lengths are
completely miscible in the melt state but tend to de-mix in the solid phase if the
length mismatch is too large. The associated mixing rules have been determined
by Kravchenko: For instance, alkanes with a length mismatch ∆n ≥ 4 are
immiscible in the solid phase if n < 28.[86, 87] These rules have been confirmed
experimentally in a number of cases.[88–90]

The crystallization behavior of alkanes under confinement has been extensively
studied by the group of Dujin Wang.[81] They prepared nearly monodisperse,
alkane-containing microcapsules with diameters of 1 – 5 µm and investigated
the alkane crystallization with DSC, XRD and NMR. Beside the phenomenon
of surface freezing, which they propose as principal nucleation mechanism in
confinement, they also studied the behavior of alkane mixtures under confinement.
Interestingly, they found that phase separation of length-mismatched alkanes in
the solid phase was suppressed in microcapsules because the main separation
mechanisms, lamellar ordering and longitudinal diffusion, are restrained under
confinement.

The results of the present thesis shed light on the crystallization behavior
of alkanes under even stronger confinement: in nanometer-sized micellar cores,
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using the Cn-PEOx model system presented in the following section. We also
investigated how core crystallization affects the micellar morphology  with
possible implications for CDSA.

1.4 Cn-PEOx as a Model System

In the context of this thesis, micelles formed from poly(ethylene oxide)-mono-
n-alkyl ethers, Cn-PEOx, with relatively long alkyl blocks, n ≥ 16, serve as
model system. To better understand complex phenomena, it is customary to
employ simpler, well-defined model systems for which Cn-PEOx is a prime
example. Here, the index n denotes the number of carbon atoms in the alkyl
block and x the PEO molecular weight in kg/mol. When dissolved in water,
these molecules typically form well-defined micellar entities which have been
used to investigate the fundamental properties of non-ionic amphiphilic block
copolymers. The highly hydrophobic, core-forming alkyl blocks represent the
simplest hydrocarbons and are usually monodisperse. The hydrophilic, corona-
forming PEO blocks, on the other hand, are relatively inert and can be synthesized
with very low polydispersities (Ð < 1.05) by living polymerization techniques.

Commercially, a number of Cn-PEOx derivatives are available under the
trade name “Brij” and have found several applications, among others in the
pharmaceutical sector.[91–96] Due to its archetypical features, Cn-PEOx has
been extensively employed to study micellar aggregation [97–103] and rheological
response [40, 104]. Furthermore, it has proven to be particularly suited to study
the molecular exchange kinetics between polymeric micelles  see Section 1.5.2
on page 15. The exchange rates depend exponentially on the length of the
hydrophobic block and thus the inherent polydispersity of conventional polymers
has rendered quantitative studies difficult. But since the alkyl blocks of Cn-PEOx
are truly monodisperse, it allowed for precise interpretation of experimental
data.[61, 105, 106] Finally, Cn-PEOx also exhibits (partial) core crystallization
[77, 107, 108], making it an interesting model system to study alkyl crystallization
under nanometer confinement with implications for CDSA. For example, Zinn
et al. reported that the alkyl blocks in Cn-PEOx micelles exhibit a melting
point suppression according to the Gibbs-Thomson effect, Equation (1.8) on
page 11.[108] In another study, Plazzotta et al. found that core freezing led to
size segregation in a mixture of C18-PEO1 and C18-PEO5, even though the core
blocks were identical.[109] The same group later exploited core freezing to trigger
the release of a hydrophobic cargo from the micellar core.[110]

In the context of the present thesis, Cn-PEOx was employed to investigate the
crystallization behavior of alkyl groups in micellar cores and how crystallization
affects both micellar morphology and exchange kinetics as well as related
phenomena.
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Figure 1.6: a) Two possible mechanisms for the exchange of molecules between
micelles. b) Expulsion of a molecule as pictured in the Halperin-Alexander
theory.

1.5 Molecular Exchange Kinetics in Polymeric Micelles

As mentioned in the previous section, Cn-PEOx is an excellent model system
to investigate the molecular exchange kinetics in polymeric micelles and is used
to that end also in parts of the present work. Molecular exchange is the key
process for polymeric micelles to attain thermodynamic equilibrium structures.
When amphiphilic copolymers are dispersed in a selective solvent, they rapidly
assemble in non-equilibrium micelles first which then equilibrate by exchanging
unimers.[111]

1.5.1 Theory of Molecular Exchange

In principle, one can think of two possible mechanisms to exchange molecules
and attain equilibrium micelles [112], which are depicted in Figure 1.6a): Either
micelles fuse and fission and thereby shift molecules or individual molecules are
exchanged via free unimeric diffusion. Although fusion and fission has been
observed in surfactant micelles [113, 114], it does usually not occur in polymeric
micelles with long hydrophilic blocks because the extended coronas sterically
hinder fusion events. Instead, the dominant exchange mechanism is unimeric
exchange.[115]

Based on the works of Aniansson and Wall [116, 117], Halperin and Alexander
developed a theory to describe that mechanism.[115, 118] Based on an estimation
of the respective activation energies, they concluded that in polymeric micelles
unimer exchange is the dominant mechanism. They then derived an expression
for the corresponding relaxation rate by adopting Kramers’ rate theory [119,
120] to polymeric micelles. The main difference is that in polymeric micelles
the passage through the corona slows down the process and becomes the rate-
determining step in the expulsion process. Thus, they pictured the expulsion as

14



Molecular Exchange Kinetics in Polymeric Micelles

a two-step process  compare Figure 1.6b): First, the core block forms a “bud”
at the core-corona interface and then the whole molecule diffuses through the
corona. The re-insertion into another micelle, on the other hand, is expected to
be very rapid since it is enthalpically favorable. Therefore, the expulsion process
is the rate-limiting step in molecular exchange between polymeric micelles and
Halperin and Alexander found the associated rate constant to scale as

k ∝ exp
(
−n

2/3 γ a2

kBT

)
, (1.10)

where a is the monomer size of the core block. Thus, the time scale of molecular
exchange is very sensitive to the length of the core block n and the interfacial
tension γ between core and corona. All other parameters influence the expulsion
rate in a non-exponential fashion.

According to the theory described above, the exchange of molecules between
polymeric micelles is a thermally activated process with a single-exponential
relaxation function

R(t) = exp(−kt), (1.11)

where the rate constant k depends on an activation energy Ea in an Arrhenius
relation

k = 1
τ0

exp
(
− Ea
kBT

)
. (1.12)

The activation energy Ea ∝ n2/3γ is mainly determined by the enthalpic penalty
arising from the newly created hydrophobic surface in the budding step. To
account for non-spherical “buds” as well as other correction factors, the activation
energy was later re-formulated as [121]

Ea = αγ (36π)1/3 a2 nβ . (1.13)

The exponent β depends on the bud shape (2/3 < β < 1: for a spherical shape
β = 2/3 and for an elongated shape β = 1) and α allows for further corrections,
e.g., relating to the bud-corona interaction and deviations in shape.

1.5.2 Experimental Work on Exchange Kinetics

The experimental observation of polymer exchange kinetics, however, proved
to be difficult. There were promising experiments using ultrasonic absorption
[122, 123] but in the end it was concluded that the observed relaxation processes
could not be identified with molecular exchange.[123] Other techniques like
non-radiative energy transfer [124] or fluorescence quenching [125–128] require
bulky labels with unknown influence on the kinetics. Even transmission electron
microscopy (TEM) was employed [129, 130] but was of course limited to very
long observation times. More successful were temperature-jump light scattering
experiments which extensively investigated the exchange kinetics in poly(ethylene
oxide)–poly(propylene oxide)–poly(ethylene oxide) (PEO-PPO-PEO) triblock
copolymer micelles.[122, 131, 132]
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The actual breakthrough in the observation of micellar equilibrium exchange
kinetics, though, came with the advent of kinetic zero-average-contrast (KZAC)
neutron scattering experiments.[133] In short, it is a hydrogen/deuterium labeling
scheme that allows to monitor the equilibrium molecular exchange without
disturbance with down to millisecond time resolution.4 Even though this new
scheme provided excellent experimental data, it was still difficult to align them
with the Halperin-Alexander theory. The molecular weight (MW) polydispersity
inherent to synthetic polymers in combination with the strong sensitivity of the
exchange rate to the block length hindered correct data evaluation. In 2006,
Lund et al. performed a KZAC study on star-like poly(ethylene-propylene)-
poly(ethylene oxide) (PEP-PEO) micelles in water/DMF mixtures.[134] In
contrast to the single-exponential relaxation function predicted by the Halperin-
Alexander theory, they found a logarithmic decay. Even though they considered
the effect of polydispersity via convolution with a MW distribution P (n),

R(t) =
∫ ∞

1
P (n) exp(−k(n) t) dn, (1.14)

with the exchange rate k(n) according to the Halperin-Alexander model,
Equation (1.10), they could not explain their data satisfactorily. But some
time later, Choi et al. studied a similar system, polystyrene-poly(ethylene-
propylene) (PS-PEP) in squalane, and succeeded in describing their data with
a slightly adjusted version of Equations (1.10) and (1.14).[135] Like Lund et
al., they found a logarithmic decay of the relaxation function. But instead of
a Poisson MW distribution, they assumed a Schulz-Zimm distribution. The
decisive factors, however, were that they used β = 1 instead of β = 2/3 
compare Equations (1.10) and (1.13)  and allowed slight adjustments of the
Flory-Huggins interaction parameter χ and the polydispersity index Ð.5 By
only adjusting these two parameters, they achieved a good description of their
experimental R(t). While χ mostly affected the time scale of the exchange, Ð
had a tremendous effect on the shape of the relaxation function: Already a
moderate polydispersity broadened the expected single-exponential R(t) into a
logarithmic shape. In the light of these results, Lund et al. re-analyzed their
data, adjusting the parameter α in Equation (1.13), and also achieved good
agreement with their data, now in line with the Halperin-Alexander theory.[136]
These works underlined the strong sensitivity of micellar exchange kinetics on
both the core block length n and the interfacial tension γ / interaction parameter
χ due to the double-logarithmic dependence of the relaxation function.

Li and Dormidontova performed computer simulations of monodisperse
diblock copolymers and indeed detected a single-exponential relaxation function
with k ∝ exp(χn).[137] Yet, they observed not only single-chain exchange but
also exchange of smaller aggregates as well as fusion/fission. But since they
only simulated very short chains, the steric repulsion of extended coronas might

4It will be presented in more detail in Section 3.1.5 on page 47.
5The Flory-Huggins interaction parameter χ corresponds to the interfacial tension γ in

Equation (1.13).
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not have been strong enough to stop fusion events. Nevertheless, convincing
experimental evidence for the Halperin-Alexander model was presented by Zinn
et al. in 2012.[105] They employed Cn-PEO4 with truly monodisperse alkyl core
blocks in a KZAC neutron scattering experiment and in fact observed a single-
exponential relaxation function with a strong dependence on the alkyl block
length. Even though the Halperin-Alexander theory appeared to be confirmed
by then, Garcia Daza et al. later presented a simulation study where they
surprisingly reported a logarithmic exchange despite simulating monodisperse
polymers.[138] They explained it by a degeneracy of the energy states in the
micellar core which would be broken upon chain expulsion and therefore lead
to a broad distribution of activation energies. However, the logarithmic decay
was only observed in a rather limited range, 0.9 > R(t) > 0.6, and experimental
evidence is missing to date.

Further experimental work investigated the effect of micellar morphology
on the molecular exchange kinetics. Lund et al. studied PEP-PEO cylindrical
micelles that irreversibly changed to a spherical shape upon heating or addition
of DMF.[139] Instead of a Poisson MW distribution, which would be theoretically
appropriate for polymers synthesized via living anionic polymerization, they
employed a Schulz-Zimm distribution to account for side reactions and
incomplete polymerization and that way successfully reproduced their data with
Equations (1.12) to (1.14). Interestingly, they found the exchange in spherical
micelles to be marginally but significantly faster compared to cylindrical micelles
and explained it with the slightly decreased corona density in the spherical
geometry. A similar result was found by Zhao et al. who prepared micelles of
different sizes from the exact same copolymer, using two different preparation
protocols.[140] The exchange in the larger micelles was significantly slower,
supposedly due to the higher surface density of PEO chains on the core, retarding
the expulsion process. The effect of corona density has also been addressed
in other publications. Choi et al. observed a significant slowdown of exchange
at elevated polymer concentration.[141] The effect set in above the micellar
overlap concentration, when all sample volume is occupied by the micelles.
Therefore, expulsed chains do not escape into the free solvent anymore but
remain inside a spatially constrained, coronal environment and the entropic
penalty slows down the kinetics. This work prompted Halperin to extend the
classical kinetic theory by two corrections factors: a free energy penalty for the
presence of the bud in the corona and the altered micellar free energy Gmic,
Equation (1.2) on page 6, due to the removal of one chain.[118] In addition, Lu
et al. created an analogous situation by adding PEP homopolymer to a solution
of PS-PEP micelles in squalane, resulting in the same effect of retarded exchange
because of coronal crowding.[142] Another interesting question refers to the
length of the hydrophilic block. While there is consensus about the effect of the
hydrophobic block length n, the effect of the hydrophilic block length m is still
somewhat disputed. The original Halperin-Alexander theory [115] postulated
increased exchange rates with shorter corona chains because the passage through
the corona is shortened. This was confirmed by Zinn et al. using C27-PEOx
with varying PEO molecular weight [106] and also agrees with the previously
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mentioned studies on micellar morphology [139, 140]. In contrast, both Li
and Dormidontova and Wang et al. observed accelerated molecular exchange
in micelles with longer corona blocks.[137, 143] They proposed that the longer
chains experience a greater entropic penalty in the micellized state, lowering
the free energy gain of micellization and thus facilitating expulsion. A unifying
explanation for these contradictive findings has yet to be found.

Moreover, the effect of the Flory-Huggins interaction parameter was discussed
in the literature. According to the Halperin-Alexander theory [115], the activation
energy of chain expulsion depends linearly on χ / γ  see Equation (1.13) on
page 15  and this was confirmed by the simulations of Li and Dormidontova
[137]. By blending two different solvents, Ma and Lodge systematically varied χ
in poly(methyl methacrylate)-poly(n-butyl methacrylate) (PMMA-PnBMA)
micelles.[144] Yet, their data were not commensurable with the Halperin-
Alexander model and therefore they proposed a more elaborate χ dependence,
inspired by the classical Flory-Huggins theory. The modification mainly corrects
the behavior of Ea at low χ, whereas at high χ it approaches the classical linear
dependence. Wang et al. later aimed to test the modified χ dependence by using
another block copolymer, PS-PEP, and found a similar relationship, indicating
that the model proposed by Ma and Lodge might be universally valid.[145]

As outlined in Section 1.2.3 on page 7, mixed micelles have attracted increased
research interest and hence their exchange kinetics has been explored as well.
It was addressed by Lu et al. in two publications where they investigated
PS-PEP micelles with length-mismatched core blocks.[146, 147] Exploiting a
smart labeling scheme, they monitored the molecular exchange of both species
individually and found that they are independent. The exchange rate of the
shorter/longer species was the same in both pure and mixed micelles. Very
recently, Prhashanna and Dormidontova reported the same phenomenon in
computer simulations of mixed micelles comprising linear copolymer chains.[148]
However, they observed that copolymers with different architectures, namely
linear and tadpole polymers, did affect each other’s exchange rates when blended
in the same micelle. In general, the effect of polymer architecture on the
exchange kinetics has been investigated lately [148–151] but this is the topic of
Section 1.5.3.

Furthermore, it remains a rather open question how core crystallization
influences the molecular exchange. Kastantin et al. employed fluorescence
quenching to monitor the exchange rates in lipid-PEO micelles. The lipid core of
these micelles exhibited a solid-liquid transition and, interestingly, the activation
energy of the process was significantly reduced in the liquid phase compared to
the solid phase. Although the lipid tails did not adopt a thorough crystalline
phase below the melting point, the results still point towards an additional free
energy barrier imposed by the solidification. As mentioned above, also the cores
of Cn-PEOx micelles crystallize partially. Zinn et al. hypothesized that the
melting enthalpy might be added to the activation energy, Equation (1.13) on
page 15, arising from the extra hydrophobic surface upon chain expulsion but
some more experimental work was necessary.[61, 104] This missing work is part
of the present thesis, shining more light on the interplay of crystallization and
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molecular exchange in polymeric micelles.
Finally, we would like to remark that molecular exchange is not exclusively

triggered by thermal fluctuations. Many micellar systems are in fact kinetically
trapped, meaning that the thermal energy is not sufficiently high to overcome
the free energy barrier for chain expulsion. These systems are therefore stuck
in non-equilibrium states and the observed micellar structures highly depend
on the preparation route.[140, 152, 153] In these kinetically trapped systems,
molecular exchange can still be provoked by mechanical agitation. Murphy
et al. presented an interesting work where they monitored molecular exchange
between kinetically trapped poly(butadiene)-poly(ethylene oxide) (PB-PEO)
micelles in water, using the KZAC TR-SANS scheme.[154] They reported that
vortex mixing efficaciously triggered chain exchange and the kinetics were linear
with respect to the agitation time. Therefore, they suggested that the exchange
mechanism involved exchange of molecules via the air-water interface.

1.5.3 Exchange Kinetics in Triblock Copolymer Micelles

Also the block copolymer architecture has a strong effect on the molecular
exchange kinetics. In the previous section it was pointed out that already minor
changes in the coronal density, caused by different micelle morphologies, lead
to different exchange rates. Thus, more pronounced changes to the corona are
expected to affect the exchange kinetics even more. A particularly strong effect
can be seen in triblock copolymers where one hydrophobic block is sided by two
hydrophilic blocks. In comparison to diblock copolymer micelles of the same
hydrophobic block length and aggregation number, this would lead to a doubled
polymer density in the corona. Therefore, these triblock copolymers gain less
free energy from micellization and typically exhibit lower aggregation numbers
compared to their diblock counterparts.[150, 151] But this also entails that the
activation energy for chain expulsion is significantly decreased and these micelles
exhibit greatly accelerated molecular exchange which was confirmed by both
experiment [149] and computer simulations [150, 151]. In case the hydrophobic
block length is doubled as well, on the other hand, so that the triblock molecule
simply resembles two conjoint diblock molecules, differences between diblock
and triblock micelles are less severe. For example, Lund et al. studied the
structure and exchange kinetics of PB10-PS10 diblock and PB10-PS20-PB10
triblock copolymer micelles in aliphatic solvents, where the numbers denote the
approximate molecular weight in kg/mol and PS formed the micellar cores.[155]
SANS experiments revealed a nearly identical structure of the two micellar
species but the molecular exchange kinetics of triblock micelles monitored by TR-
SANS was strongly retarded compared to the diblock micelles. The phenomenon
could partly be explained by the doubled length of the PS block, compare the
Halperin-Alexander theory in Section 1.5.1 on page 14, but the authors also
found indications for topological effects, i.e., entanglement of PS chains in the
core.

The micellar morphology and exchange kinetics are, however, even more
affected by the inverse polymer architecture: when one hydrophilic block is
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sided by two hydrophobic blocks. These kinds of triblock copolymers fall into
the category of telechelic polymers. Telechelic polymers are defined as “a di-
end-functional polymer where both ends possess the same functionality” [156]
and often simply refer to hydrophilic polymers which are hydrophobically end-
functionalized. The common understanding is that at low concentrations 
but still above the CMC  these polymers mainly form “flower-like” micelles.
This means that both hydrophobic groups of a molecule are buried in the same
micellar core while the looped hydrophilic backbone forms a coronal “petal”. In
addition, there can be free hydrophobic groups in the solvent, so-called dangling
ends. At higher concentrations, the molecules form clusters where the backbone
block bridges between different micellar cores and at some point a percolating
network is formed.[157–159] This rich range of structures allows for several
applications, among others in drug delivery [160, 161], tissue engineering [162]
and manipulation of micellar interaction [163, 164].

Figure 1.7 illustrates the different possible structures of micelles comprising
both telechelic and monofunctional (i.e., diblock) molecules, where ftel is the
mass fraction of telechelic polymers in the blend. Conventional, monofunctional
polymers at low concentration form freely diffusing micelles as described in
Section 1.2. At higher concentration, they cannot diffuse freely anymore and soft
colloidal crystals arise. As soon as telechelic molecules are added, though, two
scenarios can occur: Either the telechelic chains bend back and form flower-like
micelles or one hydrophilic group stays in solution and star-like micelles with
dangling ends are created.6 At higher concentrations, transient clusters are
formed with telechelic molecules bridging between hydrophobic cores and, above
a certain threshold concentration, these clusters develop a percolating network
which macroscopically corresponds to a physical hydrogel.[165, 166]

Such structures have extensively been treated by both theory [167] and
experiment, using various techniques like fluorescence [98, 158], light scattering
[98, 158, 168–170] or neutron and X-ray scattering [102, 149, 159, 165, 166,
171, 172]. Yet, the investigation of the low-to-intermediate concentration range
proved to be non-trivial. It was theoretically predicted that non-percolating
clusters tend to phase-separate [173] and later also shown experimentally [168,
174]. Fortunately, Laflèche et al. found that telechelic micelles in solution can be
stabilized by blending in monofunctional molecules as depicted in Figure 1.7.[98,
170] Nonetheless, the existence of actual flower-like micelles in solution was long
disputed. In 2011, de Graaf et al. reported convincing evidence of flower-like
micelles employing light scattering in combination with NMR spectroscopy.[175]
Furthermore, Ghelichi and Qazvini presented an interesting computer experiment:
They simulated telechelic polymers with a chargeable middle block. When the
backbone was neutral, they observed flower-like micelles. But when the backbone
was charged, its rigidity was consequently increased and micellar clusters were
formed instead.[176] From a thermodynamic point of view, the prevalence of
flower-like or clustered micelles can be estimated from the free energy.[158, 177]
The opposing forces are the enthalpy gain of burying a hydrophobic group in a

6Of course, also behavior in between, with both looping and dangling chains, can occur.
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Figure 1.7: Possible structures formed by telechelic and monofunctional
molecules in solution, well above the CMC. Reprinted with permission from
Reference [102]. Copyright © 2017 American Chemical Society.

micellar core and the entropy penalty of loop formation. With long hydrophobic
blocks, the enthalpy gain dominates and flower-like micelles are produced. But
when the core blocks are short, the looping entropy is higher and dangling ends
are thermodynamically tolerable so that clusters can form. This was confirmed
experimentally by Zinn et al.[102] They studied mixed micelles comprising
Cn-PEO10-Cn and Cn-PEO5 (to prevent phase separation) with DLS and
SANS and found that longer alkyl blocks led to flower-like micelles whereas
shorter hydrophobic blocks promoted clustering, in agreement with the free
energy estimations of Alami et al. and Maiti and Chatterji.[158, 177] Another
interesting study on the behavior of telechelic polymer micelles was presented
by Abebe et al., who investigated PLA-PEO-PLA micelles with TR-SANS.[172]
Polymers with optically pure d-lactide or l-lactide repeat units formed stable
micellar solutions with active molecular exchange. But as soon as these two
solutions were mixed, stereocomplexes of d-lactide and l-lactide formed, locking
the molecular exchange and leading to a physical gel.

However, the most interesting feature of telechelic polymers is their rich
rheological behavior.[157–159, 165, 170, 171, 173, 178–180] Due to their ability to
form non-covalent bridges between hydrophobic entities, they exhibit phenomena
like non-Newtonian flow behavior and are immensely used as associative
thickeners in industrial applications. In their classical transient network theory,
Tanaka and Edwards have related the macroscopic relaxation rate of telechelic
gels measured by rheology krheo to the microscopic network relaxation rate
kexch, i.e., the dissociation rate of molecular bridges.[181] While the observation
of the macroscopic krheo is straight-forward, it is not trivial to measure the
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microscopic kexch and experimental studies are scarce. Zinn et al. measured
krheo of a C22-PEO10-C22/C22-PEO5 1:1 mixture (ftel = 0.5) and compared
it to the molecular exchange rate kexch of C22-PEO5 (ftel = 0) determined by
KZAC TR-SANS.[104] In agreement with the Tanaka-Edwards theory [181],
they found the same activation energy for both krheo and kexch. Even though
the absolute time scale was highly dependent on the polymer concentration, this
result indicates that the relaxation mechanism of the telechelic network involves
the release of only a single hydrophobic block at a time. If both hydrophobic
blocks were released simultaneously in the relaxation mechanism, the activation
energy would be doubled compared to the diblock exchange. However, Zinn et al.
did not measure the molecular exchange rate of the telechelic C22-PEO10-C22
directly.

To the best of our knowledge, the only direct measurement of kexch of
telechelic molecules so far was achieved by Lu et al.[149] They investigated PS-
PEP-PS and PEP-PS-PEP triblock copolymers in squalane, a selective solvent
for the PEP block, using the KZAC neutron scattering scheme. They found
the PEP-PS-PEP molecules to exchange much faster than the corresponding
PEP-PS diblock polymers and explained it by the additional entropy gain from
the second corona block upon chain expulsion. The PS-PEP-PS molecules,
on the other hand, exchanged much slower than the corresponding diblocks.
This is reasonable considering that there are two hydrophobic blocks that both
need to be expelled from the micellar core. Yet, the exchange was faster than
what would have been expected for the simultaneous release of two PS blocks
which, as mentioned above, would require twice the activation energy of the
respective diblock. Thus, Lu et al. suggested a consecutive release mechanism.
Unfortunately, they did not propose a quantitative explanation. This issue will
be addressed in the present thesis.

There is, however, a quantitative study on the exchange kinetics of telechelic
block copolymers in melt, i.e., without solvent: Yokoyama and Kramer
prepared thin films of (partly deuterium-labeled) PVP-PS-PVP triblock and
PS-PVP diblock copolymers and measured polymer diffusion with forward
recoil spectrometry (FRES). The polymers assembled into a bcc structure of
spherical domains consisting of the PVP blocks embedded in a PS matrix. The
authors measured both tracer-diffusion (triblock diffusion in a diblock matrix)
and self-diffusion (triblock diffusion in a triblock matrix). In both cases, the
diffusion coefficient followed an exponential decay exp(−χn) where χ is the
Flory-Huggins interaction parameter and n is the degree of polymerization of
the core-forming PVP block. This agrees with the Halperin-Alexander theory of
molecular exchange of polymer micelles in solution, compare Equations (1.12)
and (1.13) on page 15, and suggests that only one PVP block is “activated”
at a time. Yokoyama and Kramer coined the term walking diffusion for this
mechanism, where the triblock diffuses by step-wise shifting one PVP block from
one node to another. Even though the activation energies of diblock diffusion,
triblock tracer diffusion and triblock self-diffusion were the same, the triblock self-
diffusion was still significantly slower, supposedly due to topological constraints,
i.e., molecular knots of the PS backbones. When the spacing between the
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PVP domains was increased, though, the triblock diffusion coefficient scaled as
exp(−2χn) at elevated temperatures (lower χ), indicating a “double activation”
of both PVP blocks simultaneously, because the PS block was not long enough
for bridging anymore and the gain in entropy of the PS block compensated
the enthalpy loss in the PVP blocks upon expulsion. These interpretations
were shortly after confirmed by computer simulations [183] and inspired our
interpretation of the exchange mechanism in flower-like telechelic micelles in
solution  compare Section 4.3.2.

1.6 Self-Assembling Antimicrobial Peptides

Previously, we have used well-defined polymeric model systems like Cn-PEOx to
investigate the fundamental laws governing self-assembly and molecular exchange,
including the works constituting this thesis. But we also aimed to transfer this
knowledge to more complex systems and confirm that the observed fundamental
relations still hold. As a biologically and medically relevant example, we chose
a self-assembling antimicrobial peptide which, in collaboration with He Dong
from the University of Texas at Arlington, we studied in terms of self-assembled
structure and molecular exchange. Therefore, the following section will briefly
introduce (self-assembling) antimicrobial peptides and review recent works on
the specific peptide studied in the present thesis.

Increasing bacterial resistance against conventional antibiotics is one of
humankind’s greatest challenges in the 21st century.[184] As soon as a new
antibiotic enters the market, the “development of resistance is not a matter of if
but only a matter of when”.[185] Most conventional small-molecule antibiotics
act on specific molecular targets within bacteria, which are often involved in
critical processes like cell wall synthesis, protein synthesis, or DNA replication
and repair. By exploiting biochemical differences between prokaryotic and
eukaryotic cells, selectivity towards the bacterial pathogen is ensured, so that
the antibiotic has minimal side effects for the host. Yet, the mode of action
of an antibiotic substance can be ineffective in mutated individuals.[185] Since
microbial infections involve large numbers of bacteria and they reproduce at a
high rate, mutants with antibiotic-resistant attributes occur relatively quickly
and they soon dominate the colony because of their evolutionary advantage over
non-resistant neighbors. If these infections are not cured completely, the resistant
bacteria strain can spread. Thus, the lifetime of any antibiotic substance is
inherently limited. In addition, the spread of resistant bacteria is accelerated by
inappropriate and excessive use of antibiotics and, in the worst case, bacterial
strains develop resistance against multiple antibiotics. These multi-drug-resistant
pathogens are a severe threat in today’s hospital environments.[184] To fight
them, problematic antibiotics like Colistin, which had been abandoned due to
their adverse side effects, have been re-introduced as last-resort measures [186],
but even they face increasing resistance.[184] Therefore, beside a more mindful
use of antibiotics, health systems worldwide rely on the development of new
therapeutics.
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A viable alternative to conventional small-molecule antibiotics are antimi-
crobial peptides (AMPs): short cationic amphiphilic peptides, which have im-
munostimulatory or direct antimicrobiotic capabilities.[187, 188] They have been
part of the innate immune system of a multitude of organisms for millions of
years, without evolution of widespread bacterial resistance  in contrast to what
we currently observe with clinical antibiotics.[188, 189] Peschel and Sahl argued
that AMPs and bacterial resistance mechanisms have co-evolved, leading to a
“transient host-pathogen balance”.[188] Typical bacterial responses to host-issued
AMPs include enzymatic proteolysis, immobilization by excreted proteins, active
extrusion or changes in the membrane composition.[188] However, these measures
seem to be less effective against AMPs compared to small-molecule antibiotics,
because AMPs typically have multiple modes of action, target unspecific yet
essential parts of the pathogen like the cell membrane and act in concert with
other AMPs as well as other parts of the immune system.[187–190]

Unfortunately, in terms of clinical application, AMPs also exhibit a number of
drawbacks, in addition to their comparatively high production costs. Particularly
peptides based on l-amino acids are susceptible to proteolytic degradation,
limiting their lifetime in vivo. Moreover, AMPs are often poorly hemocompatible
and toxic towards host cells.[191] Yet, some of these deficits can be mitigated
through the formation of AMP superstructures via self-assembly.[192–194]

1.6.1 Effects of Self-Assembly

For a long time, most focus has been on the charge (distribution) and secondary
structure of individual AMP molecules and how they relate to antimicrobial
activity. Only rather recently, the potential of superstructures formed from
self-assembling AMPs (SAAMPs) has been spotlighted.[192–194] The driving
forces of AMP self-assembly are non-covalent interactions, typical for Soft Matter
systems: hydrogen bonds, electrostatic and hydrophobic interaction as well as
π-π stacking. Once an AMP self-assembles, its antimicrobial activity is inevitably
affected because the (surface) charge density distribution changes compared to
the unimeric state. In the extreme cases, self-assembly can infer antimicrobial
effects on an otherwise ineffective peptide or, conversely, a unimerically active
AMP can lose its efficacy in the assembled state [195]. In most cases, however,
some intermediate effect is observed. Very often, self-assembly does not create
antimicrobial activity by itself, but enhances already existing properties of the
unimeric AMP: Most importantly, SAAMPs exhibit decreased toxicity towards
host cells [196, 197] as well as increased selectivity and general antimicrobial
efficacy [197–199]. For instance, Liu et al. presented an SAAMP derived from a
human immunodeficiency virus (HIV) protein, functionalized with cholesterol
to promote self-assembly.[198] The resulting peptide micelles possess a broad
spectrum of antimicrobial activities and an increased therapeutic index in animal
models compared to the unimeric peptide. In addition, they were shown to cross
the blood-brain barrier, allowing the treatment of brain infections. In these
cases, strong intermolecular interactions are desirable to stabilize the structure.
Particularly if the peptides are to be administered systemically, which means
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they will be highly diluted, it is important that the SAAMP structure remains
intact to increase the serum circulation time.

Even if self-assembly mitigates the peptide’s antimicrobial activity, it still
offers unique advantages. As mentioned in the previous section, AMPs are
very susceptible to proteolytic degradation, limiting the life time in vivo. But
assembly into superstructures has been shown to protect potential enzymatic
cleavage sites, so even if they are less effective or not antimicrobial at all, they
can serve as unimer depot with sustained release kinetics.[192, 195] For example,
Tu et al. reported a de novo lytic peptide which in the unimeric state was
prone to enzyme digestion.[195] In the assembled state, on the other hand, the
peptide was resistant to enzymatic degradation but at the same time lost its
lytic capabilities. Yet, active peptide unimers were slowly released from the
self-assembled fibers. By tuning the intermolecular interaction, one could adjust
the release rate of such peptide depots. This principle in addition allows for
responsive peptide assemblies. Assembly and disassembly can be triggered by
environmental stimuli like pH, ionic strength or the presence of specific ions or
enzymes.[195, 200, 201] In the case of the lytic SAAMP of Tu et al., this could be
exploited to locally release active peptide unimers in the acidic environments of
cancerous tissue, while under physiological pH in the bloodstream the assembled
peptides remain dormant.[195]

A third feature of SAAMPs is that they can induce bacterial aggregation and
thus localize an infection and restrain it from spreading.[193] Human α-defensin 6
(HD6), for instance, though not bactericidal itself, forms fibrils and nanonets
that immobilize pathogens in the small intestine, exposing them for treatment by
other components of the immune system.[202] In contrast, the precursor peptide
proHD6 does neither self-assemble nor induce bacteria aggregation.[203]

In terms of morphology of SAAMPs, creativity knows no boundaries. Beside
the already mentioned micellar nanoparticles [198], there are reports about
hollow, virus-like capsids [204] or nanotubes [205]. Schnaider et al. took a
very minimalistic approach, using only a dipeptide: They investigated fibers
formed from diphenylalanine which permeate bacterial membranes and hence
induce cell death.[199] Due to the extraordinary chemical simplicity, they propose
diphenylalanine filaments as an antimicrobial platform for further modification
and development. In general, peptide filaments, often based on beta sheets, are
the most common structural pattern for SAAMPs.[195, 197, 199–201] These can
be utilized to form antimicrobial biomaterials like hydrogels. Salick et al. created
SAAMP-fibril-based injectable gels which can easily be administered via syringes
due to their shear-thinning properties.[201] The gels showed bactericidal activity
against methicillin-resistant Staphylococcus aureus and are thus interesting for
applications in wound healing and medical implants. To summarize, self-assembly
offers various advantageous features for AMPs, like boosted antimicrobial efficacy,
protection against enzymatic degradation, induction of bacteria aggregation and
formation of antimicrobial biomaterials.

Yet, there are still many open questions. Can self-assembled superstructures
act on internal targets? When self-assembly enhances the antimicrobial activity,
does the principle mode of action differ from the unimeric peptide? Does the
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peptide morphology change upon contact with the bacterial membrane? Which
role does the physical stability of the assembly play? Particularly the last
question has been addressed in the course of this PhD project, on the example
of a peptide family presented in the following.

1.6.2 Kx(QL)yKz Peptides

In the last years, the Dong group reported on a family of highly effective,
self-assembling AMPs based on the Kx(QL)yKz motif 7, abbreviated as XYZ,
with astounding hemocompatibility.[206–212] Using TEM, SAXS and circular
dichroism (CD) spectroscopy, they showed that these peptides self-assemble into
elongated filaments consisting of two sandwiched beta sheets held together by
hydrophobic interaction of the Leucine residues [207–211], as shown in Figure 1.8.
The chemical structure is also depicted in Figure 2.6 on page 35. The assembly
is the result of a delicate balance between attractive (hydrogen bonds between
peptide molecules and hydrophobic interaction between Leucine residues) and
repulsive forces (electrostatic repulsion of terminal Lysine residues). For example,
K2(QL)6K2 (262) forms well-defined filaments while K2(QL)4K2 (242) does not
because it has a shorter (QL)y block and thus less hydrophobic interaction
and hydrogen bonds but the same number of repulsive Lysine residues.[207]
Electrostatic repulsion also limits the filament growth so they do not precipitate.
The critical association concentration (CAC) of peptides with six QL repeat
units are on the order of 1 – 10µM, which corresponds to ∼ 10−3 – 10−2 mg/mL.
Above the CAC, there are almost no unimeric peptide molecules left in solution
due to autocatalytic growth of the filaments.[209–211] While the self-assembled
filaments have also been considered as vehicles for other active ingredients [207,
212], the main body of research focused on their inherent bactericidal capabilities.
In solution, minimal inhibitory concentrations (MIC) against common pathogens
like Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis and
Staphylococcus aureus are in the range of 10 – 100µM, i.e., well above the peptides’
CAC.[208–211] This already indicates that the filaments themselves are the
bactericidal moieties and not the unimeric peptide molecules for which the
filaments merely serve as vehicle. While it was clear from scanning electron
micrographs early on, that the mode of action involves disruption of the bacterial
membranes [209], it was later confirmed by solid-state NMR spectroscopy that
the mode of action indeed involves the assembled filament in direct contact
with the membrane [211]. Furthermore, Xu et al. found that E. coli colonies
developed no resistance to dWdK3(QL)6dK2 (d-W362) after ten passages,
whereas significant resistance against conventional penicillin V already emerged
after four passages.[211] As mentioned before, this is a typical phenomenon for
AMPs owed to rather unspecific membrane interaction.

Interestingly, Xu et al. found that the antimicrobial efficacy of Kx(QL)yKz
AMPs strongly depends on the internal ordering of the central beta

7K: Lysine, hydrophilic, charged below pH 10.5; Q: Glutamine, hydrophilic; L: Leucine,
hydrophobic
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Peptide N-terminus Sequence C-terminus
242 CH3CO- KK QLQLQLQL KK -CONH2
262 CH3CO- KK QLQLQLQLQLQL KK -CONH2

W262 CH3CO- WKK QLQLQLQLQLQL KK -CONH2
W362 CH3CO- WKKK QLQLQLQLQLQL KK -CONH2

d-W362a CH3CO- dWdKdKdK QLQLQLQLQLQL dKdK -CONH2
3W62 CH3CO- KK KWQLQLQLQLQLQL KK -CONH2

P-W362 PEG- WKKK QLQLQLQLQLQL KK -CONH2
P-3W62 PEG- KK KWQLQLQLQLQLQL KK -CONH2

a Right-handed amino acid enantiomers are marked by d.

Table 1.1: Peptide sequences mentioned in this section. The central hydrophilic-
hydrophobic motif is highlighted in bold.

Figure 1.8: The peptide filaments consist of two sandwiched beta sheets,
here on the example of the 3W62 derivative. The individual strands (grey) are
connected via hydrogen bonds. The two antiparallel beta sheets are held together
by hydrophobic interaction between the Leucine (L, red) and Tryptophan (W,
orange) residues, while the charged Lysine (K, green) residues have a repulsive
effect. Hydrophilic Glutamine residues (Q, blue) constitute the top and bottom
of of the filament. Figure created in VMD [213]. The detailed chemical structure
of 3W62 is shown in Figure 2.6 on page 35.
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sheets.[209] The CD spectra of K3W(QL)6K2 (3W62), WK3(QL)6K2 (W362)
and WK2(QL)6K2 (W262)8 revealed a clear beta sheet structure of W262 while
W362 exhibited a significant portion of alpha helical and random coil content.
Apparently, the additional Lysine residue disturbed the delicate balance of at-
tractive and repulsive interactions. On the other hand, 3W62 consisted of clear
beta sheets again because the repulsive contribution of the extra K was countered
by the generated KW pair that extends the hydrophilic-hydrophobic motif of
the six QL units. The content of ordered beta sheets was anticorrelated with
the MICs against E. coli, P. aeruginosa, S. epidermidis and S. aureus: Highly
ordered W262 exhibited the least bactericidal activity while W362 was most
potent. The authors proposed that intercalation into the bacterial membrane is
eased when the peptide filaments are more flexible internally. Surprisingly, the
relation is inverted at higher concentration where the filaments form an elastic
hydrogel.[208] Here, AMP derivatives with increased internal order exhibited a
higher efficacy against S. aureus which was also positively correlated with the
storage modulus of the hydrogel measured by oscillatory rheology. Obviously, a
regular beta sheet structure led to hydrogels with higher viscosity and enhanced
antimicrobial efficacy. The authors argued that the reason behind is an alternate
mode of action: In hydrogel form, the filaments do not permeate the bacterial
membrane but immobilize the pathogens via their high surface charge and the
retention is improved with increased network stability.

Similar to what was described in the previous section, self-assembly also
grants a number of advantages to Kx(QL)yKz peptides. Assembled peptides
were less prone to digestion by Trypsin and Chymotrypsin and the degree of
protection increased with higher internal order of the filaments.[209] Self-assembly
was also found to be key to enhance the AMP selectivity. While unimeric
peptide molecules were clearly toxic for murine bone-marrow-derived monocytes
(mBMDMs), assembled filaments showed no adverse effect.[209, 211] The authors
moreover tested the hemocompatibility of Kx(QL)yKz filaments. In hemolytic
assays, incubation with d-W362 and peptide hydrogels had only a weak effect on
red blood cells (RBCs).[208, 211] However, erythrocyte lysis is not the only effect
that needs to be considered in terms of possible systemic application of SAAMPs.
Therefore, Xu et al. investigated peptide-related eryptosis in RBCs and found
that both W362 and 3W62 incurred significant damage to erythrocytes.[210]
The damage caused by 3W62 was more severe, possibly because of its higher
degree of internal order so that the charge domains were more defined and hence
harmful for RBCs.

To increase the hemocompatibility of 3W62 and W362, Xu et al. PEGylated9

8W: Tryptophan, hydrophobic, fluorescent; has been introduced to the peptide sequence
for accurate concentration measurement

9Chemically, poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) are the same
polymer. But with lower degrees of polymerization, when the terminal hydroxyl group
contributes significantly to the polymer characteristics, usage of PEG is more common, whereas
with high degrees of polymerization, the hydroxyl group is not decisive anymore, so one simply
uses PEO. With respect to Cn-PEOx polymers with relatively high MW, we therefore use the
term PEO. In biochemistry, though, PEG is more common and therefore we use that term
when discussing peptides.
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the peptide molecules, denoted as P-W362 and P-3W62, respectively.[210] Due
to its “stealth effect”, PEGylation has become a popular tool in drug formulation
since its introduction in the 1970s.[214] It increases the circulation time in vivo,
reduces enzymatic degradation and retards or even eliminates immune response,
because the polymer shields the active ingredient from degrading agents and
other undesirable interactions.[215] Xu et al. found both the CACs of P-W362
and P-3W62 as well as their efficacy against E. coli, P. aeruginosa and S. aureus
to be unchanged compared to the respective unPEGylated peptides.[210] SAXS
and TEM experiments also confirmed that filaments were still the predominant
morphology. Yet, CD measurements revealed that the conjugation with PEG
perturbed the internal beta sheet structure. While 3W62 consisted almost
exclusively of antiparallel beta sheets, the content was reduced in P-3W62 and the
already slightly disordered W362 exhibited even higher amounts of alpha helices
in the PEGylated P-W362 form. The decreased stability of the PEGylated sheets
was also reflected in the TEM images where generally shorter filaments were
observed and P-W362 even formed unspecific, spherical aggregates. Apparently,
the attractive forces inside 3W62 were strong enough to maintain the filament
morphology despite the entropic repulsion of the PEG chains. But, on the other
hand, PEGylation had an enormous effect on the hemocompatibility. For 3W62
and W362, hemolytic activity was found to be dose-dependent, while for P-3W62
and P-W362 it was low and concentration-independent. In terms of eryptosis,
PEGylation had no effect on W362 but the harmfulness of 3W62 for RBCs was
tremendously decreased by the conjugation with PEG. As explained above, the
compact charge interface of 3W62 is likely damaging RBCs whereas less ordered
W362 filaments are less harmful. On the other hand, PEG effectively shields
3W62 charges while this concept fails with the more diffuse charge distribution
of W362.

Very recently, Nielsen et al. investigated the membrane interaction of 3W62
and P-3W62 on supported lipid bilayers by using neutron reflectometry (NR).[216]
In agreement with the findings of Xu et al., assembled 3W62 filaments showed
markedly stronger interaction with the model membranes than unimeric 3W32
molecules. The filaments apparently adhered to the charged lipid headgroups by
electrostatic interaction with the Lysine residues at the short edge of the filament
 compare Figure 1.8. Surprisingly, they also found a significant amount of
peptide inside the bilayer and proposed two possible explanations: The interaction
with the membrane might disturb the balance of attractive and repulsive forces
within the peptide structure, leading to filament destabilization and insertion of
unimeric molecules into the bilayer. Or whole filaments could be incorporated,
with the inserted Lysine residues in close proximity to the lipid headgroups
at the bottom of the supported bilayer. Unfortunately, these two possibilities
could not be definitely distinguished without further experiments. Furthermore,
Nielsen et al. found that PEGylation led to decreased membrane affinity of
P-3W62 compared to 3W62, which on the one hand contrasts that Xu et al.
[210] observed the same antimicrobial efficacy but on the other hand explains
the reduced hemolytic activity. Analogous to 3W62, Nielsen et al. detected
intact P-3W62 filaments on top of the bilayer where the interaction with the
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lipid headgroups was supposedly conveyed by both PEG chains and Lysine
residues. Surprisingly, though, they also observed partial insertion of P-3W62
into the membrane. As it is unlikely that the bulky PEG chains are inserted,
this rather points towards incorporation of unimeric molecules or fragmented
filaments so that the PEG blocks remain in an hydrophilic environment. The
filament destabilization might be caused by the strong membrane interaction of
PEG due to preferential hydrogen bonding with the lipid headgroups.

In summary, the Kx(QL)yKz motif represents a potent SAAMP platform
where the balance between structure, stability, cytotoxicity and antimicrobial
activity can be tuned by small adjustments of the amino acid sequence. In
addition to the advantageous effects of PEGylation on the hemocompatibility,
it also allows to study the physical integrity of peptide filaments and their
exchange kinetics by KZAC TR-SANS experiments, similar to polymeric micelles
 compare Sections 1.5 and 3.1.5 on page 14 and on page 47, respectively. These
investigations are important because the mode of action of Kx(QL)yKz peptides
involves assembled filaments, calling for a high stability of the latter.
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Chapter 2

Materials

In this chapter, we introduce the materials examined in the present doctoral
thesis, namely Cn-PEOx polymers and 3W62 peptides as well as their respective
derivatives. Since synthesis and characterization were not part of the present
work, we will treat them only briefly here. More details on synthesis,
characterization and sample preparation are given in the respective manuscripts.

2.1 Cn-PEOx

As outlined in Section 1.4 on page 13, Cn-PEOx is an excellent model system
for many different aspects of polymer self-assembly. Some derivatives are
commercially available under the trade name “Brij”  mostly C12-, C16- and
C18-PEOx with varying PEO length. But here we used in-house synthesized
polymers to have a wider choice of alkyl block lengths and for a better control over
the PEO polymerization. Moreover, deuterated and partly deuterated polymers,
Cn-dPEOx and Cn-hdPEOx, with almost identical molecular characteristics
were synthesized for contrast-variation neutron scattering experiments. Both
polymers cannot be easily purchased from commercial polymer suppliers.

Cn-PEOx was synthesized via ring-opening living anionic polymerization
of ethylene oxide (EO) in toluene  see Figure 2.1. Commercially available
n-alkanols (CnH2n+1-OH, n = 12, 14, 16, 22, 28) in a 80:20 mixture with their
respective potassium n-alkanolates served as initiator system. At 95 ◦C, all
chemicals were completely soluble and together with a fast proton exchange
between alkanols and alkanolates, this ensured homogeneous polymerization
conditions and therefore a narrow molecular weight distribution of the product.
After the EO monomer was consumed, the polymerization was terminated
with acetic acid, leaving a hydroxyl group at the PEO terminus. Beside the
ordinary proteated Cn-hPEOx, deuterated and partly deuterated polymers
were synthesized following the same synthetic protocol. Fully deuterated Cn-
dPEOx was prepared from deuterated dEO monomers and partly deuterated
C28-hdPEO5 from a 82 / 18 molar mixture of d- and hEO, leading to a random

CnH2n+1-OH/-O- K+ CnH2n+1-O-(C2H4O)m-H
at 95°C, in CH3

1. + m

2. + CH3COOH

3. - CH3COO- K+

O

Figure 2.1: Reaction scheme of the Cn-PEOx synthesis.
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Figure 2.2: SEC chromatograms of C22-PEO5.
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Figure 2.3: 1H NMR spectrum of C22-hPEO5 in CDCl3. # marks the residual
H2O signal and * marks 13C satellites.

distribution of monomers along the PEO chains. More details about the synthesis
can be found in References [100] and [217].

The products were characterized by size-exclusion / gel-permeation chro-
matography (SEC/GPC), using a multidetector chromatographic set-up con-
sisting of autosampler, isocratic pump (both Agilent Technologies, Series 1260
infinity), a column oven (Shimadzu CTO-20A), a refractive index (RI) detector
(Optilab rEX), and an 18-angle light scattering detector (DAWN HELEOS-II),
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both detectors from Wyatt Technologies. The SEC instrument was equipped
with three consecutive GPC columns with continuous pore size distribution
(Agilent PlusPore) which ensured high resolution. To suppress interaction effects,
a mixture of tetrahydrofuran, N,N -dimethylacetamide and acetic acid (85:14:1
vol%) was used as eluent at a flux rate of 1 mL/min and a temperature of 40 ◦C.
An accurate analysis of the chromatograms was done with ASTRA Software
from Wyatt Technologies, yielding the apparent molecular weight characteristics,
Mn and Mw as well as the polydispersity Ð = Mw/Mn. As an example, Fig-
ure 2.2 shows RI traces of C22-hPEO5 and -dPEO. Both polymers show a single
narrow peak at almost identical elution volumes, indicating a successful polymer
synthesis and identical molar volumes of the two differently labeled polymers.
The polydispersities were determined as Ð ≈ 1.02 for both polymers.

In addition, we characterized proteated specimens by proton nuclear magnetic
resonance (1H NMR) spectroscopy to determine the degree of polymerization of
the PEO block, m. The spectrum of C22-hPEO5 is depicted in Figure 2.3. The
degree of polymerization m was calculated by relating the integrals of the known
number of n-alkyl protons (signals 4–7) to the integral intensity of the main
PEO peak at 3.6 ppm (signal 2). In the given example, the integral of the peak
yields m− 2 = 109. By comparing the SEC traces, the degree of polymerization
of C22-dPEO5 could therewith be estimated as m = 107. Mn determined by
NMR and SEC are in excellent agreement. Characterization results of individual
polymers employed in the present thesis are given in the respective publications
(Papers I to III).

2.2 Cn-PEO2x-Cn

For the study presented in Paper IV, di-alkyl-functionalized PEOs, Cn-
PEO2x-Cn, were synthesized by intermolecular coupling of the respective
monofunctionalized PEOs, Cn-PEOx. The terminal hydroxyl groups of the
PEO chains formed an ether linkage by reacting with tosyl chloride (TsCl) in
the presence of solid potassium hydroxide as described in Reference [102]. SEC
data of the raw product revealed higher molecular weight impurities and residual
uncoupled Cn-PEOx polymer. Thereupon, a purification was carried out by
fractionating with chloroform/heptane as solvent/non-solvent pair for PEO.
After several fractionation steps, the product still contained ∼ 10 % residual
monofunctional PEO as can be seen in the SEC traces in Figure 2.4a). However,
as explained in Section 1.5.3 on page 19, the difunctional polymer was anyhow
blended with its monofunctional counterpart to stabilize the micelles in solution.
Thus, a certain amount of additional Cn-PEOx was added to the product to
reach the desired volume fraction of telechelic molecules, ftel, in the blend. These
blends are denoted as CnFXX, where XX is the volume percentage of telechelic
molecules. As an example, Figure 2.4b) shows the SEC traces of C22F50 blends,
consisting of C22-PEO5 and C22-PEO10-C22 with ftel = 50 %. In addition,
the proteated samples were characterized with 1H NMR in the same fashion
as for monofunctional Cn-PEOx, confirming the successful linking reaction.
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Figure 2.4: SEC chromatograms of a) the C22-PEO10-C22 synthesis products
and b) blended C22F50.
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Figure 2.5: 1H NMR spectrum of C22-hPEO10-C22 in CDCl3. # marks the
residual H2O signal and * marks 13C satellites.

34



3W62

The spectrum shown in Figure 2.5 yields m = 226  note the missing signal
from the methylene group next to the hydroxyl terminus at 3.7 ppm (signal 1
in Figure 2.3). A slight mismatch of the PEO degree of polymerization was
observed arising from the fractionation steps such that it slightly deviates from
twice the PEO chain length in the monofunctional material.

2.3 3W62

In Paper V, we investigated self-assembled filaments formed by an antimicrobial
peptide with the sequence K3W(QL)6K2, or 3W62 for short. This peptide is
part of a peptide family based on the Kx(QL)yKz motif which is studied in
the group of He Dong at the University of Texas at Arlington. The peptides
used in the present work were synthesized by standard Fmoc-solid phase peptide
synthesis, see Paper V and References [209, 210] for details. To avoid unwanted
reactions at the N-terminal amino group, the latter was acetylated. Finally,
the peptide was cleaved off the synthesis resin, leaving an amide group at the
C-terminus. The final chemical structure of the product is given in Figure 2.6a).
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Figure 2.6: Chemical structure of a) 3W62 and b) dP-3W62.

As outlined in Section 1.6.2 on page 26, PEGylation1 significantly improves
the hemocompatibility of 3W62 without derogating the antimicrobial efficacy.
At the same time, it allows to monitor the molecular exchange between filaments
by KZAC neutron scattering experiments, as explained in Section 3.1.5 on
page 47. To this end, 3W62 was functionalized with proteated (hP-3W62)
and deuterated (dP-3W62) PEG2 at the N-terminus as shown in Figure 2.6b).
While proteated hPEG2 was bought from Sigma-Aldrich, deuterated dPEG2
was synthesized by the same procedure as for Cn-PEOx described in Section 2.1,
using methoxyethanol / potassium methoxyethanolate as initiator system. The
terminal hydroxyl groups of both PEG species were converted to carboxyl groups

1With respect to the peptide-polymer conjugates treated in this thesis, the polymer
is denoted as poly(ethylene glycol) (PEG) instead of poly(ethylene oxide) (PEO)  see
Section 1.6.2 on page 26.
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2. Materials

via oxidation which allowed a linking condensation reaction with the N-terminal
amino group of 3W62, which in this case was not acetylated. Then, the polymer-
peptide conjugate was cleaved off the resin, leaving the same amino C-terminus
as in the unPEGylated 3W62.
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Chapter 3

Experimental Methods

This chapter covers all experimental aspects involved in the present doctoral
thesis. As the majority of results were obtained from small-angle scattering, we
will recapitulate this particular family of experimental techniques in some detail.
The auxiliary methods, on the other hand, will be treated only briefly. After
a short introduction of the respective method, the focus will be on the specific
experiments performed in the context of the thesis. For detailed reviews and
theoretical background of the individual techniques, the reader is referred to
standard textbooks.

3.1 Small-Angle Scattering

The present work aims to shed more light on structures arising from self-assembly
of molecular building blocks and their exchange kinetics. The size of such
mesoscopic structures is typically on a length scale 10 – 100 nm and therefore
particularly suited to be studied by small-angle scattering (SAS) techniques. One
distinguished advantage of SAS over other characterization methods is that it
allows self-assembled structures to be investigated in situ, i.e., in solution without
complex sample preparation protocols which, for instance, are necessary for TEM
experiments. In this section, we first present the general theory underlying SAS
experiments and then some practical considerations. SAS experiments can in
principle be performed by any kind of radiation but the prevailing techniques
are small-angle X-ray (SAXS), neutron (SANS) and light (SALS) scattering.
Since the latter was not employed in the present work, only the special features
of SAXS and SANS will be discussed in the following. For more details and
references, the reader is referred to relevant textbooks like [218] or [219].

3.1.1 General Theory of Small-Angle Scattering

The basic principle underlying any scattering experiment is the interaction
between the incident radiation and the sample. In case of SAXS, X-ray photons
interact with the atomic electron shell, whereas in SANS, neutrons interact with
the nucleus. A basic sketch of the scattering geometry is depicted in Figure 3.1.
The sample is illuminated by collimated, monochromatic radiation (neutrons
or X-rays) and the scattering pattern is recorded by a 2D detector. In terms of
scattering experiments, it is more practical to describe the radiation as waves
instead of particles. Since the source-sample and sample-detector distances are
large compared to the dimensions of the sample, the radiation can be considered
as plane waves in Fraunhofer approximation, i.e., far-field approximation. The
incident radiation is described by the wave vector ~k and the scattered radiation
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Figure 3.1: Sketch of the scattering geometry: The sample is illuminated by
collimated, monochromatic radiation which is scattered by the sample. The
circularly symmetric scattering pattern is recorded by a 2D detector while the
direct beam is blocked by a beamstop.

by ~k′. Here, only elastic scattering is considered where the energy is unaffected.
Therefore, the modulus of the wave vector

k =
∣∣∣~k∣∣∣ =

∣∣∣~k′∣∣∣ = 2π
λ

(3.1)

does not change, with λ being the wavelength, whereas the change in direction
is described by the momentum transfer (or scattering vector)

~Q = ~k′ − ~k. (3.2)

For isotropic scattering like from freely tumbling particles in solution, only its
modulus is of relevance, which depends solely on the scattering angle 2θ:

Q =
∣∣∣ ~Q∣∣∣ = 4π sin(θ)/λ. (3.3)

The actual quantum mechanical scattering process can be described in Born
approximation [220]. Here, one assumes that the interaction potential is weak so
that no multiple scattering occurs and attenuation is negligible. For SANS, this
is generally justified because neutron scattering cross-sections are rather small.
For SAXS, the approximation still holds for most Soft Matter systems as they
contain mainly light elements like hydrogen, carbon and oxygen.

The scattering pattern recorded by the detector arises from the secondary
waves emitted from individual atoms within a coherently scattering volume.1

1The much more intense primary beam is blocked by the beamstop.
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k'⃗
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k ⃗

Q ⃗
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b)a)

Figure 3.2: a) Scattering from a single particle: The incident radiation ~k

is scattered into the direction ~k′. Exemplary scatterers are located at ~ri and
~ri+1. The momentum transfer ~Q describes the scattering direction. b) Multiple
particles in solution: The particles are located at positions ~Rj and orientated
randomly.

This could, for instance, be a particle in solution. Applying both Fraunhofer
and Born approximation, the superpositioned amplitude of the scattered waves
can be written as

A
(
~Q
)

=
∑
i

bi ei ~Q~ri , (3.4)

where the atoms i are located at ~ri, as sketched in Figure 3.2a). The scattering
length bi represents the strength of the interaction potential and depends on the
considered type of radiation. For X-rays, it scales with the number of electrons
in the atomic shell and for neutrons it is isotope- and spin-dependent.

Unfortunately, there is no experimental access to the scattering amplitude.
The detector is only able to measure the scattering intensity which is proportional
to the differential scattering cross-section

dσ
dΩ

(
~Q
)

= A
(
~Q
)
A∗
(
~Q
)
. (3.5)

Here, ∗ indicates the complex conjugate. The differential scattering cross-section
gives the ratio between the flux density scattered into the solid angle Ω and the
incident flux density. Thus, the intensity measured by the detector is

Imeas

(
~Q
)

= I0
L2

dσ
dΩ

(
~Q
)
, (3.6)

where I0 is the incident intensity and L the sample-detector distance. In practice,
though, the macroscopic differential scattering cross-section

dΣ
dΩ

(
~Q
)

= 1
VP

dσ
dΩ

(
~Q
)

(3.7)
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is more common, which is normalized for the particle volume VP .
Yet, a typical SAS sample does not consist of a single, static particle but of a

multitude of particles randomly orientated in solution as depicted in Figure 3.2b).
That means that the scattering pattern arises from N particles j at positions ~Rj
which each contribute a scattering amplitude Aj

(
~Q
)
so that the cross-section

becomes

dΣ
dΩ

(
~Q
)

=
〈

1
VS

 N∑
j

Aj

(
~Q
)

ei ~Q~Rj
[ N∑

k

A∗k

(
~Q
)

e−i ~Q~Rk
]〉

Ω

(3.8a)

=
〈

1
VS

N∑
j,k

Aj

(
~Q
)
A∗k

(
~Q
)

ei ~Q(~Rj−~Rk)
〉

Ω

, (3.8b)

where 〈.〉Ω denotes an average over all rotational states and VS is the sample
volume. Assuming all particles are identical, it can be split up in intraparticle
(j = k) and interparticle (j 6= k) contributions, where for j 6= k the rotationally
averaged amplitudes are uncorrelated:

dΣ
dΩ

(
~Q
)

= 1
VS

〈
N∑
j=k

Aj

(
~Q
)
A∗k

(
~Q
)

+
N∑
j 6=k

Aj

(
~Q
)
A∗k

(
~Q
)

ei ~Q(~Rj−~Rk)
〉

Ω

(3.9a)

= 1
VS

〈
N∑
j

Aj

(
~Q
)
A∗j

(
~Q
)

+
N∑
j 6=k

Aj

(
~Q
)
A∗k

(
~Q
)

ei ~Q(~Rj−~Rk)
〉

Ω

(3.9b)

= 1
VS

N 〈∣∣∣A(~Q)∣∣∣2〉
Ω

+
∣∣∣〈A(~Q)〉

Ω

∣∣∣2〈 N∑
j 6=k

ei ~Q(~Rj−~Rk)
〉

Ω

 (3.9c)

= N

VS

〈∣∣∣A(~Q)∣∣∣2〉
Ω︸ ︷︷ ︸

P ( ~Q)

1 + 1
N

∣∣∣〈A(~Q)〉
Ω

∣∣∣2〈∣∣∣A(~Q)∣∣∣2〉
Ω

〈
N∑
j 6=k

ei ~Q(~Rj−~Rk)
〉

Ω


︸ ︷︷ ︸

S( ~Q)
(3.9d)

The second term, S( ~Q), is the so-called structure factor. It arises from
spatial correlations between the particles and therefore depends on interparticle
interactions. At low concentrations, there are no spatial correlations so that
S( ~Q) ≈ 1. We do not discuss the structure factor in more detail here because it
is not particularly relevant for the present work. In contrast, the so-called form
factor P ( ~Q) originates solely from intraparticle correlations and thus contains
information about the particle shape.

Instead of describing individual scatterers (i.e., atoms), it is common to define
an average scattering length density (SLD)

ρ =
∑
i bi
V

(3.10)
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of all scatterers i in a certain volume V , because SAS anyhow does not
provide atomic resolution. Then, the discrete sum in the scattering amplitude,
Equation (3.4), over all atoms in the particle becomes a continuous integral over
the local SLD ρ(~r) in the particle volume VP ,

A( ~Q) =
∫
VP

ρ(~r) ei ~Q~r d~r. (3.11)

The complex-valued scattering amplitude A( ~Q) is obviously the Fourier transform
of the real-space SLD ρ(~r) and therefore contains all information to reconstruct
the particle shape. Unfortunately, A( ~Q) is experimentally inaccessible. The
measurable quantity is the real-valued form factor

P ( ~Q) =
∣∣∣A(~Q)∣∣∣2 (3.12)

which does not contain the phase information anymore. This is the so-called
phase problem which renders direct reconstruction of the real-space ρ(~r) from
scattering experiments impossible. In addition, particles in solution typically
have no preferential orientation so the average 〈.〉Ω leads to a circularly symmetric
scattering pattern and the form factor merely depends on the modulus Q of the
scattering vector ~Q. In the interpretation of SAS experiments, one therefore
relies on models with a handful of adjustable parameters and calculation of
theoretical scattering patterns which are then compared to the experimental
data.

The fact that the particles of interest are embedded in a solvent makes
another consideration necessary. The incident radiation is not only scattered by
the particles but also by the surrounding matrix. Because the solvent molecules
are usually small compared to the particles and there are no correlated density
fluctuations, the solvent can be described by a homogeneous SLD ρ0, which
results in a featureless background scattering. This constant solvent scattering
background can easily be subtracted to obtain the net scattering of the solute
(the particles of interest). Therefore, the actual real-space quantity from which
the scattering pattern originates is the excess SLD

∆ρ(~r) = ρ(~r)− ρ0, (3.13)

also known as contrast, and the actually measured form factor is

P (Q) =
〈 ∣∣∣∣∣∣

∫
VP

∆ρ(~r) ei ~Q~r d~r

∣∣∣∣∣∣
2 〉

Ω

. (3.14)

Form factors of many geometrical shapes can be calculated analytically
and are given in relevant textbooks.[218, 219] For arbitrary shapes like, for
instance, proteins, there are several computer programs available which calculate
Equation (3.14) efficiently for any given ∆ρ(~r). In the course of this PhD
project, geometrical models for polymer micelles and peptide filaments have
been developed which are described in detail in the respective publications.
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Figure 3.3: Principle setup of an SAS instrument.

3.1.2 Experimental Considerations

The principle setup of SAS instruments is depicted in Figure 3.3. Even though
the exact implementation is specific to the employed kind of radiation  see
Sections 3.1.3 and 3.1.4, the general setup is still the same for all SAS techniques.
The primary radiation provided by the source is usually polychromatic (“white
beam”) and uncollimated. Hence, the first element is typically a monochromator
which selects a certain wavelength. Thereafter, the beam is collimated and
shaped to the desired size by a number of slits before it hits the sample container.
Then, the primary beam as well as the scattered radiation traverse through the
flight tube that contains the 2D area detector. Here, the scattering pattern
is recorded with the primary beam blocked by a beamstop to avoid detector
saturation/damage. Beside the immediate sample environment, all beam paths
are evacuated to avoid air scattering.

The scattering recorded on the detector does not exclusively originate from
the sample solution, though. There are unwanted contributions from the sample
holder, parasitic scattering from the apertures, residual air scattering, electronic
noise and last but not least cosmic background radiation. Therefore, the detector
signal is corrected for those by a number of additional reference measurements.
Then, the remaining intensity (i.e., the number of counts per second on a
pixel) is converted to an absolute scale2 by comparison with a “flat scatterer”
 a material that gives a Q-independent scattering signal of known absolute
intensity like water or amorphous carbon. At the end, if the scattering signal
is circularly symmetric, the 2D detector image is azimuthally averaged to yield
the macroscopic differential cross-section of the sample solution, dΣ/dΩS(Q).
All data reduction up to this point is typically done by instrument-specific
software in a standardized way. Yet, dΣ/dΩS(Q) still contains the scattering

2 dΣ
dΩ (Q) is usually given in cm−1.
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contribution from the solvent. Therefore, the pure solvent is measured in addition
and the resulting signal subtracted from dΣ/dΩS to yield only the macroscopic
differential cross-section of the solute.

When comparing these experimental SAS data with calculated model
scattering curves, one has to consider the experimental resolution.[221, 222]
To this end, the calculated curve is convoluted with the resolution function
R (Q, 〈Q〉) that depends on the experimental parameters. The three main factors
are imperfect collimation, finite detector pixel size and residual wavelength spread.
They lead to an uncertainty in the experimental 〈Q〉 values that needs to be
taken into account during data interpretation.

3.1.3 Small-Angle X-ray Scattering

In small-angle X-ray scattering (SAXS), incident X-ray photons interact with
the electrons in the atomic shells of the sample material. Thus, the strength
of the interaction potential simply scales with the atomic number Z and the
scattering length of an element is given by

b = Z re, (3.15)

where re = 2.82× 10−15 m is the classical electron radius. The consequence is
that the scattering signal is dominated by heavy atoms and especially hydrogen
is practically invisible.

Due to its high availability, SAXS is the most common SAS technique. On
the one hand, highly intense synchrotron radiation is provided by large-scale
facilities on a national and international level. These institutions offer highly
specialized equipment for the worldwide research community and the immense
intensity allows for high sample throughput. On the other hand, lab-based
SAXS instruments with lower intensity provide local, low-level access for less
demanding experiments. Even for these “low-intensity” sources, the achievable
photon flux is quite high so that the beam characteristics (wavelength, collimation,
size) can be defined narrowly and the resolution function is nearly negligible.
Furthermore, small beam dimensions allow for reduced sample volumes which is
particularly useful when only minute amounts are available, for example in the
case of biological samples. On the other hand, the high flux of X-ray photons at
synchrotron radiation facilities leads to the creation of hydroxyl and hydroperoxyl
radicals in water. These radicals can in turn activate sample molecules which
then aggregate. This form of radiation damage is negligible at lab-based sources
and non-existent in neutron scattering.

Most SAXS experiments related to the present work have been performed
at a lab-based Bruker Nanostar instrument at the Norwegian Centre for X-
ray Diffraction, Scattering and Imaging (RECX), located at the University of
Oslo.[223] Some additional data were taken at beamline BM29 at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.[224] Table 3.1 lists
some key features of both instruments that exemplify the different characteristics
of lab-based and synchrotron-based SAXS experiments.
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Nanostar BM29
location UiO ESRF
source Cu Kα X-ray tube synchrotron radiation
incident flux ∼ 108 ph/s <1012 ph/s
monochromator Göbel mirror double multilayer

monochromator
collimation flight path with two

sets of slits
flight path with three
sets of slits and a
focusing toroidal mirror

sample container quartz capillary quartz capillary
detector distance 1.08 m 2.87 m
wavelength λ 1.54Å 0.83 – 1.77Åa
wavelength spread ∆λ

λ 0.1 % 1.6 %b

Q range 0.01 – 0.3Å−1 0.0025 – 0.5Å−1c

others - sample-changing robot,
automated data
analysis pipeline

a adjustable
b This is unusually high. For instance, the beamline ID02 at ESRF operates at

∆λ
λ

= 0.015 %.
c depending on the chosen X-ray wavelength
Table 3.1: Key features of the SAXS instruments used in the present work.

3.1.4 Small-Angle Neutron Scattering

In small-angle neutron scattering (SANS), the incident neutrons interact with
the atomic nuclei in the sample. The interaction potential depends on the nuclear
structure and is hence not as straightforward as the X-ray scattering length in
Equation (3.15). Instead, the neutron scattering length is isotope-dependent in
a more complicated fashion with values tabulated in the literature [225]. Most
interestingly, the scattering length of hydrogen does not differ greatly from heavier
nuclei and thus, in contrast to SAXS, hydrogen atoms contribute significantly to
the SANS signal. Additionally, since the neutron carries a magnetic moment,
the interaction can also depend on the spin state which allows the investigation
of the sample’s magnetic structure. The fact that the scattering length b does
not only depend on the element, but also isotope and spin state, requires an
average 〈.〉 over the scattering length b in the differential scattering cross-section,
Equation (3.5) on page 39:

dσ
dΩ

(
~Q
)

=
〈
A
(
~Q
)
A∗
(
~Q
)〉

(3.16a)

=
〈∑

i,j

bi bj ei ~Q(~ri−~rj)

〉
(3.16b)
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=
∑
i,j

〈bi bj〉 ei ~Q(~ri−~rj). (3.16c)

Since the scattering lengths at positions i and j are independent,

〈bi bj〉 =
{〈
b2i
〉

= 〈bi〉2 + 〈bi − 〈bi〉〉 i = j

〈bi〉 〈bj〉 i 6= j
, (3.17)

leading to two terms in the scattering cross-section:

dσ
dΩ

(
~Q
)

=
∑
i,j

〈bi〉 〈bj〉 ei ~Q(~ri−~rj)

︸ ︷︷ ︸
coherent

+
∑
i

〈bi − 〈bi〉〉︸ ︷︷ ︸
incoherent

. (3.18)

While the first term, the coherent scattering contribution, embodies all spatial
correlations and thus structural information, the second term, the incoherent
scattering contribution, contains no phase information and represents only an
additional featureless background. For isotopically pure samples and spin-
independent scattering, on the other hand, bi = 〈bi〉 ∀i, so that there is no
incoherent scattering.

In Soft Matter science, the isotope dependence is particularly interesting,
especially in the case of hydrogen. The two isotopes protium and deuterium
carry very different scattering lengths: bH = −3.741 fm and bD = 6.671 fm.[225]
Thus, by blending H2O and D2O, the SLD of aqueous solvents can be adjusted
over a wide range. That way, according to Equations (3.13) and (3.14), one can
“hide” a solute by matching its SLD with the solvent SLD because the contrast
vanishes. This procedure is called contrast matching. With multicomponent
samples, contrast matching can be utilized to highlight certain components by
matching out others. Furthermore, certain parts of a solute can deliberately
be isotope-exchanged to match them with the solvent, without affecting the
chemical nature of the solute.3 The kinetic experiments presented in Section 3.1.5
on page 47 heavily profit from this principle.

Despite its interesting features, SANS is not as common as SAXS due to
its limited availability. While high-quality X-ray beams can be produced on a
lab scale, neutron beams suited for scattering experiments require large-scale
facilities like nuclear reactors or spallation sources. Despite recent ambitions
for neutron sources on a smaller scale [227], today’s large-scale neutron sources
are only available on an international level. Compared to X-ray sources, even
these large-scale neutron facilities achieve only relatively low fluxes. Thus,
the beam definition at SANS instruments has to be relaxed for the sake of
increased intensity. For example, wavelength spreads of 5 – 10 % are common
and the illuminated sample area is several millimeter in diameter  compared to
< 1 % polydispersities and sub-millimeter-sized beams in SAXS. Therefore,
consideration of the experimental resolution is much more critical in the

3Of course, other isotope effects can occur, mostly related to the higher mass of deuterium.
For instance, D2O is more viscous than H2O.[226] However, these effects are usually negligible.
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KWS-2 Sans2d
location MLZ ISIS
source reactor spallation
incident flux <108 n/s/cm2 >106 n/s/cm2

monochromator mechanical velocity
selector

N/A

collimation neutron guides and two
sets of slits

neutron guides and two
sets of slits

sample container exchangeable quartz
cuvettes

exchangeable quartz
cuvettes

detector distance 2 – 20 ma 2 – 12 ma

wavelength λ 4.5 – 20Åa 2 – 14Å
wavelength spread ∆λ

λ 2 – 20 %a N/A
Q range 0.0006 – 1.0Å−1b 0.002 – 3.0Å−1b

others focusing options time-of-flight
instrument

a adjustable
b depending on the detector distance and, in case of KWS-2, neutron

wavelength
Table 3.2: Key features of two SANS instruments used in the present work.

evaluation of SANS data. Fortunately, scattering curves of Soft Matter systems
seldom exhibit sharp features so that the relaxed resolution does not pose a
critical problem. Yet, the enlarged beam diameter calls for larger sample volumes
compared to SAXS experiments. This is especially problematic in the case of
biological samples which are typically only available in minute quantities. On the
other hand, radiation damage does not occur in neutron scattering and therefore
samples can be fully recuperated.

In the works constituting the present doctoral thesis, most neutron scattering
experiments were carried out at two SANS instruments: KWS-2 at the Heinz
Maier-Leibnitz Zentrum (MLZ) in Garching, Germany, [228] and Sans2d at the
ISIS Neutron and Muon Source in Didcot, United Kingdom [229–232]. Table 3.2
lists some of the key features of the two instruments.

Here, it is worthwhile to note that Sans2d is a time-of-flight (TOF) instrument.
Being served by a pulsed spallation source, the neutrons of Sans2d come in
“bursts”, normally 10 bursts per second. Instead of only using a single neutron
wavelength, almost all wavelengths illuminate the sample simultaneously and are
later distinguished by their arrival time at the detector. By measuring the time
of flight from the source to the detector, the wavelength and therewith Q value
for every single counting event on a detector pixel is determined individually.
Therefore, with a single measurement, a larger Q range can be covered 
compared to monochromatic SANS instruments where typically measurements
at multiple detector distances have to be combined. For example, at 4 m
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detector distance and λ = 4.5Å, KWS-2 covers roughly Q = 0.01 – 0.2Å−1

whereas Sans2d provides 0.004 – 1Å−1 at the same detector distance, by using
λ = 2 – 14Å simultaneously.4 On the one hand, the TOF design is useful in
kinetic experiments because a larger Q range is covered in a single shot. On the
other hand, the temporal resolution is limited by the spallation frequency (at
ISIS: 10 Hz) and the time-averaged flux is lower in comparison to continuous
experiments.

3.1.5 Kinetic Zero-Average-Contrast Experiments

As described in the previous section, neutron scattering experiments offer the
unique opportunity to manipulate the contrast conditions by isotope labeling,
without altering the chemical nature of the sample. One example is the zero-
average-contrast (ZAC) scheme which allows to study the form factor of polymer
chains at high concentrations.[233] To this end, deuterated and proteated but
otherwise identical polymer molecules with SLDs ρdP and ρhP , respectively, are
blended in equal molar amounts and dissolved in an isotopically blended solvent
with SLDs ρd0 and ρh0 , respectively. When the solvent matches the average
contrast between the two polymer species,

ρ0 = φd0 ρ
d
0 +

(
1− φd0

)
ρh0 = 1

2
(
ρdP + ρhP

)
, (3.19)

where φd0 is the volume fraction of the deuterated solvent molecules in the solvent
mixture, the partial structure factors cancel out and the scattering signal depends
solely on the polymer form factor.

The ZAC condition in combination with time-resolved SANS (TR-SANS)
also allows to study the molecular exchange between self-assembled entities
in a very elegant way. Proposed by Willner et al. [133], kinetic zero-average-
contrast (KZAC) experiments monitor the equilibrium exchange without any
perturbations beside the H/D exchange, leading to astounding insights into the
exchange kinetics of polymeric micelles  compare Section 1.5.2 on page 15. The
experimental principle is illustrated in Figure 3.4: Deuterated and proteated
polymers are dissolved separately in a solvent mixture according to the ZAC
condition in Equation (3.19). When the two solutions are mixed, both micelle
populations exhibit the same contrast but with the inverse sign,

∆ρhP = ρhP − ρ0 = −∆ρdP . (3.20)

Since the scattering signal depends on ∆ρ2, the overall intensity is maximal at
t = 0. But as soon as molecular exchange between the populations takes place,
the micelles become isotopically mixed and the contrast decreases over time. At
t =∞, when all molecules have exchanged at least once, it vanishes completely:

∆ρ = ρhP + ρdP
2 − ρ0 = 0. (3.21)

4The Q range can be extended to even higher angles by simultaneously employing a second
detector closer to the sample.
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Figure 3.4: Illustration of the KZAC principle.

The molecular exchange is therefore directly observable through the decay of
the scattering intensity.

Yet, the more interesting quantity, which can be compared to theoretical
predictions, is the relaxation function R(t) that describes the fraction of molecules
that have not exchanged yet and are still part of their original micelle. In a
model-independent approach, one can use the time-resolved, Q-integrated SANS
signal

I(t) =
∫ dΣ

dΩ(Q, t) dQ ∝ ∆ρ(t)2 (3.22)

to calculate the relaxation function via

R(t) =

√
I(t)− I(∞)
I(0)− I(∞) . (3.23)

Alternatively, one can fit a theoretical model of the micellar form factor to the
experimental data, using time-dependent contrasts

∆ρh(t) = f(t) ρhP + (1− f(t)) ρdP − ρ0 (3.24a)

∆ρd(t) = (1− f(t)) ρhP + f(t) ρdP − ρ0 (3.24b)
for the two micelle populations, where f(t) is the fraction of proteated molecules
in an originally fully proteated micelle. Initially, all micelles are isotopically pure,
f(0) = 1, but after full exchange they are randomly mixed, f(∞) = 0.5. Thus,
the relaxation function is simply

R(t) = f(t)− f(∞)
f(0)− f(∞) = 2f(t)− 1. (3.25)

These two approaches are equivalent.[105, 139]
Strictly, the considerations above are only true for fully deuterated/proteated

polymer molecules. Nevertheless, the experimental scheme also works with
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partially labeled molecules as long as the majority of the polymer is labeled
consistently and the difference between I(0) and I(∞) is sufficient. Still, for the
experiments to work, a number of other requirements need to be fulfilled:

• Beside their isotopic composition, the two polymer species need to be
identical and any isotope effects in both polymer and solvent behavior
must be negligible.

• The exchange must occur on an experimentally accessible time scale.
Typically, this would be minutes to hours, given the relatively low flux
at SANS instruments. At high intensity sources and with the aid of
automatic mixing devices, temporal resolutions in the sub-second regime
can be achieved.

• The mixing of the two isotopically pure solutions must be homogeneous
and occur within a time span much shorter than the exchange process.

• Because molecular exchange rates typically depend double-exponentially
on temperature, special attention has to be paid to temperature stability.
The pure solutions should be pre-thermostatted and the container of the
mixed solution must be kept at constant temperature throughout the whole
measurement.

• The isotopically pure solutions should be measured separately as well as a
pre-equilibrated, fully exchanged blend to serve as references for I(0) and
I(∞), respectively.

The KZAC experiments presented in this thesis were carried out at KWS-2
and Sans2d which are described in Section 3.1.4. The experimental protocol
and treatment of kinetic data from these instruments is described with the help
of example data sets in the following. Figure 3.5 shows TR-SANS data from
Sans2d, following the molecular exchange in micelles consisting of C28-PEO5
and C28-PEO10-C28 (C28F40) with isotope-labeled PEO blocks at 37 ◦C. The
polymer volume fraction was φ = 1 vol% but nonetheless there is no apparent
structure factor, due to the approximate ZAC condition. The isotopically pure
solutions, though, exhibited a significant structure factor. Therefore, to obtain
the dΣ/dΩ(Q, t = 0) reference, they were diluted to 0.25 vol%. Then, the two
SANS curves were averaged and rescaled according to the dilution factor, yielding
the shown dΣ/dΩ(Q, t = 0) curve. For the dΣ/dΩ(Q, t =∞) reference, equal
volumes of the two solutions were combined and equilibrated at 60 ◦C over night,
ensuring complete randomization. Obviously, the scattering signal did not vanish
completely. The residual scattering originated from the micellar alkyl cores which
were not contrast-matched as well as from single-chain contributions (“blob”
scattering) in the corona. In this particular case, the experimental curves were
also not background-subtracted because it is unnecessary for the evaluation of
kinetic data. The scattering curves with open symbols originate from a freshly
mixed solution that was followed over time. Obviously, the signal decreased,
starting from a shape close to dΣ/dΩ(Q, t = 0) and asymptotically approaching
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Figure 3.5: Scattering curves from an exemplary KZAC experiment at Sans2d,
following the exchange of C28F40 mixed telechelic micelles. Adapted with
permission from Paper IV. Copyright © 2020 American Physical Society.

dΣ/dΩ(Q, t =∞). Before mixing, the separate solutions were equilibrated in the
thermostatted sample holder rack at the designated temperature. Then they were
quickly but thoroughly mixed in a quartz cuvette which subsequently was placed
in the sample holder rack. Together with the time to close the experimental
hutch, this procedure lead to a dead time of about tdead ≈ 80 s between mixing
and commencement of the measurement. Even though the hand-mixing protocol
limited the achievable tdead  compared to using an automated mixing device
like at KWS-2, see below , it allowed the use of a standard sample holder rack
with excellent temperature stability. Over the course of a measurement, the
temperature measured with a thermocouple wire inside the cuvette was stable
within < 0.5 K. By using the manually noted time point when the sample was
mixed, τmix, as well as the start and end of the measurement recorded in the
logbook, τstart and τend, the time lapsed after mixing for each measurement was
calculated as

t = τend − τstart
2 − τmix. (3.26)

Exploiting the time-of-flight capabilities of Sans2d, some data sets were sliced in
the temporal domain to increase the number of time points, particularly during
the first measurement right after mixing. The data were evaluated utilizing the
model-free approach presented above. To obtain I(t), the scattering curves were
integrated over the range 0.008Å−1

< Q < 0.04Å−1, in which the signal changed
the most. The lowest Q points were omitted because of their large uncertainty. A
preliminary R(t) curve for each sample was created according to Equation (3.23),
using the I(0) and I(∞) values from the reference measurements.
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Kinetic experiments at KWS-2 were carried out in “real time mode”,
measuring only the overall count rate at the detector as a function of time
which corresponds to I(t). In contrast to the Sans2d data shown in Figure 3.5
which covers basically the full micellar form factor with a single detector setting
(d = 4 m) thanks to the time-of-flight capabilities, KWS-2 uses a single wavelength
setting (here: λ = 7Å, ∆λ/λ = 10 %) which at the chosen detector distance
(d = 8 m) yielded a limited Q range of about 0.003 – 0.03Å−1. Therefore, a
model-dependent analysis was not feasible and the model-independent approach
was the natural choice, rationalizing the use of “real time mode”. On the
other hand, the continuous, high-intensity reactor source in combination with
an automated mixing device allowed for exceptional time resolution, with
measurement durations down to tmeas = 25 ms per frame. We employed a
Biologic SFM 400 stopped-flow mixing device that could be controlled from
outside the experimental hutch, decreasing the dead time tremendously. Solely
limited by the flow rate and the volume of the tubing and cuvette, tdead was
only 2.5 ms. The time point for frame i = 1, 2, ... was calculated as

ti = (i− 0.5) tmeas + tdead. (3.27)

On the other hand, even though we employed a custom-built neutron head
with improved temperature control for the stopped-flow device, variations
in temperature were slightly larger, < 1 K, than with the thermostatted
Sans2d sample rack. Nevertheless, the automated mixing also ensured high
reproducibility. To cover different t ranges, multiple experiments at different
tmeas were performed. Each measurement was at least repeated once and the
curves always overlapped perfectly, so they were subsequently averaged. For the
lower tmeas, up to 12 repetitions were averaged to increase the poor counting
statistics. Figure 3.6 shows I(t) from a 1 vol% C22-PEO5 kinetic mixture with
isotope-labeled PEO chains at 9 ◦C. The averaged data sets from the different
tmeas were combined and sorted into log-sized bins, where they were averaged one
more time, weighted by the respective cumulated measurement duration. Similar
to the procedure for the Sans2d data, these final I(t) curves were translated
to preliminary R(t) curves according to Equation (3.23) by using reference
measurements.

Unfortunately, the I(0) and I(∞) values from the reference measurements did
not always perfectly agree with the actual values of the individual kinetic samples.
Especially when the whole exchange process of a sample was covered, like in
Figure 3.6, I(0) and I(∞) could be much more accurately determined directly
from I(t) than from the reference measurements. Deviations were expected,
though, because already minute differences in concentration or mixing volume
have a great effect on the ZAC conditions. Therefore, minor adjustments of
I(0) and I(∞) were allowed during subsequent steps of R(t) analysis which
are described in detail in the relevant publications, Paper III and Paper IV. In
addition, it should be noted that the experimental uncertainties in dΣ/dΩ(Q, t)
were propagated to I(t), I(0), I(∞) and R(t) by Gaussian error propagation.
For the integrated intensities I(t), I(0) and I(∞), the uncertainties in every
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Figure 3.6: Example for the binning of kinetic KWS-2 data: Time-resolved
scattering intensity of C22-PEO5 followed with two different frame durations,
tmeas = 0.25 s, 0.5 s.

single data point dΣ/dΩ(Qi, t) were added,

dI(t) =

√√√√∑
i

[
d
(

dΣ
dΩ

)
(Qi, t)

Qi−1 +Qi+1

2

]2
, (3.28)

and propagated to the uncertainty in the relaxation function,

dR(t) =

√
[dI(t)]2 + [R(t)2dI(0)]2 + [R(t)2dI(∞)]2

2R(t) [I(0)− I(∞)] . (3.29)

In total, we investigated the molecular exchange kinetics of three sample
systems in the framework of this doctoral thesis. The first two are closely
related: micelles consisting of Cn-PEO5 polymers (Paper III) and micelles
consisting of both Cn-PEO5 and Cn-PEO10-Cn polymers (Paper IV). These
samples were analyzed as described above. The third system, P-3W62, is a self-
assembling peptide conjugated with PEO, which exhibited almost no molecular
exchange (Paper V). None of these strictly fulfills the full-labeling criterion for
KZAC experiments mentioned above. In both cases, only the PEO blocks were
isotopically labeled. In the Cn-PEO systems, however, the PEO block comprises
about 90 % of the molecule, whereas in P-3W62 the peptide and polymer part are
of comparable size. Figure 3.7 shows calculated scattering curves, corresponding
to the initial dΣ/dΩ(Q, t = 0) and final dΣ/dΩ(Q, t = ∞) state of kinetic
mixtures for C28-PEO5 and P-3W62 in two different contrast conditions. The
curves were calculated using the models and parameters presented in Papers II
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Figure 3.7: Calculated scattering curves of the start and end state of kinetic
mixtures for C28-PEO5 and P-3W62 in different ZAC conditions.

and V, respectively. The average contrast of hPEO and dPEO is matched by
an H2O/D2O mixture with about 66.7 vol% D2O (“PEO ZAC”). This solvent
composition has been used in all kinetic experiments involving the Cn-PEO
system (Papers III and IV). Yet, as shown in Figure 3.7, the “overall ZAC”, i.e.,
the average scattering length between Cn-hPEO and Cn-dPEO (59 vol% D2O),
would have been the better choice, with greater difference between I(0) and I(∞).
But the stringent usage of an “overall ZAC” would have required an individual
ZAC solvent mixture for each Cn-PEOx sample. To simplify experiments and
data analysis, we therefore decided to employ the same “PEO ZAC” solvent
for all Cn-PEOx samples. In the peptide system, though, where the labeled
PEO block represents only half of the molecule, the “PEO ZAC” gives little
difference between I(0) and I(∞). But the actual “overall ZAC” for P-3W62 is
also difficult to determine because of an unknown extent of hydrogen exchange
in the peptide. For the curves shown in Figure 3.7, all theoretically exchangeable
protons5 were considered as exchangeable, yielding 54.5 vol% D2O as the average
matching point. In the study reported in Paper V, we used 56 vol% D2O, based
on a slightly different calculation. In any case, though, one has to keep in mind
that the curves shown in Figure 3.7 are based on geometrical P (Q) models only
and the true match points might be slightly different.

5Hydrogen atoms bound to oxygen or nitrogen, compare Figure 2.6 on page 35, are deemed
prone to exchange with solvent hydrogen atoms.
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3.2 Densitometry

Density measurements were carried out on an Anton Paar DMA 5000 density
meter. This device utilizes the oscillating U-tube principle.[234, 235] The sample
is filled into a U-shaped glass capillary whose eigenfrequency is directly related
to the contained mass. With the known capillary volume, the sample density can
be very accurately determined in this manner. The instrument was calibrated
with dry air and ultrapure, degassed water according to the manufacturer’s
instructions.

Firstly, density measurements were employed to independently determine
the melting point of the micellar core because the core density shows a discrete
reduction at the melting transition. Even though the absolute value of the core
density was uncertain to approximately 5 % (see below), the relative density
changes with temperature were very reproducible, yielding rather accurate
melting/freezing points Tm/f . Secondly, we used the measured core density to
calculate the core SLD needed to fit SAS data. Yet, particularly SAXS is very
sensitive to the core density, so that the measured density had to be adjusted,
within the experimental uncertainty, during the fit procedure.

By measuring the density of a polymer solution dsol, the solution density
of the polymer dpolym can be determined when the solvent density d0 and the
weight fraction w = mpolym/(mpolym + m0) are known. The density of the
solution is

dsol = mpolym +m0

Vpolym + V0

= mpolym +m0
mpolym
dpolym

+ m0
d0

= dpolym d0

w d0 + (1− w) dpolym
,

(3.30)

which can be solved for dpolym as

dpolym = w dsol d0

d0 + (w − 1) dsol
. (3.31)

That way, we determined the apparent density of Cn-PEO5 micelles dCn-PEO. By
additionally measuring the density of PEO homopolymer in solution dPEO and
assuming the density of PEO was the same in the micellar corona, we determined
the apparent density of the micellar core dCn. Figure 3.8 shows example data used
to determine the core density of C28-PEO5 micelles by the procedure described
above. According to the manufacturer, the DMA 5000 measures densities with
an accuracy of 10−6 g/mL. Repeated measurements, however, pointed rather
towards 10−5 g/mL and the empirical uncertainty in dCn-PEO and dPEO was even
higher, around 5× 10−3 g/mL, which can be explained by unknown uncertainties
in w. This led to a cumulated uncertainty of roughly 0.04 g/mL in dCn.
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Figure 3.8: (top) Measured density of a 1.2 wt% hPEO5 solution, a 1.0 wt%
C28-hPEO5 solution and the respective solvent, water with 66.7 vol% D2O.
(center) Polymer density calculated therefrom. (bottom) Density of the alkyl
block in the micellar core which constitutes 7.9 wt% of C28-hPEO5.

3.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was utilized to accurately measure
melting/freezing points Tm/f and the respective transition enthalpies ∆Hm/f of
micellar solutions.[236] Here, the sample is heated/cooled at a constant rate β
(temperature difference per unit time) and the necessary power P (t) is logged.
With the sample volume V , the polymer concentration c (mass per volume), the
molecular weight MW and the time-temperature relation T (t), P (t) is converted
to the differential molar heat capacity

CP (T (t)) = P (t)MW
β V c

. (3.32)

We used a TA Instruments Nano DSC which allowed to measure CP (T ) of the
alkyl core in dilute micellar solutions. The pure solvent hereby served as blank
which was subtracted from the sample measurement. In addition, the CP (T )
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Figure 3.9: Solvent- and baseline-corrected DSC traces of 1 vol% C28- and
C22-PEO5 micellar solution at a scan rate β = ±2 K/min.

traces were baseline corrected, accounting for corona contributions etc. All data
treatment up to this point was performed in the manufacturer’s software suite
NanoAnalyze.

Exemplary data of C28- and C22-PEO5 micelles are given in Figure 3.9.
The peak position of CP (T ) was taken as the transition temperature Tm/f and
the integral of the peak as ∆Hm/f . Furthermore, we calculated the transition
entropy as ∆Sm/f ≈ ∆Hm/f/Tm/f , since ∆G = 0 at T = Tm.

3.4 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy allows to study the structure
and dynamics of molecules in solution.[237, 238] The method exploits that the
Larmor frequency ν of nuclear spins, corresponding to the transition energy
∆E = hν between different spin states in a homogeneous external magnetic field,
is influenced by neighboring atoms, so that resonances of individual nuclei in a
molecule can be identified. Therefore, resonances are conventionally not plotted
against ν but against the “chemical shift” ∆ν = ν − ν0 from the nucleus’ native
Larmor frequency ν0. The technique obviously only works on isotopes with a
finite nuclear spin, where 1H proton NMR is the most prominent variety.

For Paper I, we employed 1H solution NMR to qualitatively assess the mobility
of the alkyl blocks in cores of Cn-PEOx micelles by analyzing the resonance line
width. In chloroform, a common solvent for both blocks, the molecules tumble
freely and corresponding NMR spectra exhibit very narrow alkyl signals, like
in Figure 2.3 on page 32. The reason is that the nuclear interactions leading
to line broadening are averaged out by rapid tumbling of molecules in solution.
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In water, on the other hand, Cn-PEOx forms micelles which restricts the alkyl
chain mobility; and thus nuclear interactions are not averaged out completely
anymore. Above the melting point, this leads to slightly broadened resonances
but below the melting point, the arrested motion broadens the alkyl signals
beyond recognition.

The problem of unrecognizably broad NMR signals in solidified samples can be
(partly) overcome by spinning the sample at the “magic angle” θm ≈ 55° relative
to the magnetic field.[239, 240] The spinning partially compensates the missing
free tumbling so that at least some nuclear interactions are averaged out again. In
Paper I, we employed magic-angle-spinning solid-state 13C NMR to characterize
the conformation and dynamics of the alkyl block under arrested mobility, i.e., in
the micellized state and even in the solid phase below the melting temperature.
We used polarization transfer experiments, cross polarization (CP) [241] and
refocused insensitive nuclei enhanced by polarization transfer (refocused-INEPT)
[242, 243], to qualititatively assess the alkyl block conformation and dynamics
above and below the melting transition.[244] Furthermore, we determined the
orientational order parameter [245, 246]

SCH = 1
2
〈
3 cos2 θ − 1

〉
(3.33)

of the akyl chains, where θ is the angle between a 13C-1H internuclear vector
and the magnetic field, just above the melting transition by using R-type proton
detected local field (R-PDLF) experiments [247].
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Chapter 4

Results and Discussion
The present doctoral thesis is part of a long-lasting research effort in our
group, investigating self-assembly by means of well-defined model systems and
extrapolating the resulting fundamental relations to more complex phenomena
as illustrated in Figure 4.1. Starting from conventional PEP-PEO and PS-
PB polymeric micelles [121, 248], the introduction of the Cn-PEOx system
enabled better insight into micellar exchange kinetics [105, 106, 249]. This new
system also entailed studies on its morphology [100, 108] and micellar interaction
[101, 217]. In the course of these works, we discovered that the alkyl1 cores
exhibit a phase transition below a certain temperature  which we ascribed to
crystallization. While we carried out first studies on how this phenomenon affects
the exchange kinetics [61], a deeper understanding of the supposedly crystalline
phase and the consequences of core crystallization was missing. That was the
starting point for the present work. We shed light on the conformation of the
alkyl chains inside the micellar core, both in the crystalline and liquid phase, and
how this affects the micellar morphology (Paper I). Tuning the crystallinity by
blending different alkyl chains lengths (Paper II), we revealed how crystallinity
affects the molecular exchange kinetics of polymer micelles (Paper III). Also,
we continued previous work on the morphology [102] and rheology [104] of
telechelic Cn-PEO2x-Cn micelles by establishing a first quantitative description
for the exchange mechanism of telechelic polymer micelles in solution (Paper IV).
We furthermore aimed to transfer our fundamental knowledge gained from
these model systems to more complex, biologically relevant systems. With our
collaborator He Dong (University of Texas at Arlington), we investigated the

Polymer 
  micelles ...
• morphology
• exchange
• interaction

... with crystalline
  cores
• morphology
• mixing rules
• exchange
• crystallization

Telechelic
  micelles
• morphology
• rheology
• exchange

Self-assembling
  antimicrobial
  peptides
• morphology
• exchange
• interaction with
   membranes

Figure 4.1: Research topics studied in our group. Aspects covered by the
present thesis are highlighted in bold italics.

1As noted in Section 1.3.3 on page 11, we exclusively refer to linear n-alkanes/n-alkyl
groups throughout this thesis.
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self-assembled structure of 3W62 antimicrobial peptides and their molecular
exchange (Paper V), while we studied the interaction of the peptide filaments
with model membranes [216] in parallel.

This chapter is organized as follows: First, Papers I to V will be summarized
briefly. Then, the results will be discussed across papers: Section 4.2 deals
with the structure of (mixed) Cn-PEOx micelles, with special focus on core
crystallization and co-assembly of length-mismatched core chains. Thereafter,
Section 4.3 covers the results we obtained on the exchange kinetics of polymeric
micelles, including the effect of crystallinity and the newly discovered exchange
mechanism in telechelic micelles. Finally, the structure and physical integrity of
(P-)3W62 filaments will be discussed in Section 4.4.

4.1 Summary of Papers

Paper I deals with the core structure in Cn-PEOx micelles. We found that the
core is an oblate ellipsoid below the melting point but also retains some
anisotropy above the melting point. The reason is the conformation of
the alkyl chains. Below the melting point, they mostly adopt an all-trans
configuration in a rotator-like phase with very slow reorientation rates.
Above the melting point, the chains are almost liquid-like but their rigidity
presumably hinders a spherical geometry. Furthermore, we reported a thin
layer of dehydrated PEO in the immediate core vicinity, caused by the
high polymer density in that region.

Paper II presents a systematic study of micelles formed from Cn-PEO5 and
mixtures thereof with different alkyl chain lengths n over a wide range
of temperatures. It investigates the relationship between composition,
thermodynamics and structure. We found no emergent phenomena upon
blending different core block lengths, the mixed micelles perfectly interpo-
late between “pure” Cn-PEO5 micelles, both in terms of thermodynamics

Paper I

Paper II

Paper III

Paper IV

Paper V

Cn-PEO-Cn

Cn-PEO

3W62

P-3W62

Thermo-
dynamics

Molecular
Exchange

Structure

Figure 4.2: Research aspects and sample systems related to Papers I to V.
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and structure. For example, the mixed micelles exhibit the same melting
point depression according to a generalized Gibbs-Thomson equation as
previously reported for pure micelles. In addition, we reported a novel
Nagg ∝ n3 scaling law for Cn-PEO5 micelles; but unfortunately, to this
date, we lack a theoretical explanation for this behavior.

Paper III shines light on the interplay between molecular exchange and
crystallization in polymeric micelles, on the example of Cn-PEO5 and
mixtures thereof with varying n. While we found crystallization/melting
to be a cooperative process between molecules, exchange of individual
molecules is independent. The co-crystallization only results in an
additional, cooperative free energy barrier (equal to the melting enthalpy
∆H) to the activation energy Ea of the otherwise decoupled expulsion
process. But ∆H as well as the melting point Tm can conveniently be
tuned by blending different alkyl block lengths. Lastly, we found that
confinement enhances the miscibility of length-mismatched Cn chains.

Paper IV reveals the mechanism of molecular exchange between telechelic
micelles in solution. Telechelic molecules exhibit the same activation
energy Ea for exchange as the respective monofunctional molecules, but
their exchange rate constants k are generally lower and concentration-
dependent. We explained these findings with a novel, collision-induced
unimer exchange mechanism and the accompanying kinetic model concurs
excellently with the experimental results.

Paper V uncovers the extraordinary physical integrity of self-assembled 3W62
filaments, withstanding strong thermal and acidic perturbations. There is
virtually no thermally activated exchange of peptide molecules between
filaments, it can only be triggered by intense mechanical agitation. In
addition, molecular dynamics simulations revealed atomic details of the
internal filament structure. In the course of data evaluation, we also
developed a new geometrical scattering model for the filaments and found
indication that, in the case of P-3W62, PEG forms a shell around the
peptide filament.

4.2 Morphology of Cn-PEOx Micelles

As outlined in Section 1.4 on page 13, Cn-PEOx is an excellent model system
that has been employed to study different phenomena in polymeric micelles.
So far, Cn-PEOx micelles were pictured as a spherical core-shell structure,
consisting of a segregated, solvent-free and homogeneous alkyl core and an
extended, star-like PEO corona.[99, 100] While the corona, formed by long PEO
polymer chains, adheres to classical polymer scaling theory, Zinn et al. claimed
that the aggregation behavior was dictated by the relatively short alkyl blocks,
leading to a surfactant-like Nagg ∝ n2 scaling law.[100] Furthermore, it was
discovered that the micellar cores exhibit a phase transition at a block-length-
dependent temperature Tm. At this point, the core density shows a discrete step
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as evidenced indirectly in SAXS curves and via direct density measurements
[108] and, at the same temperature, DSC traces exhibit a clear endothermic
transition.[77, 108] In addition, the alkyl NMR lines broaden beyond recognition
below Tm.[107] All these experimental findings led to the conclusion that the
alkyl blocks crystallize in the low-temperature phase while they are liquid-like
above Tm. During the peer review of Paper III, one reviewer raised the question
whether the phase transition was not actual crystallization but rather a glass
transition or some other kind of solidification. However, the shape of the DSC
traces clearly excludes a glass transition and alkanes under regular conditions
generally do not form glasses. Even theoretically derived values for Tg are in
the range of 120 – 130 K [250], while the observed transition temperatures of
Cn-PEOx are quite close to the bulk alkane crystallization temperatures [86] and
the difference can be described by a simple Gibbs-Thomson behavior resulting
from spatial confinement.[108] Nonetheless it is difficult to imagine the state of
the alkyl blocks within the micellar core as crystalline in a classical sense because
the maximum domain size is very small. It is constrained by the micellar core
radius Rc. So what kind of crystalline phase do the hydrocarbon chains adopt?
And how does that affect the micellar morphology?

4.2.1 Core Crystallization

The most common experimental techniques to investigate crystallinity are X-ray
diffraction (XRD) and wide-angle X-ray scattering (WAXS).2 For instance, the
group of Dujin Wang employed XRD to characterize the crystalline phase
of alkanes confined in micrometer-sized capsules.[81, 251] Yin et al. used
the same technique to prove that the PE cores of polyethylene-poly(N,N -
dimethylacrylamide) (PE-PDMA) micelles in water crystallize.[78, 252] In the
case of Cn-PEOx micelles, though, diffraction experiments are difficult. The
micellar cores constitute only a small fraction of the whole micelle, in the order
of 10 vol%, rendering the scattering signal inevitably weak. That also implies
that the cores are very small, only a few nanometer in diameter, giving rise to
pronounced Scherrer broadening [73] of the Bragg reflections. The principal
diffraction signal of the normal n-alkane orthorhombic crystal lattice is the
(110) reflection at Q = 1.5Å−1.[253] With an X-ray wavelength of λ = 1Å and
typical micellar core diameters d . 50Å, the Scherrer Equation (1.7) on page 10
yields ∆(2θ)/(2θ) > 0.08. To make things worse, the alkyl core crystallizes
only partially, which further reduces the chances of a fruitful WAXS/XRD
experiment. As reported in Paper I, we carried out WAXS measurements
regardless and exemplary data are plotted in Figure 4.3. Surprisingly, the
curves reveal a relatively sharp feature at Q = 1.5Å that vanishes above the
melting temperature, corresponding to the aforementioned characteristic (110)
reflection. Unfortunately, the second-most notable (200) reflection, which served
as confirmation of crystal formation in the works of Yin et al. [78] and Fu
et al. [251], was not resolvable in our experimental data. Though maybe not

2The exact distinction between these two techniques is often unclear.
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Figure 4.3: WAXS curves of C28-PEO3 at 5 vol% and PEO3 homopolymer
as a reference. The sharp feature at Q = 1.5Å−1 vanishes above the melting
temperature, Tm = 57 ◦C. Adapted from Paper I.

ultimately convincing by itself, in the light of the other experiments discussed
in the following, the WAXS experiments are still an important puzzle piece to
uncover the nature of the low-temperature phase of Cn-PEOx micellar cores.

To qualitatively assess the alkyl chain dynamics, we performed 1H NMR
experiments (Paper I). Such experiments were employed before by Heatley et al.
[107] who also investigated Cn-PEOx micelles, with n = 12 − 21. In samples
with longer alkyl chains, namely C18 and C21, they observed line broadening
and subsequent signal loss below a certain temperature and hence deduced a
liquid-solid phase transition. In our experiments, we observed the same line
broadening beyond recognition as obvious in Figure 4.4. Compared to the
very narrow alkyl signals in CDCl3, a common solvent for both blocks, the
lines are already slightly broadened in D2O at elevated temperatures, because
micellization restricts the alkyl mobility even though they are still liquid-like.
This agrees with the findings of Ortony et al. who investigated the internal
dynamics of an n-alkyl-functionalized peptide that self-assembled into nanofibers
and found the alkyl blocks buried in the fiber core to have a reduced rotational
diffusion rate compared to fully liquid n-alkanes in the melt.[254] But below the
melting point, Tm = 29 ◦C in case of C22-dPEO5, the characteristic alkyl signals
are lost completely due to core crystallization.

Yet, to gain more quantitative insight into the alkyl dynamics, we carried out
different 13C magic-angle-spinning solid-state NMR experiments (Paper I). The
spectra clearly revealed liquid-like PEO chains at all examined temperatures.
Though, we also observed a small PEO signal that indicated some anisotropic
bond reorientation which is interesting for the matter discussed in Section 4.2.3
on page 74. Below the melting temperature, the alkyl chains mostly adopt an
all-trans conformation  with some disorder caused by the spatial confinement
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Figure 4.4: NMR spectra of C22-dPEO in CDCl3 and D2O. The D2O spectra
were shifted and scaled so that the residual hPEO signals (1’) overlap with the
CDCl3 spectrum. * originates from residual H2O, and # and # are unknown
impurities. Adapted from Paper I.
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Figure 4.5: Rotator-liquid transition enthalpy of bulk alkanes [86] and Cn-
PEO5 (mixed) micelles. The crystallinity of micellar cores X(2) was calculated
as the ratio of the two enthalpies. For mixed micelles with average alkyl block
length n∗, the bulk values were interpolated (black dashed line).

and tethering to the solvated PEO blocks. They also exhibit very slow relaxation
and bond orientation rates, which in summary with the other results presented
above points towards a rotator-like phase below the transition temperature.

That explains why there is only a single transition peak in the DSC traces
of Cn-PEOx micelles (Papers II and III) while bulk alkanes typically exhibit
two transitions  compare Figure 1.5 on page 12. The latter crystallize at
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low temperatures, usually in an orthorhombic lattice, and with increasing
temperature adopt rotator phases before they actually melt. In Cn-PEOx
micelles, though, the alkyl blocks apparently never fully solidify. Due to spatial
confinement in the micellar core and conjugation with the coronal PEO blocks,
they only assume a rotator-like phase. To which degree this phase is adopted, is
rather broadly distributed in the literature. Reported crystallinities of Cn-PEOx
micelles range from 30 % [77] up to 80 % [100]. In Paper II, we reported degrees
of crystallinity between 30 – 45 % and 50 – 60 %, depending on how they were
calculated. Taking the complete transition enthalpy of bulk alkanes, from the
fully crystalline phase to the liquid state, as a reference, i.e., both the transition
enthalpy from crystalline to rotator phase ∆Hc-r and the rotator-liquid transition
enthalpy ∆Hr-l [86],

X(1) = ∆HCn-PEO

∆Hc-r + ∆Hr-l
, (4.1)

one ends up with a degree of crystallinity X(1) = 30 – 45 %. However, from the
results discussed above, we know that the alkyl cores do not fully crystallize but
only adopt a rotator-like phase, so the appropriate crystallinity is

X(2) = ∆HCn-PEO

∆Hr-l
, (4.2)

which yields X(2) = 50 – 60 % for mixed micelles with mean alkyl length
n∗ = 22 − 28 as shown in Figure 4.5. This is relatively high compared to
values reported for PE-PDMA micelles (30 % [78]) or PE-PEO micelles (35 %
[79]).

Even if the alkyl chains only partially adopt an ordered state, it remains an
open question how predominantly all-trans hydrocarbons can fit in a spherical
core. In principle, an “ordered hydrocarbon core” in amphiphile micelles was
already predicted by Tanford.[18] A more detailed model for star-like polymer
micelles with crystalline cores was later proposed by Vilgis and Halperin 
compare Figure 1.4 on page 9  and their scaling analysis produced the same
scaling laws as for non-crystalline micelles.[62] A particular feature of that
model is that the corona remains approximately spherical, despite the disk-
like/cylindrical core shape. From an experimental point of view, though, it
is not trivial to examine the shape of the micellar core. In most structural
characterization techniques, the corona dominates the experimental data. For
instance, we tried cryogenic transmission electron microscopy (cryoTEM), but
to no avail. The contrast between alkyl core and PEO corona was too low. Yet,
this is a typical example where SANS can play out its trumps. We synthesized
C28-hdPEO5 where the isotopic composition of hdPEO ensured it was matched
out in D2O (Paper I). Thus, the scattering signal originated predominantly
from the alkyl core, enabling us to examine its shape. Although H/D isotopical
substitution can alter polymer characteristics [255, 256], we never observed any
significant differences between Cn-hPEOx and -dPEOx as shown in Paper II and
References [100, 105]. Somewhat unsurprisingly, the SANS data with contrast-
matched corona could not be fitted with the established spherical core-shell model
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Figure 4.6: SANS and SAXS data of C28-hdPEO5 in D2O. Black lines are
model fits using the elliptical core-shell model. Subplot a) shows SANS curves
around the melting transition. The lowest- and highest-temperature data were
fitted simultaneously with corresponding SAXS data as shown in subplots b)
and c). In subplot c), a fit using the conventional spherical core-shell model is
depicted as dashed black line. Adapted from Paper I.

which is described in Paper II. In a first attempt, we considered if the reason was
core size polydispersity, even though we could fit all previous SAS data without
applying polydispersity. To fit the core-contrast SANS data, unrealistically large
variances in the aggregation number were necessary (∆Nagg/Nagg ≈ 0.5), so we
discarded that idea. Instead, we developed a new scattering model, described
in Paper I, inspired by the Vilgis and Halperin model. The original scaling
model assumes a disk-like shape, but considering the influence of the solvated
PEO blocks, interfacial area minimization and molecular disorder evidenced by
broadened 13C NMR signals and reduced crystallinity, we chose an ellipsoidal
core shape.3 In the new model, the homogeneous, ellipsoidal core is surrounded
by a classical star-like corona of constant thickness D. Therefore, if D � Rc,
the overall micelle still appears spherical  compare Figure I.1 in Paper I. We

3The difference between the characteristic scattering patterns of a disk and an ellipsoid is
anyhow barely discernible in SAS.
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also had to incorporate a thin layer of dehydrated PEO which will be discussed
in Section 4.2.3. The resulting fits are shown in Figure 4.6. Obviously, the new
ellipsoidal core-shell model can simultaneously fit regular contrast conditions,
ensuring consistency with previous studies, as exemplarily shown in Figure 4.6b)
and c). This is also reflected in the fit parameters, which excellently agree with
previously reported values. In the crystalline phase, best fits were obtained with
ε ≈ 0.5, which denotes the ratio between polar and equatorial core radius. Thus,
the core shape is that of an oblate ellipsoid of revolution. In the center, the
core thickness is about 2εRc ≈ 36Å. According to Tanford [18], the length of an
all-trans n-alkyl chain is l ≈ (1.5 + 1.265(n− 1))Å, which for C28 yields 36Å,
perfectly fitting with the core thickness.

The fact that (partially) crystalline solvophobic blocks lead to anisotropic
core shapes is well-documented in the literature. For instance, Zhang et al.
investigated poly(ε-caprolactone) confined in a cross-linked poly(acrylic acid)
shell.[257] By studying these nanoparticles deposited on mica surfaces with
atomic force microscopy (AFM) as well as in solution with dynamic light
scattering (DLS), they found spherical shapes above the melting point and
an ellipsoidal or disk-like shape when the cores were crystalline. Similarly, the
group around Fang-Ming Zhu characterized polyethylene-poly(ethylene oxide)
(PE-PEO) and polypropylene-poly(ethylene oxide) (PP-PEO) micelles in DMF
with transmission electron microscopy (TEM) and AFM and found platelet-
shaped cores when the PE and PP blocks crystallized.[79, 258] Instead of using
temperature to induce crystallization, Agrawal et al. chose a different approach:
They synthesized polylactide-poly(ethylene oxide)-polylactide (PLA-PEO-PLA)
in two versions: one with an optically “pure” poly(l-lactide) (PLLA) block
and one with racemically mixed poly(l/d-lactide) (PRLA).[259] As evidenced
by contrast-variation SANS, both copolymers dispersed in water assembled
into micelles but the amorphous PRLA blocks formed spherical cores while
the crystalline PLLA blocks formed disk-like cores. In a similar fashion,
Yin et al. compared polyethylene-poly(N,N -dimethylacrylamide) (PE-PDMA)
and poly(ethylene-alt-propylene)-poly(N,N -dimethylacrylamide) (PEP-PDMA)
micelles in water.[78, 252] TEM and SANS experiments revealed spherical cores
formed by the amorphous PEP blocks whereas (partially) crystalline PE chains
forced the micellar core into an oblate-ellipsoidal shape.

Interestingly, all these publications report spherical core shapes above the
respective melting temperature. In the case of C28-hdPEO5, however, the SANS
curves of the liquid-like phase can still not be reproduced by the conventional
spherical core-shell model  see the dashed black line in Figure 4.6c). Even
though less pronounced, the core apparently retains some asphericity: The SANS
fits yield ε ≈ 0.7. This result concurs with NMR experiments reported in Paper I,
where we found a finite order parameter SCH ≈ 0.02 in the liquid-like phase.
This residual order parameter pointed towards some molecular order and/or
asymmetry in the micellar core above the melting point. But why does the core
not become spherical to minimize the core-corona interface area? Schmitt et al.
postulate that core block polydispersity can favor aspherical shapes [260], but
the C28 chains are strictly monodisperse. Yet, they are considerably shorter than
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the polymer blocks in the studies cited above.[78, 79, 252, 257–259] Therefore,
we relate the retained anisotropy to the residual rigidity of the alkyl blocks in
the liquid-like phase. Due to their shortness, the C28 chains are not as flexible
as longer polymer blocks and cannot fill a spherical core volume as effectively.
Concurringly, by using Brownian molecular dynamics simulations, Lin et al.
found a gradual transition from spherical to disk-like micelles when the core
block rigidity was increased.[261] Also the coarse-grained molecular simulations
of Vuorte et al. revealed a slight anisotropy in amorphous C18-PEOx micellar
cores, which might become more pronounced with longer alkyl chains.[103]

On the other hand, core crystallization does not always lead to an anisotropic
shape. For example, Sevgen et al. reported atomistic simulations of oligo(ethylene
sulfide)-poly(ethylene glycol) (OES-PEG) micelles which maintained their
spherical shape, despite partial crystallization of the OES blocks.[262] Other
researchers observed the opposite effect, that the micellar morphology was
completely changed to wormlike micelles upon core block crystallization [66, 252,
263, 264], which might even lead to precipitation [265]. Thus, possible effects of
core crystallization on the micellar shape are manifold.

But not only does crystallization of the core block affect the micellar shape,
the micelle geometry also affects the crystallization inside the core. Most notably,
the spatial confinement leads to a suppression of the melting point. As the
surface-to-volume ratio is greatly increased compared to bulk samples, surface
effects emerge. Since the interaction between the solid core phase and the
solvent/PEO phase is less favorable than the interaction between the liquid
core phase and the solvent/PEO phase, the equilibrium is shifted towards the
liquid core phase, so that the melting temperature decreases. The effect can be
decribed by the generalized Gibbs-Thomson equation [84, 85], introduced earlier
in Section 1.3.2  compare Equation (1.8) on page 11. Both in Paper II and a
previous publication [108], we found a very good agreement of the melting point
depression in Cn-PEOx micellar cores with the Gibbs-Thomson law. However, in
the light of the results from Paper I, the spherical geometry assumed in Paper II
and Reference [108], and therefore the applied confinement radius Rc, are not
strictly true. In a spherical core, the geometry factor is

∂S

∂V

∣∣∣∣
sphere

= 2
Rc
. (4.3)

In an oblate ellipsoid with volume Vellipsoid = 4π/3 εR3
c and surface Sellipsoid ≈

2πR2
c(1 + ε2), on the other hand, the geometry factor becomes

∂S

∂V

∣∣∣∣
ellipsoid

≈ 1 + ε2

ε

1
Rc
, (4.4)

which for ε 6= 1 is larger than 2/Rc. Therefore, the interfacial tension γ of
the core-corona interface was slightly overestimated in Paper II, where we
reported γ ≈ 8 mN/m. In any case, the value is much lower than literature
values for the interfacial tension between alkanes and water, which range around
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50 mN/m.[97, 266, 267] Considering another finding of Paper I, though, this
discrepancy makes sense. We found that there is a thin layer of dehydrated PEO
in the immediate vicinity of the core, which will be discussed in Section 4.2.3.
Therefore, the relevant interfacial tension might actually rather be that between
alkanes and PEO. Roe measured γPE-PEO with the pendant-drop technique,
using branched PE (7 kg/mol) and linear PEO (6 kg/mol), at high temperatures
(110 – 190 ◦C).[268] He found a linear temperature dependence,

γPE-PEO(mN/m) = 9.5− 0.016 [150− T (◦C)] , (4.5)

which at 20 ◦C gives γPE-PEO = 11.6 mN/m. Gaines and Gaines later investigated
the interfacial tension between n-alkanes and PEO with the same method at
20 ◦C, systematically varying the molecular weight.[269] They used alkanes with
7 to 16 carbons atoms and PEO molecular weights between 100 and 400 g/mol
and found a γalkane-PEO ∝ MW−2/3 scaling law:

γalkane-PEO(mN/m) = 10.4− 98.3MW−2/3
alkane + 106.3MW−2/3

PEO . (4.6)

For example, this yields γC28-PEO5 = 8.9 mN/m for C28-PEO5 with MWC28 =
394 g/mol and MWPEO = 5000 g/mol. These results are very close to the
interfacial tension between core and corona in Cn-PEOx micelles determined
from the Gibbs-Thomson relation. Thus, the dehydrated PEO layer, or more
precisely the underlying high grafting density of PEO on the core surface, might
have a significant but so far unknown impact on the micelle free energy Gmic,
which certainly calls for a closer investigation.

4.2.2 Effect of Co-Assembly

To study the effect of core block crystallization on the molecular exchange kinetics
of polymeric micelles (Section 4.3.1 on page 76 and Paper III), we wanted to
tune the crystallization. To this end, it was the natural choice to vary n as both
Tm and ∆Hm depend on the length of the hydrophobic block. But instead of
synthesizing a range of new Cn-PEOx polymers, we decided to blend polymers
with different n to obtain mixtures with average alkyl length n∗  in the hope
that these mixtures would interpolate the properties of micelles with core block
length n = n∗  compare Section 1.2.3 on page 7. The first question was if
mixed micelles were formed in the first place.

This is an important question because n-alkanes, which constitute the
hydrophobic, core-forming block of Cn-PEOx, are completely miscible in the
liquid phase but tend to de-mix in the crystalline phase  at least when the length
mismatch is too large. As outlined in Section 1.3.3 on page 11, the corresponding
mixing rules were determined by Kravchenko [86, 87]. According to his findings,
crystalline alkanes with around n ≈ 20 − 30 carbon atoms de-mix when the
length mismatch is greater than ∆n > 4. But in Papers II and III, we used
C22- and C28-PEO5, because they exhibit melting points in an experimentally
accessible temperature range and their exchange kinetics are on a time scale
accessible with TR-SANS. That means, according to Kravchenko’s mixing rules,
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these alkyl groups with ∆n = 6 would segregate in a crystalline bulk phase. We
tried to verify this by blending n-docosane and n-octacosane and measuring
melting and crystallization curves with DSC. We never obtained reproducible
data, though. This was probably caused by inhomogeneous mixing which indeed
signals incompatibility of the two n-alkanes in at least one of the phases.

In contrast, we obtained excellently reproducible DSC traces of Cn-PEO5
micelles. Interestingly, not only do pure micelles have just a single transition
(discussed the previous section), but also the mixed micelles exhibit the same
phenomenon. Density measurements yielded concurring results: As shown in
Figure 2 in Paper II and Figure 1 in Paper III, there is just a single discrete step in
the alkyl core density of mixed Cn-PEO5 micelles. Apparently, the alkyl groups
do not segregate in the crystalline phase, despite their relatively large length
mismatch. The reason is probably a confinement effect: Lamellar ordering and
longitudinal diffusion, the main separation mechanisms in bulk, are suppressed
under confinement. This agrees with the findings of Fu et al. who, as outlined
in Section 1.3.3 on page 11, found enhanced miscibility of length-mismatched
alkanes confined in micrometer-sized capsules.[251] It is noteworthy, though, that
in other cases confinement can also promote de-mixing, for instance in mixtures
of small molecules like methanol and water [270] or colloidal mixtures [271].
Conversely, we found not only that the blended alkyl cores remain homogeneous
but also that the hydrocarbon chains crystallize and melt cooperatively.

In Section 1.2.3 on page 7, we also presented theoretical predictions for the
formation of mixed micelles when polymers of different lengths are blended.
Even though these works did not consider crystallization, it is still interesting
to compare what they predicted for the liquid phase. According to the theory
of Sens et al. [53], already a slight mismatch in core block length can prohibit
formation of mixed micelles  which we can definitely exclude here because
DSC and density experiments unambiguously prove mixed micelles. The theory
of Borovinskii and Khokhlov [54] seems to be more applicable to Cn-PEOx
micelles. They predict that with increasing overall polymer concentration, first
the polymer species with longer core blocks, i.e., lower CMC, micellizes and
then the short-block species is incorporated while excess molecules form separate
smaller micelles. At high concentration, well above the CMC of both species,
mixed micelles of equal size and composition are formed according to the theory.
These predictions agree with the experiments of Renou et al. [40] who blended
C12- and C22-PEO5. At low concentration, first C22-PEO5 micelles were formed,
into which C12-PEO5 molecules were gradually integrated. At high concentration,
they only observed mixed micelles. This is also the case in our experiments.
All mixed micelle samples used for the present thesis were well above both
constituents’ CMC and we exclusively observed molecularly mixed micelles.

Even though mixed micelles might be the thermodynamic equilibrium
structure in many cases, there are a number of reports about kinetically trapped
systems. When there is no molecular exchange, the micelles are kinetically
frozen, leading to non-ergodic systems where the question whether mixed
micelles form depends on the sample preparation protocol. If the two species are
molecularly interdispersed before micelle formation, mixed micelles are formed.
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Figure 4.7: Melting curves of C28/22-hPEO5 3:1, 1:1 and 1:3. Red lines are
fits with a single Gaussian, green lines with two Gaussians (fit parameters given
in Table 4.1).

3:1 1:1 1:3
Tm,C28 (◦C) 52.5 45.1 36.0
∆Hm,C28 (kJ/mol) 41 17 52
Tm,C22 (◦C) 50.2 41.7 33.6
∆Hm,C22 (kJ/mol) 21 49 19

Table 4.1: Parameters of the fit with two Gaussians in Figure 4.7.

But if solutions of already micellized polymers are mixed, the populations stay
separate.[153, 272, 273]

As stated above, mixed Cn-PEOx micelles exhibit a single transition peak in
their DSC traces, indicating a cooperative melting/crystallization process of both
constituent species. However, in Figure 2 in Paper II and Figure 1b) in Paper III,
it is obvious that the transitions peaks of the mixtures are considerably broadened
compared to pure micelles. Thus, one might hypothesize that the two alkyl chain
species influence each other so that the individual melting points approach each
other but independent melting/crystallization processes are maintained. This
might be caused by partial segregation inside the micellar core. To test this
hypothesis, we fitted the melting curves of C28/22-PEO5 mixtures  shown in
Figure 4.7  with a single and a dual Gaussian function. The peaks are slightly
better reproduced with the dual function, but already a single Gaussian fits the
data well. The results of fitting the melting peaks with two Gaussian functions
are given in Table 4.1. We assigned the Gaussian with lower Tm to C22-hPEO5
and the other one to C28-hPEO5. The resulting peak integrals, i.e., ∆Hm, are
inconsistent, though. Therefore, the broadened peaks provide no evidence for two
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Figure 4.8: SAXS and SANS curves of Cn-hPEO5 and mixtures thereof at
25 ◦C.

separate melting processes. We also performed a de-mixing SANS experiment:
C22-hPEO5 and C28-dPEO5 were blended in chloroform, a common solvent for
both alkyl and PEO blocks. The homogeneously mixed polymer solution was
then dried and re-dissolved in an aqueous solvent with zero-average contrast to
the two PEO blocks (“PEO ZAC”). The rationale behind was that if the alkyl
blocks are homogeneously mixed, also the coronal PEO chains are mixed and
therefore have no scattering contrast. If the alkyl blocks in the core segregated,
on the other hand, we would also expect at least a partial segregation of the
isotopically labeled PEO chains and therefore an increase in scattering intensity.
Yet, comparing a freshly annealed sample with a four-weeks old one revealed
no difference in the scattering patterns. Taking these two results together, we
conclude that the DSC peak broadening is not due to segregation inside the core
but instead caused by local heterogeneities and packing restrictions.

In any case, as reported in Paper II, the melting and freezing enthalpies
∆Hm/f scale linearly with the mean alkyl block length n∗ which is also known
for neat bulk alkanes [86]. In contrast, alkane mixtures (with ∆n small enough
to ensure miscibility) often exhibit a lower transition enthalpy than the weighted
average of the components [89, 90, 274], whereas in Cn-PEO5 the blends perfectly
interpolate. Also Tm scales quasi-linearly with n∗, similar to pure alkanes of that
length range [86]. In addition, the Gibbs-Thomson law reported earlier for pure
micelles [108] is also valid in mixed micelles.4 To conclude, blending Cn-PEOx
polymers is a facile way to tune the crystallization of the micellar core as needed
for our kinetic experiments, which are presented in Section 4.3.1 on page 76.

But how is the micellar structure affected by blending? Qualitative
conclusions can already be drawn directly from the scattering curves. Figure 4.8

4We tried to separate the effects of mixing and confinement on the melting point, see the
Supporting Information of Paper II, but were not successful.
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shows SAXS and SANS data of C16-, C22- and C28-hPEO5 and binary mixtures
thereof, similar to Figure 1 in Paper II. The forward scattering, which depends
mainly on the aggregation number Nagg, increases with n∗. In the SAXS curves,
the principal decay shifts to lower Q with increasing n∗, indicating larger micellar
radii. Obviously, the micelles become larger with increasing mean alkyl block
length and the mixed micelles mimic this behavior. Notably, the mid- to high-Q
scattering is similar for all n∗, so the internal structure of the micelles seems to
be unaffected. The detailed analysis of these data with a geometrical scattering
model (Paper II) confirms this initial assessment. Here we should note that in
these analyses the core ellipticity was not taken into account. Firstly, because
the core contribution in the examined contrast conditions is rather weak so that a
distinction between a spherical and elliptical core shape is not possible. Secondly,
the experiments of Paper II happened chronologically before those of Paper I,
so during the work on the former we were not certain about the core shape yet.
Anyhow, the overall corona shape is only weakly affected by the core shape and
still appears approximately spherical  compare the theoretical Vilgis-Halperin
model in Figure 1.4 on page 9 and the scattering model sketch in Figure I.1 in
Paper I. In addition, the fit evaluation in Paper I revealed that the fit parameters
of both the spherical and elliptical scattering models are commensurable. The
analysis reported in Paper II yields that Nagg, and therewith also Rc, in mixed
micelles mimics the behavior of pure micelles  though in an unexpected way
which we discuss in Section 4.2.3. Also the corona of mixed micelles adheres to
scaling laws expected for star-like micelles. In the SANS experiments that we did
not include in Paper II, we even measured a ternary mixture of C16-, C22- and
C28-hPEO5, which is shown in Figure 4.8. While the scattering pattern coincides
with that of pure C22-hPEO5 as expected, the corresponding DSC melting
trace was heavily broadened, more than in the binary mixtures. Nevertheless,
we thus conclude that micelles consisting of mixed Cn-PEO5 polymers with
mismatched alkyl chains lengths interpolate the behavior of pure micelles not
only regarding their thermodynamics but also their structure. The same result
was found by Renou et al. in the study cited above [40]: Micelles consisting of
blended C12- and C22-PEO5 reproduced the behavior of pure Cn-PEO5 micelles
with n = 12 − 22 in terms of aggregation number, hydrodynamic radius and
rheological response. Also the Brownian dynamics simulations of Hafezi and
Sharif yielded similar structural and dynamic properties for both mixed and pure
micelles.[275] Cho et al. even reported that their branched PEO3-PS copolymers
with different polystyrene (PS) block lengths interpolated the packing parameter
of pure polymer micelles with intermediate PS block lengths, so that a variety of
micellar geometries could be reproduced by mixing two polymer species instead
of using different pure polymers.[50] Another interesting example where mixed
polymer micelles mimicked the behavior of pure micelles was presented by Wright
et al.[276] Their core blocks were not completely hydrophobic but contained
randomly distributed hydrophilic monomers. By blending two polymers with a
different fraction of hydrophilic monomers in the core block, they reproduced
the structure of polymers with intermediate hydrophilic fractions.

But perfect interpolation of the behavior of pure micelles is not always
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the case. Newby et al. mixed Pluronics (PEO-PPO-PEO) with similar corona
block lengths but different poly(propylene oxide) (PPO) lengths.[277] By using
DLS, they found a larger hydrodynamic radius for the mixed micelles than
for both pure micellar species. A similar effect was reported by Zhao et al.
who studied poly(methyl methacrylate)-poly(n-butyl methacrylate) (PMMA-
PnBMA) micelles with identical PMMA corona blocks but varying PnBMA core
block lengths in an ionic liquid by DLS and SAS.[278] The mixed micelles were
significantly larger than corresponding pure micelles with the same average core
block length. The authors explained that finding with an optimized packing in
the core, lifting the stretching penalty of the shorter block and thus allowing
higher aggregation numbers. This explanation is in agreement with self-consistent
field calculations of Mantha et al. which revealed that polydisperse polymers
can form micelles with narrower size distributions.[51] The reason is that the
different block lengths allow more effective packing in the core and thus increase
the micelle stability. This phenomenon does not appear in Cn-PEOx micelles,
though, because the relatively short alkyl blocks do not experience a significant
stretching penalty.

4.2.3 Other

Beside answers to our primary questions about the effects of crystallization and
co-assembly on the thermodynamics and structure of polymeric micelles, we also
obtained interesting side results.

In the course of the study reported in Paper I, we developed a new scattering
model to reproduce SANS data of C28-hdPEO5 with a contrast-matched corona.
To change the core shape from spherical to ellipsoidal was not sufficient to explain
the data. The sample exhibited some additional scattering at intermediate
scattering vectors, at higher Q than the residual characteristic contribution
of the corona but lower Q than the dominant core scattering. Thus, there
must have been a third scattering feature at a length scale between Rc and
Rm. Already in earlier studies, Laurati et al. have not been able to fully match
out the corona of PEP-PEO micelles.[279] And also in Reference [108] and
Paper II, we hypothesized that the low interfacial tension obtained from the
Gibbs-Thomson analysis was due to some kind of shielding of the alkyl core
from the solvent by the PEO corona. Therefore, we came to the conclusion
that the PEO chains partially dehydrate in the immediate vicinity of the core-
corona interface, due to relatively high grafting density of PEO chains on the
surface, ∼ 1.1 nm−2. And indeed, we reproduced the core-contrast SANS curves
simultaneously with corresponding SAXS curves excellently by assuming a thin
layer of dehydrated PEO around the core  compare Figure 4.6 on page 66.
For this layer, we used the density of PEO homopolymer in the melt. In other
contrast conditions, it is not visible because it is apparently very thin (. 10Å)
and moreover has a low contrast against the much larger hydrated PEO corona.
Only when the latter is (almost) matched out, the dehydrated layer becomes
visible. The additional shell also explains the weak CP signal of PEO in the
13C NMR spectra shown in Figure I.4 in Paper I, which arises from anisotropic
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Figure 4.9: Aggregation number of Cn-PEO5 micelles as a function of the
mean alkyl block length. Data taken from Paper II and References [40, 98–
100]. The dashed line corresponds to Nagg ∝ n2, the solid line to Nagg ∝ n3.
Reprinted with permission from Paper II. Copyright © 2019 The Royal Society
of Chemistry.

reorientation of a small fraction of the PEO blocks. To our knowledge, this
phenomenon so far has only been found in polymer-functionalized nanoparticles
with very high grafting densities.[280, 281] The molecular dynamics simulations
of Dahal et al. reproduced those experimental findings but also predict thin layers
of dehydrated polymer at lower grafting densities.[282] Our results thus represent
the first experimental evidence of this phenomenon at moderate grafting density
in polymeric micelles.

Upon closer inspection of our structural data of mixed and pure Cn-PEO5
micelles (Paper II), we stumbled across an unexpected relation between the
aggregation number Nagg and the alkyl block length n. In a previous work,
Zinn et al. compared the aggregation numbers of Cn-PEOx with varying n
from several publications  see Figure 3 in Reference [100]. Instead of the
Nagg ∝ n4/5 scaling law expected for star-like micelles, the data rather agreed
with a Nagg ∝ n2 relation which is known from surfactant systems. Yet, when
inspecting the data more closely and also including the data from Paper II,
they in fact rather adhere to a Nagg ∝ n3 scaling law as shown in Figure 4.9.
The trend seems clear for n & 19, but the literature data for smaller n agree
more with the conventional Nagg ∝ n2 scaling law. However, also in the results
of Renou et al. [40], it looks like there was a transition from Nagg ∝ n2 to
Nagg ∝ n3 around n ≈ 19. To shine more light on the issue, we also measured
SAXS curves of C12- and C14-PEO5. At first glance, the fit results seem to
support the Nagg ∝ n3 relation. But the CMC of these polymers is much higher,
already in the range of the concentrations used throughout this thesis. Therefore,
the fit model was amended to also account for unimeric polymer molecules but
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the problem was that the fit parameters CMC and Nagg are strongly correlated,
leading to a large uncertainty in Nagg as shown with the error bars in Figure 4.9.
Thus, we cannot rule out a transition from Nagg ∝ n2 to Nagg ∝ n3 around
n ≈ 19. Interestingly, n ≈ 19 is also the range where core crystallization emerges.
But the existing scaling theory of crystalline micelles (Section 1.3 on page 9
and Reference [62]) does not predict such a scaling behavior and also our own
attempts in a theoretical treatment were not fruitful (Supporting Information of
Paper II). Thus the explanation of the novel Nagg ∝ n3 scaling relation remains
an open issue. It might be related to the elliptical core shape or the dehydrated
PEO layer that affects the core-corona interaction.

4.3 Exchange Kinetics of Polymeric Micelles

Although the theory of molecular exchange in polymeric micelles (Section 1.5.1
on page 14 and Reference [115]) is already 30 years old, it took a long time before
its definite experimental confirmation. As outlined in detail in Section 1.5.2
on page 15, this was mainly due to inherent polymer polydispersity and lack
of suitable experimental techniques. When KZAC TR-SANS experiments were
added to the picture [133], the first experiments agreed with the theory but
could not be seen as definite proof because the data were still heavily obstructed
by polydispersity [135, 136]. The final breakthrough came with the introduction
of Cn-PEOx micelles with truly monodisperse core blocks.[105] Also in the
work comprised by the present thesis, especially in Paper III, the Halperin and
Alexander theory [115] was confirmed.

4.3.1 Effect of Crystallization

We aimed to investigate the effect of core crystallization on the exchange kinetics
of polymeric micelles by tuning the crystallization of Cn-PEO5 alkyl blocks
through co-assembly with different block lengths. As described in the previous
section, Cn-PEO5 polymers form mixed micelles which mimic the behavior
of their pure counterparts, both in terms of structure and thermodynamics,
which offers a facile way to tune core crystallization in these micelles. So
how does crystallization of the alkyl blocks affect the molecular exchange?
In principle, there are two conceivable mechanisms possible: The exchange
rates depend exponentially on n and thus molecules with different alkyl length
exchange on very different timescales. But we showed in the previous section that
crystallization in the micellar core is a cooperative process  hence, either the
co-crystallization also confers a mutual exchange rate for both polymer species in
mixed micelles or the exchange of the constituent species remains independent,
although they crystallize cooperatively. Of course, anything in between these two
extremes is possible as well. In the light of the “independent chain hypothesis”
proposed by Lu et al. [146, 147], however, independent exchange is the most
probable scenario.

Kastantin et al. partially shed light on the effect of crystallization on
molecular exchange.[60] They investigated micelles formed from a phospholipid-
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polymer conjugate, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N -
methoxy(poly(ethylene glycol)) (DSPE-PEG), a promising candidate for drug
delivery applications. The lipid core of these micelles exhibits a solid-liquid phase
transition at 12 ◦C as evidenced by DSC and the transition enthalpy accounts
to about 40 kJ/mol. The authors described the solid phase as “glassy” because
they observed no clear WAXS signal but, on the other hand, they did not rule
out some kind of local order. They employed fluorescence quenching to monitor
the molecular exchange between micelles at temperatures above and below the
transition temperature and, via an Arrhenius analysis, they determined the
activation energy of molecular exchange to be 160 kJ/mol in the solid phase and
80 kJ/mol in the liquid phase. The difference can partly be explained by the
transition enthalpy between the two phases but that only accounts for half of
it. The authors ascribed the missing energy to the fact that, in the solid phase,
the reorganization of the remaining molecules after expulsion of one molecule
from a micellar core is much slower than in the liquid phase, which can lead to a
thermodynamically unfavorable transition state. Unfortunately, they did not
address the influence of the fluorescent label on the phase transition and the
molecular exchange.

Furthermore, the interplay of exchange kinetics and crystallization was treated
by our group in a TR-SANS study reported in Reference [61]. In that study,
the exchange kinetics of Cn-PEO5 micelles with n = 21− 30 was investigated,
but unfortunately only below the melting point because the exchange process
became too fast in the liquid phase. By assuming a simple additivity of the
activation energies,

Ea = E0
a + ∆H, (4.7)

where Ea is the activation energy in the solid phase and E0
a the activation

energy in the liquid phase, interesting results on the entropic contributions to
the exchange rate k were obtained. Yet, experimental proof of Equation (4.7)
was missing.

With an improved experimental setup, we were now able to also measure the
exchange rates of Cn-PEO5 micelles above the melting point of the hydrocarbon
core (Paper III). In addition, we blended Cn-PEO5 molecules of different alkyl
block lengths to tune the mutual melting temperature. In the previous section, we
showed that crystallization is a cooperative process in the micellar core. So how
does it affect the molecular exchange, which in the liquid phase is independent?
Figure 4.10 shows experimental relaxation functions R(t) of C28- and C22-PEO5
and a 1:1 mixture of those. Obviously, the mixed micelles exhibit two separate
exchange processes, both below and above the melting point (Tm ≈ 43 ◦C)  also
compare Figure 2 in Paper III and Figure S3 in the accompanying Supporting
Information. Thus, although the different alkyl groups form mixed micellar
cores and crystallize cooperatively, their respective exchange kinetics are still
decoupled and the “independent chain hypothesis” [146, 147] also holds in the
crystalline phase.

Figure 4.11 shows an Arrhenius plot of the exchange rates of these three
samples. Clearly, the exchange rates of C28-PEO5 and C22-PEO5 are identical
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Figure 4.10: Experimental relaxation functions and exponential fits of C22-
PEO5, C28/22-PEO5 1:1 and C28-PEO5 at various temperatures. Adapted with
permission from Paper III. Copyright © 2019 American Physical Society.
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the respective liquid and crystalline regimes.
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Figure 4.12: Activation energies of the chain expulsion step of C28- and C22-
PEO5 in various mixtures. Adapted with permission from Paper III. Copyright
© 2019 American Physical Society.

both in pure and mixed micelles, further confirming the “independent chain
hypothesis”. What becomes not as clear in Figure 4.11, though, is that the
activation energy of both polymer species is different above and below the
respective melting transition indicated by the colored shades. This becomes
more clear in the fits shown in Figure 3 in Paper III and Figure S4 in the
accompanying Supporting Information. The slope in the Arrhenius representation
markedly changes at the melting temperature. For pure C22-PEO5, this was
straightforward to achieve because of its convenient melting point, Tm ≈ 29 ◦C.
But the melting point of pure C28-PEO5 is too high, Tm ≈ 57 ◦C, so we could
not measure the exchange rate above the transition temperature. However, by
blending both species, the mutual melting point was reduced to Tm ≈ 43 ◦C
so that the exchange kinetics of liquid-like C28-PEO5 became experimentally
accessible, proving the value of the blending approach. Very interestingly,
the difference in activation energy between the crystalline and liquid-like
phase exactly accounts to the transition enthalpy ∆H which we independently
determined from DSC, confirming Equation (4.7). This is in agreement with
Reference [104], where Zinn et al. measured the rheological relaxation rate krheo
of C22-PEO10-C22 telechelic hydrogels. In the crystalline phase, the activation
energy determined from krheo was about 100 kJ/mol and, above the melting
point of the C22 cores, is was approximately 70 kJ/mol, which concurred well
with the independently measured melting enthalpy of 26 – 29 kJ/mol.

The activation energies of C28- and C22-PEO5 in different blending ratios are
plotted in Figure 4.12. Here, the values from the crystalline regime have been
corrected for the transition enthalpy from the DSC measurements, E0

a = Ea−∆H.
With this correction, the activation energies in the crystalline and liquid-like
regime clearly coincide and are independent of the blending ratio. The same
picture was obtained for the respective time constants τ0  compare Figure S5
in the Supporting Information of Paper III. We therefore conclude that the
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Figure 4.13: Comparison of the energy landscape of the expulsion step in
molecular exchange: the conventional picture in amorphous micelles and the
newly proposed picture in crystalline micelles.

cooperative crystallization infers a mutual energy penalty on the otherwise
independent exchange processes and propose an amended free energy landscape
of the expulsion step as sketched in Figure 4.13  compare Figure 1.6 on page 14
for the traditional picture. Apparently, co-assembly has no effect on the activation
energy E0

a of molecular exchange in the liquid-like phase. It solely depends on
the additional hydrophobic surface created upon chain expulsion, namely the
block length n and the interfacial tension γ. As the latter is similar for longer
alkanes like C22 and C28, the co-assembly has no effect. Nevertheless, we expect
modified activation energies if chemically dissimilar components are blended.
Still, in the crystalline regime, the individual E0

a is increased by the mutual
∆H, which depends on the composition and hence represents a handy tool to
fine-tune the exchange kinetics of polymeric micelles for desired applications.

Admittedly, our conclusion after all relies on three points in Figure 4.12 only.
For the 3:1 and 1:3 mixtures, we were not able to measure activation energies in
both regimes. In addition, the data points have relatively large experimental
uncertainties, due to temperature instabilities, limited temporal resolution and
uncertainties in the I(0) and I(∞) reference values  see Section 3.1.5 on page 47.
In addition, the activation energies of C22-PEO5 seem to increase when more C28-
PEO5 is added to the blend. Nevertheless, we do not believe that this a direct
consequence of the co-assembly but rather an indirect effect of the increasing
aggregation number at higher n∗. Zhao et al. prepared micelles of different
sizes from the exact same polymer, by different preparation protocols.[140] They
observed a decelerated exchange of molecules in the larger micelles, explained
by the higher grafting density of corona chains on the core surface at higher
aggregation numbers, which hinders core block expulsion. This effect also
explains why the C22-PEO5 activation energy increases with increasing C28-
PEO5 content: simply because the micelles become larger and the corona thus
denser. For C28-PEO5, the effect is probably concealed by the experimental
uncertainty. In fact, a similar trend has already been observed by Zinn et al. in
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C27-PEOx micelles with varying PEO length.[106] With increasing MW, the
aggregation number decreased and there was also a (slight) concurrent reduction
in the activation energy. Hence, the grafting density on the core-corona interface
might be a more relevant parameter than assumed so far  in accord with our
investigation of the dehydrated PEO layer in Section 4.2.3 on page 74.

To increase confidence in the experimental Ea values, one could repeat
these experiments at the actual ZAC conditions. As explained at the end of
Section 3.1.5, we used the ZAC of the hPEO and dPEO blocks instead of the
overall ZAC of Cn-hPEO and -dPEO. That way we could use the same solvent
for all samples which greatly simplified experimental protocols. On the other
hand, the overall ZAC would yield a larger contrast between I(0) and I(∞)
which potentially could yield more significant kinetic data. In addition, one could
attempt a simultaneous fit of all relaxation curves at the different temperatures
like in Paper IV and thereby further increase the fit reliability.

4.3.2 Telechelic Micelles

As outlined in Section 1.5.3 on page 19, the polymer architecture has tremendous
effects on the behavior of polymeric micelles. Zinn et al. previously reported
on the structure [102] and rheology [104] of telechelic Cn-PEO2x-Cn micelles
in aqueous solution, where they blended mono- and difunctional polymers to
stabilize the micelles. The nomenclature was presented in Section 2.2 on page 33.
For example, C28F40 denotes a mixture of 40 vol% C28-PEO10-C28 and 60 vol%
C28-PEO5. In Reference [102], Zinn et al. reported that micelles containing
Cn-PEO10-Cn polymers primarily form clusters for n ≤ 22 but are flower-like for
n = 28. The reason is a delicate balance the enthalpic gain ∆HCn of burying an
alkyl group in the micellar core and the entropic penalty ∆Sbend for petal-like
bending the PEO backbone. When ∆HCn � ∆Sbend, the alkyl groups are firmly
attached to a micellar core and flower-like micelles dominate. But in the opposite
case, ∆HCn . ∆Sbend, freely dangling alkyl ends can occur, allowing cluster
formation.

According to the classical transient network theory by Tanaka and Edwards
[181], the macroscopically observable, rheological relaxation rate krheo corre-
sponds to the microscopic exchange rate kexch of hydrophobic groups between
micelles. Concurring with that theory, Zinn et al. found that the activation
energy of the rheological relaxation of C22F50 hydrogels determined from linear
oscillatory shear experiments was the same as the activation energy of molecular
exchange in C22F00 micelles determined by the KZAC TR-SANS technique.[104]
However, the molecular exchange kinetics of the difunctional Cn-PEO2x-Cn
molecules and therefore also their microscopic exchange mechanism have so far
eluded experimental access.

As described in Paper IV, we considered three possible exchange mechanisms
for telechelic molecules:

(i) The two hydrophobic groups are expelled simultaneously. That means the
exchange rates of the individual blocks kCn with their activation energy
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Ea must be multiplied. That would result in a doubled activation energy
compared to the respective monofunctional polymers:

ktel ∝ k2
Cn ∝ exp(−2Ea/kBT ). (4.8)

(ii) The two alkyl chains are expelled consecutively and diffuse freely in solution
before re-inserting into a micelle. As discussed in detail in the Supporting
Information of Paper IV, this leads to a rate constant approximately equal
the product of the two release steps k1 and k2, divided by the rate constant
corresponding to the re-insertion of the first block, k−1:

ktel ≈ k1k2/k−1. (4.9)

In this case, the effective activation energy would differ from that of
the monofunctional polymers because k1, k−1 and k2 have different
temperature-dependencies. More important for the following discussion is,
however, that this mechanism is concentration-independent.

(iii) Occasionally, single alkyl groups leave the micellar core, creating short-
lived dangling ends. If the micelle collides with another one within this
time window, a transient bridge can be formed. Then either the first
alkyl group leaves the “new” micelle again, so that no exchange takes
place, or the second alkyl group also leaves the original micelle, completing
the exchange. This mechanism obviously requires micellar collisions and
the corresponding rate would depend on the micelle concentration. A
similar exchange mechanism, coined “walking diffusion”, was proposed
by Yokoyama and Kramer for the exchange of telechelic molecules in
melt, where the chain ends form spherical aggregates on a regular lattice,
surrounded by a matrix of middle blocks.[182, 183]

Experimental work on this topic is scarce. To our knowledge, only Lu et
al. directly observed the molecular exchange rate between telechelic micelles in
solution.[149] As outlined in Section 1.5.3 on page 19, they reported that telechelic
molecules exchanged considerably slower than the corresponding monofunctional
molecules, but still faster than expected for simultaneous release [scenario (i)].
Thus, a consecutive release mechanism seems plausible but no further details
could be deduced. In the study reported in Paper IV, we finally uncovered the
exchange mechanism between telechelic micelles in solution.

We employed the same C22F50 and C28F40 sample systems as in Refer-
ences [102, 104] and carried out KZAC TR-SANS experiments as described in
Section 3.1.5 on page 47. Exemplary experimental relaxation functions R(t)
are plotted in Figure 4.14. They are clearly bimodal, indicating two separate
exchange processes, similar to the binary mixtures of monofunctional Cn-PEO5
discussed in the previous section. The curves are excellently reproduced by a
sum of two exponential functions,

R(t) = ftel · exp(−ktelt) + (1− ftel) · exp(−kmont), (4.10)
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Figure 4.14: Relaxation functions of C22F50 at selected temperatures. Inset:
Comparison of C22F50 and C22F00 at 14 ◦C. Reprinted with permission from
Paper IV. Copyright © 2020 American Physical Society.

once more confirming the “independent chain hypothesis”. As shown in the inset
of Figure 4.14, the fast mode agrees with the exchange process of the respective
monofunctional (diblock) molecules and we therefore naturally identify the slower
mode with the exchange of telechelic molecules.

In a first step, we performed independent Arrhenius fits for ktel and kmon,
similar to Paper III. The obtained activation energies Ea,tel and Ea,mon were
almost identical. Therefore, in the second step, we performed a global Arrhenius
fit of the experimental relaxation curves at all temperatures, where only the
mutual activation energy Ea = Ea,tel = Ea,mon and the individual time constants
τ0,tel and τ0,mon were free fit parameters. In addition, we allowed minor
adjustments of I(0) and I(∞) as discussed in Section 3.1.5 on page 47. The
results for the monofunctional component excellently agrees with previous results
 compare Figure 3 in Paper IV. The mutual activation energy of mono- and
difunctional PEO molecules instantly rules out scenario (i), simultaneous chain
expulsion, as a possible exchange mechanism of telechelic molecules, in agreement
with Reference [149]. Even though we enforced an equal Ea for both species
in the fits, this procedure led to very good fits of the experimental data and
hence the “real” activation energies can maximally be slightly different. The fact
that we can describe the telechelic exchange kinetics with the same activation
energy in principle also rules out scenario (ii), consecutive chain end release and
free diffusion, as discussed in detail in the Supporting Information of Paper IV.
However, since the covered temperature range is relatively narrow, this argument
is not decisive by itself. Nevertheless, the most striking difference between
scenarios (ii) and (iii) is the concentration dependence. While the former
mechanism is independent of concentration like the exchange of monofunctional
molecules, the latter is based on intermicellar collisions and thus clearly depends
on the micellar concentration. Therefore, we conducted kinetic measurements on
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C28F40 at different overall polymer volume fractions φ to definitely distinguish
between mechanisms (ii) and (iii). Exemplary results are shown in Figure 4.15.
While the exchange rate of monofunctional PEO is independent of concentration
as expected, telechelic molecules exchange much faster at higher concentration
and the corresponding exchange rate scales linearly with the polymer volume
fraction, ktel ∝ φ. Even though this result alone is proof enough for scenario
(iii), we performed further experiments at different temperatures for a full
concentration-dependent Arrhenius evaluation to rule out that the exchange
mechanism changes with concentration. Indeed, we found the same activation
energy at all concentrations. We would like to highlight that all experimental
relaxation curves shown in the Supporting Information of Paper IV were fitted
with a single set of parameters. The only free fit parameters were the mutual
Ea, τ0,mon and the three τ0,tel(φ) which were kept at a fixed ratio

1/τ0,tel(0.5 vol%) : 1/τ0,tel(1.0 vol%) : 1/τ0,tel(2.5 vol%) = 0.5 : 1.0 : 2.5.

Thus we conclude that the exchange mechanism does not change over the
investigated concentration range.

The sketch in Figure 4.16 illustrates the three proposed exchange scenarios,
of which (i) and (ii) could be ruled out based on our experimental results. For
scenario (iii), we have developed a simple kinetic model that is explained in
detail in Paper IV and the accompanying Supporting Information. The key
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Figure 4.16: Illustration of possible exchange mechanisms between telechelic
micelles in solution. Reprinted with permission from Paper IV. Copyright © 2020
American Physical Society.

result is an effective rate constant for the whole exchange process of telechelic
molecules,

ktel,eff = k1k2[M ]
2k−1

+O([M ]2), (4.11)

which is in perfect agreement with our experimental results on C28F40. The
rate constants k2 and k−1 have the same enthalpy difference and therefore their
temperature dependence cancels out in ktel,eff. The temperature dependence is
thus solely governed by k1, which in first approximation has the same activation
energy as kmon. The rate constant ktel,eff furthermore scales linearly with the
micellar concentration [M ], which is directly proportional to the overall polymer
concentration: [M ] = φ/ (NANaggVCn-PEO-Cn). And lastly, compared to kmon,
ktel,eff is reduced by the factor k2[M ]/(2k−1) < 1, so that the telechelic exchange
is generally slower than the exchange of monofunctional PEO.

Unfortunately, we were not able to perform the same concentration-dependent
analysis for C22F40, because the stopped-flow device was not available at the
time of the experiment. Instead, we tried to mix the isotopically labeled solutions
by hand but this procedure did not yield reproducible data, probably because
we did not achieve homogeneous mixing of the C22F40 clusters. In contrast, the
experimental R(t) curves obtained with the stopped-flow device were perfectly
reproducible and did not depend on the flow rate in the mixing chamber, which
points towards small, non-percolating clusters. We therefore postulate that
micellar exchange between C22F50 clusters relies on the same collision-based
exchange mechanism as in flower-like C28F40 micelles, while exchange within
clusters might occur via the “walking diffusion” mechanism.

Interestingly, in percolating networks of telechelic polymers, the rheological
relaxation rate constant krheo,tel exhibits the opposite concentration dependence
where the exchange rate decreases with increasing concentration, while Ea is
also concentration-independent.[104, 170, 171, 179, 180] This behavior can be
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explained by the re-arrangement of molecular bridges which gets slower at higher
φ due to entanglement. Another established explanation are so-called “super
bridges”: At low concentration, there are only few connections between micelles,
holding the network together. Thus, breaking a single of these “super bridges”
can relax the network. At higher concentration, though, more bridges need to
be broken up to relax the network which naturally decreases the relaxation rate.
Thus for C22F40, forming small, non-percolating clusters in the dilute regime,
we expect an intermediate concentration dependence.

Inspired by recent computer simulations reported by Prhashanna and Chen
[151] and Peters and Lodge [150], we also attempted to measure the exchange
rates of the inverted polymer architecture  an alkylene block sided by two
PEO chains, PEO2.5-C22-PEO2.5  and compared it to the corresponding
diblock C22-PEO5. This follows the pattern of Peters and Lodge who kept
the overall molecular length constant whereas Prhashanna and Chen created
triblocks by fusing two diblock molecules. In the case of PEO2.5-C22-PEO2.5,
the different architecture creates a less extended, more crowded PEO corona
compared to micelles formed by C22-PEO5, which decreases the free energy
gain Gmic of micellization. Concurringly, we observed markedly smaller triblock
micelles, in agreement with the literature [149, 150]. The reduced Gmic also
points towards very fast molecular exchange. Too fast, in fact, to be monitored
with TR-SANS. In addition, core crystallization could not be exploited here to
slow down the exchange kinetics because the alkylene chains in these micelles
do not crystallize. Yet, as evidenced by DSC measurements, we successfully
induced core crystallization by blending C22-PEO5 with PEO2.5-C22-PEO2.5
which might open an opportunity to observe the triblock exchange. But in the
test experiments performed so far, we unfortunately only detected the diblock
exchange, calling for even higher temporal resolution to observe the triblocks
exchanging.

4.4 Self-Assembling Antimicrobial Peptides

As outlined in Section 1.6 on page 23, antimicrobial peptides (AMPs) pose
a viable alternative to conventional small-molecule antibiotics in the quest
for new therapeutics. Although their clinical application faces a number of
obstacles, many of those can be mitigated via self-assembly. Such self-assembling
antimicrobial peptides (SAAMPs) exhibit all characteristics of Soft Matter
systems. With our experimental expertise and fundamental understanding of
these systems, among others from the studies reported in Papers I to IV, we aimed
to investigate the solution structure and exchange kinetics of self-assembling
Kx(QL)yKz peptides developed by the Dong group  see Section 1.6.2 on page 26.
Specifically, we chose the sequences K3W(QL)6K2 (3W62) and WK3(QL)6K2
(W362) because they showed favorable properties in previous studies [209, 210].
In addition, PEGylated derivatives had already been studied [210] which opened
up the possibility of KZAC TR-SANS experiments to investigate their exchange
kinetics (Paper V).
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4.4.1 Structural Investigation

These peptides self-assemble into filaments consisting of two sandwiched beta
sheets, with dimensions between 1 – 100 nm. Therefore, small-angle scattering is
excellently suited to study these assemblies in solution. In previous publications,
SAXS data of peptide filaments have been analyzed by means of geometrical
scattering models.[207, 209, 210] For unPEGylated peptides, a homogeneous,
elongated prism has been used. This model, however, is a strong simplification
of the filament structure. For example, it failed to reproduce the prominent
scattering peak around Q ≈ 0.3Å−1  compare Figure S3 in the Supporting
Information of Reference [209]. This peak originates from a regular structure with
length scale 2π/0.3Å−1 ≈ 21Å which accords with the approximate distance
between the electron-rich, hydrophilic domains of the two sandwiched beta sheets
and thus inherently cannot be reproduced by a homogeneous model. In addition,
this model could not simultaneously fit SAXS and SANS data of 3W62 filaments.
Therefore, we developed a new geometrical scattering model, taking into account
the internal structure of the peptide filaments.

After extensive testing of different shapes, we decided on a rectangular core-
shell geometry which is depicted in Figure 4.17. A more detailed description of
the model is given in Paper V. By using this new model, we succeeded to fit
absolute-scale SAXS and SANS data of 3W62 simultaneously  see Figure V.3a)
in Paper V. The obtained fit parameters were in good agreement with the previous
findings from both SAXS and TEM experiments.[209, 210] We should mention,
though, that this includes an unusually low peptide density of 1.25 g/mL, while
the consensus value for protein densities is rather around 1.35 g/mL [283].

The structural parameters obtained from model fits of scattering data
were confirmed by additional molecular dynamics (MD) simulations performed
in the group of our collaborator Sinan Keten at Northwestern University.
Representative simulation snapshots are shown in Figure 4.18. The simulations
revealed a strongly segregated, water-free hydrophobic core, consisting of Leucine
and Tryptophan residues, which is surrounded by the hydrophilic Lysine
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and Glutamine residues as well as the peptide backbones. This affirms the
assumptions on which the new scattering model was based. Moreover, the spatial
dimensions of the simulated filaments agree well with the model fit parameters
(Paper V). One obvious feature from the MD simulations is not represented
in the geometrical model, though: The simulated filament is clearly twisted,
with a period of about 35 strands (∼ 165Å) for a full rotation. This twisting
might reduce the electrostatic repulsion between the Lysine residues. As to
why this feature is not necessary in the geometrical modeling, we can only
speculate. In principle, the SAS experiments are sensitive to this length scale,
2π/165Å ≈ 0.04Å−1. It might be obscured by the rotational average.

Irrespective of these modeling details, SAXS experiments revealed an
exceptional structural stability of 3W62 filaments. The scattering patterns
of 3W62 solutions at pH 7.4 and pH 5.0, shown in Figure V.3b) in Paper V,
are perfectly identical. The rationale behind was that intermolecular repulsion
might be increased under acidic conditions, destabilizing the filament. Even
though the overall shape seems unaffected as far as resolvable by SAXS, CD
spectroscopy revealed minor changes in the internal order. While the CD
spectrum of 3W62 at physiological pH is clearly dominated by beta sheets,
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the sheet content decreases at pH 5.0  compare Figure V.4 in Paper V. So
apparently, acidic conditions do have a disordering effect on the internal sheet
structure but it is not strong enough to alter the overall shape. Comparing
the CD spectra of 3W62 and W362, the internal order of the latter is much
more disturbed but both peptides still form similar filaments as evidenced by
SAXS and TEM.[209] Surprisingly, the X-ray scattering pattern of 3W62 does
not change at 70 ◦C, either. Earlier, Xu et al. have reported CD melting curves
of the sandwiched beta sheets in 3W62 by following the ellipticity at 205 nm
wavelength and observed a clear melting transition around 67 ◦C  see Figure S2
in the Supporting Information of Reference [210]. One explanation for the
higher temperature-stability in the SAXS experiment might be the increased
concentration. While CD experiments were carried out at 100µM ≈ 10× CAC,
the concentration in the SAXS experiment was about 4.4 mM > 400 × CAC
which might have a stabilizing effect. In addition, the dissolution of the highly
ordered beta sheets does not necessarily implicate the dissolution of the whole
filament. They might persist with a disordered internal structure. In any case,
we can conclude that 3W62 filaments exhibit a high overall stability against
acidic and thermal perturbation

Interestingly, this finding also holds in case of the PEGylated P-3W62 peptide.
While Xu et al. found a lightly disordering effect of PEGylation, we observe an
unaltered shape and stability compared to unPEGylated 3W62 in our scattering
experiments. The reason might again be that the internal order measured by CD
spectroscopy and the overall shape measured by SAS are not entirely correlated.
Using the core-shell-shell model presented in Paper V, we obtained a perfect fit of
the SAXS curve of P-3W62, using the exact same parameters as for unPEGylated
3W62 and adding only a homogeneous, 30Å thick layer of solvated PEG around
the peptide sheet  compare Figure 4.19a). This indicates that, in contrast
to previous findings [210], PEG does not adopt a Gaussian coil conformation
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Figure 4.20: Contrast-variation SANS data of dP-3W62. Solid lines represent
fits using the rectangular core-shell-shell model presented in Paper V. Curves
have been shifted by factors of 100 for better visibility.

at the side of the beta sheet but instead homogeneously wraps around the
peptide filament. We also performed contrast-variation SANS experiments on
dP-3W62 to gain more insight into the peptide-PEG interaction. Unfortunately,
we were to date not able to obtain good fits of these data using reasonable
parameters, neither with the previous homogeneous peptide prism model with
Gaussian polymer coils nor with the new core-shell-shell model. But since the
new model improved the fits to the contrast-variation SANS data significantly
as shown in Figure 4.20, we consider PEG wrapping around the peptide filament
a tentative yet viable working hypothesis. In the future, we aim to perform
computer simulations of PEGylated peptides to shine more light on this issue.
Nonetheless, our scattering experiments clearly demonstrate that PEGylation
does not negatively affect the overall filament stability shown for 3W62. In
Figure 4.19b) and c), SAXS and SANS data of P-3W62 are plotted which were
taken at elevated temperatures and lowered pH. All curves perfectly overlap,
confirming that the overall filament structure is exceptionally stable, even at
85 ◦C or pH 5.7. Unfortunately, we do not have one complete set of data over
all temperatures and pH from the same experiment. Instead, the data shown
in Figure 4.19 are collected from different samples and SAS instruments. On
the other hand, the reproducibility of the scattering curves across facilities
and samples reinforces our claim that the filament structure is highly stable.
We did have problems with accurately determining the peptide concentration,
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though. The concentrations determined from the weighed amounts of peptide
lyophilisate and solvent on the one hand and from UV absorption spectroscopy
on the other hand did differ by up to a factor of 4. Although we could not
definitely pinpoint the cause, we speculate that the reason are two different
effects: Firstly, the peptide lyophilisates might not be completely pure and dry,
so that residual salt ions (particularly TFA remnants from synthesis) and solvent
contributed to the supposed peptide weight. Secondly, quenching of Tryptophan
in the assembled filament could reduce the apparent peptide concentration
as determined from UV spectroscopy. Due to this uncertainty, we allowed a
limited adjustment of the peptide concentration during SAS fit procedures. In
addition, the concentration uncertainty also prohibited a direct quantitative
density measurement as described for polymer micelles in Section 3.2 on page 54,
which could have confirmed that the unusually low peptide density is not an
artifact.

4.4.2 Time-Resolved Experiments

At the start of the PhD project, we planned to measure the equilibrium molecular
exchange kinetics of P-3W62 and P-W362, assuming that the filaments served as
a molecular depot rather than having bactericidal activity themselves. That the
mode of action involved the assembled filament was only confirmed recently.[211]
By measuring molecular exchange rates at different temperatures via the KZAC
neutron scattering scheme, we aimed to determine activation energies of P-
3W62 and P-W362, comparable to the experiments reported in Papers III
and IV. We expected a higher activation energy for P-3W62 because of its higher
degree of internal order [210]. However, first test experiments indicated that
both peptides formed filaments that were rather stable, exhibiting little to no
molecular exchange, even at elevated temperatures up to 67 ◦C.

In the following, we therefore focused on only one of the two peptide
derivatives, P-3W62, and tested how stable the self-assembled filaments were.
This study is reported in Paper V. First, we repeated the previous experiment
and confirmed that at 37 ◦C and pH 7.4 molecular exchange was negligible over a
course of 2.5 days  compare Figure 4.21a). Also at 67 ◦C, there was barely any
thermally activated exchange. To go to the limit, we heated a freshly blended
P-3W62 solution to 90 ◦C. As mentioned in the previous paragraph, the filament
structure was still undisturbed at such high temperatures. After 30 min at
90 ◦C, the scattering intensity had markedly decreased  see Figure 4.21b) ,
indicating some exchange of peptide molecules between filaments. Unexpectedly,
though, the intensity hardly decreased further after another 90 min at 90 ◦C.
We think the reason is that thermally activated exchange of unimers occurs
only at the filament termini. While the molecules at the very ends of the
beta sheets might leave and re-attach to the assembly relatively often, this
process becomes exponentially slower the further a molecule is located from the
sheet terminus.Although this mechanism explains the incredibly slow thermally
activated exchange, we were still in doubt if the KZAC scheme worked in
the established way with P-3W62 at all. It was yet an unlikely but possible
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option that the PEG conformation prohibited interchain mixing which would
prevent the desired average contrast loss. Therefore, and also to further test
the physical integrity of the filaments, we subjected freshly blended samples
to mechanical agitation. This approach was partly motivated by a study on
polymer micelles where molecular exchange was induced in kinetically trapped
systems by mechanical agitation [154]. First, we used a common lab-bench
vortexer which proved ineffective as obvious from Figure 4.21c). As a last
resort, we turned to tip-sonication, a very disruptive mechanical treatment
which is an established method to break apart stable, non-covalently bound
structures like cell membranes. The data plotted in Figure 4.21d) reveal a
clear decrease in scattering intensity as expected when the PEG chains become
isotopically mixed. To ascertain whether the peptide-polymer conjugates were
not molecularly degraded instead by the rough mechanical treatment, we carried
out SAXS measurements afterwards and found no difference in the scattering
curves compared to untreated sample. Therefore, we conclude that the KZAC
TR-SANS technique is principally able to follow the molecular exchange in
P-3W62 filaments but the latter exhibit an exceptional physical integrity, caused
by the high content of hydrogen-bonded beta sheets stabilized by hydrophobic
interaction. This can be quantified in a simple estimation: According to the MD
simulations of the unPEGylated peptide, the whole hydrophobic-hydrophilic
motif (KW(QL)6) participates in the beta sheet formation. Thus, to remove a
molecule from the filament terminus, 14 hydrogen bonds need to be broken in
the peptide backbone alone. Each of these contributes about ∼ 8 kJ/mol binding
energy [284], resulting in an activation energy of ∼ 112 kJ/mol for removing a
single peptide molecule from a filament terminus or breaking a filament in the
middle. This value is comparable to the activation energies of Cn-PEOx reported
in Paper III which do exhibit molecular exchange. Yet, the simple calculation
for the peptide activation energy does not consider the hydrophobic interaction
between Leucine residues or possible hydrogen bonds between Glutamine residues,
so the actual peptide activation energy is likely much higher.

The exceptional physical integrity is good news for applications of (P-)3W62 in
antimicrobial hydrogels where increased stability proved to be advantageous.[208]
It is in principle also good news for applications as a systemic treatment of
infections since we now know that the mode of action involves the assembled
peptide in direct contact with the cell membrane [211] and physical integrity
is thus a desired property. Yet, Xu et al. also found that bactericidal efficacy
was higher in peptide filaments with less ordered beta sheets.[209] In fact, the
disruption of bacterial membranes might involve partial fragmentation and
insertion into the lipid bilayer.[216] Therefore, W362 might be a better candidate
for further development. But this peptide induced eryptosis in red blood cells
which, in contrast to 3W62, could not be mitigated by PEGylation.[210] Hence,
more work is needed to develop Kx(QL)yKz peptides into clinical application.
Nevertheless, we gained significant insight into the stability of protein-based
nanostructures which can be exploited in a range of biomedical applications.
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Chapter 5

Conclusion and Outlook
The overall goal of the present doctoral thesis was to gain a deeper understanding
of the principles underlying molecular self-assembly and their consequences. We
shed light on the interplay between morphology, molecular interaction and
exchange kinetics. Thus, we hope our work contributes to the understanding and
further development of Soft Matter nanotechnology exploiting self-assembling
systems.

Specifically, we investigated how molecular order inside self-assembled
superstructures affects both the overall shape and the exchange kinetics between
assemblies. We also looked at effects of co-assembly and molecular architecture.
In these studies, our research subjects included both well-defined polymeric
model systems as well as antimicrobial peptides. The characteristic length scales
of these structures are on the order of 1 – 100 nm, which rendered small-angle
scattering the natural choice for our main experimental technique, aided by
complementary methods. Furthermore, we employed theoretical modeling to
rationalize our experimental results. The key findings are briefly summarized in
the following:

• At low temperatures, the alkyl chains in Cn-PEO5 micellar cores adopt
a rotator-like phase, resulting in an oblate ellipsoidal core shape. Above
the melting temperature, the hydrocarbon blocks become more liquid-like
but, nonetheless, some core anisotropy is retained. Yet, in both cases, the
overall micelles still appear spherical because the PEO corona is much
more extended than the alkyl core.

• Micelles created from co-assembly of length-mismatched Cn-PEO5 poly-
mers perfectly mimic the behavior of pure micelles, both in terms of
structure and thermodynamics.

• The core crystallization in these mixed micelles is cooperative whereas the
molecular exchange is not. Crystallization does, however, add a mutual
penalty to the individual activation energies of chain release.

• Flower-like telechelic micelles in solution exchange molecules via a collision-
based mechanism, where transient molecular bridges between micellar cores
mediate the transfer.

• Although we initially aimed to measure the molecular exchange between
antimicrobial 3W62 peptide filaments, we ended up uncovering the
exceptional physical integrity of these assemblies.

We therefore considerably extended our knowledge about self-assembling Soft
Matter systems and the fundamental principles governing them. But our studies
also left some unanswered questions and even opened up new ones:
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We postulated that the retained core anisotropy of C28-PEO5 micellar cores
in the liquid-like phase is caused by the rigidity of the alkyl chains (Paper I). Here,
it would be interesting to investigate if this postulate holds also for shorter alkyl
groups which supposedly are more compatible with a spherical core shape. At
least computer simulations of C18-PEOx only revealed a slight anisotropy.[103]

During the structural analysis of mixed Cn-PEO5 micelles we discovered
an unpredicted Nagg ∝ n3 scaling law (Paper II). As we to this date lack an
explanation, more experimental and theoretical work is mandatory to confirm
or reject this finding. Possible approaches include computer simulations or
experiments on a wider n range. The phenomenon might be related to the
surface curvature of the micellar core or to the dehydrated PEG layer (Paper I)
caused by the high chain grafting density which might influence the micellar free
energy Gmic to an unknown extent.

So far, our claim about the additivity of melting enthalpy and activation
energy in the exchange kinetics of core-crystalline micelles is based on only a
few data points (Paper III). More experiments using different block lengths and
mixing ratios would strongly support our finding. In doing so, the “overall ZAC”
condition might yield clearer data and a simultaneous Arrhenius fit of multiple
relaxation curves could reduce the uncertainty in the determined activation
energies.

While we now have a good understanding of mixed micelles with length-
mismatched core blocks, we know much less about the effect of blending different
corona block lengths. For example, it was shown that mixed C18-PEOx micelles
with two different PEO lengths segregated, when the C18 blocks crystallized
[109], but an explanation is missing and the effect could not be reproduced in
computer simulations [103]. Moreover, the effect of the corona block length on
the exchange kinetics is disputed in the literature. While some works report
an accelerated exchange of molecules with longer corona blocks because of a
reduced Gmic [137, 143], others report slower exchange due to coronal crowding
or slower diffusion because of the molecular size [106, 115, 118]. By mixing
length-mismatched corona chains at different ratios and following their individual
exchange in TR-SANS experiments, one might distinguish between the effect of
diffusion and crowding.

In terms of molecular exchange between triblock copolymer micelles in
solution, we uncovered the mechanism between flower-like telechelic micelles
(Paper IV). It is unclear, though, how exchange works between clustered
micelles like C22F50. We speculate the exchange between clusters involves
the same collision-based mechanism and exchange within clusters occurs
via the “walking diffusion” mechanism [182, 183]. This could be tested
with a full concentration-dependent Arrhenius analysis like we performed for
C28F40. Similarly interesting is the exchange kinetics of hydrophilic-hydrophobic-
hydrophilic triblock copolymer micelles. Because of their accelerated molecular
exchange, only computer simulations have yielded quantitative results so far
[150, 151]. While the exchange of PEO2.5-C22-PEO2.5 is too fast to be resolved
by TR-SANS, longer alkylene blocks might exchange on accessible time scales.
Unfortunately, α, ω-di-alkanols with n > 22 as precursor material are currently
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not available.
Finally, our work on Kx(QL)yKz antimicrobial peptides has left us with

many open questions (Paper V). Despite immense modeling efforts, we could
not definitely figure out the conformation of the PEG chains in P-3W62 and
P-W362 peptide-polymer conjugates, but hope to gain more insight by using
computer simulations. This would be a helpful puzzle piece in determining the
effect of PEGylation and also help in the interpretation of the KZAC TR-SANS
experiments. Still, we showed that the the KZAC scheme works in principle
and it might prove particularly useful in cases where self-assembly serves as a
unimer depot so one can measure the molecular release kinetics. Having said
that, we would like to investigate the physical stability of W362 filaments and
other derivatives of the Kx(QL)yKz family in the future. This work will help in
the design of biomedical nanomaterials with tunable physical stability.

Sorry for the long thesis, here is an invisible potato:
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Introduction

The self-assembly of polymers is leading to a multitude of different nanostructures
have found application in many different fields.[1–3] Generally, association is
driven by a reduction in the surface energy, notably in water by the hydrophobic
effect [4]. However, over recent years, other driving forces are being exploited
such as crystallization-driven self-assembly (CSDA).[5–9] Crystallization, or at
least packing into semi-ordered structures, is also important in more complex
systems, like the cell membrane.

Yet, to better understand complex phenomena, it is customary to employ
simpler, well-defined model systems. An excellent example are n-alkyl-
functionalized poly(ethylene oxide) (Cn-PEOx) polymers, where the index n
denotes the number of carbon atoms in the n-alkyl block and x the PEO
molecular weight in kg/mol. These polymers have been used as model materials
to investigate fundamental properties of non-ionic amphiphilic block copolymers.
When dissolved in water, Cn-PEOx typically forms well-defined micellar entities.
The highly hydrophobic, core-forming n-alkyl blocks represent the simplest
hydrocarbons and are monodisperse. The hydrophilic, shell-forming PEO blocks,
on the other hand, are chemically stable and can be synthesized with very low
polydispersities (Ð < 1.05) by sophisticated living polymerization techniques.
Therefore, Cn-PEOx has been employed extensively to investigate phenomena
like micellar aggregation behavior[10–17], molecular exchange kinetics[18–22]
or macroscopic rheology[23, 24]. A peculiar feature of Cn-PEOx with n & 18
is (partial) core crystallization below a certain temperature as observed via
differential scanning calorimetry (DSC), nuclear magnetic resonance spectroscopy
(NMR) and density measurements [25–27] which may effect micellar structure
and properties. For instance, Plazzotta et al. found that core freezing lead to
size segregation in a mixture of C18-PEO1 and C18-PEO5, even though the core
blocks were identical.[28] The same group later exploited core freezing to trigger
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the release of a hydrophobic cargo from the micellar core.[29] However, the exact
nature of the crystalline phase (conformational/orientational/spatial order) and
how it affects the micellar shape is not yet clear.

Irrespective of unknown details about the core structure, we recently reported
on the effect of core crystallization on the molecular exchange kinetics between
Cn-PEOx micelles.[19, 21] Surprisingly, the effect is rather straightforward:
In crystalline samples, the melting enthalpy is simply added to the thermal
activation energy of the respective molten sample and the melting enthalpy
can easily be tuned by co-assembling Cn-PEOx with different n-alkyl block
lengths.[17] However, it is not yet clear what kind of order the n-alkyl chains
adopt in the supposedly crystalline core. In bulk crystalline phases, n-alkane
molecules align in parallel and adopt an all-trans conformation. In addition, there
is a second solid-like phase before the actual melting transition, the so-called
rotator phase. Here, the n-alkane molecules retain their parallel orientation but
gain a rotational degree of freedom around the longitudinal axis.[30] Both phases
are suitable candidates for the state of the Cn-PEOx n-alkyl blocks in solidified
micellar cores. Nonetheless, in our previous structural studies, we assumed that
the core was spherical even though it is unclear how crystallized, all-trans n-alkyl
chains can arrange in a spherical domain.

In the present paper, we address these issues using scattering techniques in
combination with NMR spectroscopy. We use small-angle neutron scattering
(SANS) with contrast-matched PEO and sophisticated modeling of micellar
form factors to determine the shape of the core. In addition, linewidth analysis
of regular 1H solution NMR spectra gives an idea about the general chain
mobility while 13C solid-state NMR (ssNMR) reveals further details. 13C shifts
indicate the n-alkyl isomerization, all-trans vs. trans-gauche. In the liquid phase,
overall anisotropy and the rate of CH bond reorientation are quantified by the
order parameter SCH, whereas in the solid phase R1ρ dispersion sheds light
on the correlation time τc. Lastly, wide-angle X-ray scattering (WAXS) yields
information about the spatial order of the n-alkyl chains in both molten and
crystalline condition.

Experimental Section

Synthesis

The Cn-PEOx polymers were synthesized via ring-opening living anionic
polymerization of ethylene oxide (EO) in toluene. 1-Docosanol and 1-octacosanol,
respectively, were used in a 80/20 mixture with their respective potassium
alkanolates as initiator system. Homogeneous polymerization conditions were
obtained at 95 ◦C and, together with a fast proton exchange, uniform polymers
with desired molecular weights and narrow polydispersities were synthesized.
The general chemical structure is shown in Figure I.1a). More details about the
synthesis can be found in References [13] and [31]. Beside the ordinary proteated
Cn-hPEOx, deuterated and partly deuterated polymers were synthesized
following the same synthetic protocol. Fully deuterated Cn-dPEOx was prepared
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Polymer NPEO
a Mn

a (g/mol) Mn
b (g/mol) Mw

b (g/mol) Mw/Mn
b

C28-hdPEO5c 102 5240 4900 5020 1.025
C28-hPEO5d 108 5160 4800 4850 1.01
C28-hPEO3d 53 2750 2670 2780 1.04
C28-hPEO5e 108 5160 4950 5050 1.02
C22-dPEO5f 118 - 5980 6100 1.02
hPEO5d,g - - 5000 - -
hPEO3d,g - - 3000 - -

a from NMR b from SEC
c used in SAS experiments d used in WAXS experiments
e used in 13C NMR experiments f used in 1H NMR experiments
g commercial product

Table I.1: Characteristics of the polymers used in this study.

from d-EO and partly deuterated C28-hdPEOx from a 82/18 molar mixture of d-
and h-EO leading to a random distribution of monomers along the PEO chains.

The polymers were characterized by size-exclusion chromatography (SEC),
using a multidetector chromatographic set-up consisting of autosampler, isocratic
pump (both Agilent Technologies, Series 1260 infinity), a column oven (Shimadzu
CTO-20A), a refractive index (RI) detector (Optilab rEX), and an 18 angle
light scattering detector (DAWN HELEOS-II), both detectors from Wyatt
Technologies. The SEC instrument was equipped with three consecutive GPC
columns with continuous pore size distribution (Agilent PlusPore) which ensured
high resolution. To suppress interaction effects, a mixture of tetrahydrofuran,
N,N -dimethylacetamide and acetic acid (85:14:1vol%) was used as eluent at a
flux rate of 1 mL/min and a temperature of 40 ◦C. Absolute molecular weight
characteristics, Mw andMn, were obtained from Zimm analysis of the RI and LS
signals of the chromatograms using Astra Software from Wyatt Technologies. The
polydispersities were determined as Ð ≈ 1.02 for all polymers. As a consistency
check, Mn of the proteated polymers was additionally determined by 1H NMR
in deuterochloroform. The n-alkane signals served as internal reference for the
calculation of the degree of PEO polymerization. Characterization results of all
polymers used in this study are summarized in Table I.1.

Sample preparation

For all samples mentioned in this work, dry polymer powder was dissolved in
ultrapure H2O/D2O (18.2 MΩ · cm) to attain the desired volume fraction. The
solutions were shaken for at least one hour at 70 ◦C, well above all relevant melt-
ing points, and then over night at room temperature to ensure well-equilibrated,
homogeneous samples. The following volume fractions and isotopic mixtures
were used:

SANS/SAXS. C28-hdPEO5 with 82 vol% dEO content was dissolved in pure
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D2O (Sigma-Aldrich), which is very close to the PEO match point. Samples
with volume fractions φ = 0.25 vol% and 4.0 vol% were prepared.

WAXS. C28-hPEO5 and -hPEO3 were dissolved in H2O to attain a polymer
volume fraction of 5 vol%.

1H NMR. C22-dPEO5 was dissolved in pure D2O (Sigma-Aldrich) at φ = 0.5 vol%.
Traces of 3-(trimethylsilyl)-2,2,3,3-tetradeuteropropionic acid (TMSP-d4, Sigma-
Aldrich) were added to calibrate the chemical shifts. As a reference, a second
sample was prepared in CDCl3 (Sigma-Aldrich) at the same volume fraction.

13C ssNMR. C28-hPEO5 lyophilisate was mechanically mixed with an equal
volume of D2O (Sigma-Aldrich). The sample was repeatedly centrifuged to
obtain a homogeneous gel.

Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) experiments were performed at the time-
of-flight instrument Sans2d at the STFC ISIS Neutron and Muon Source in
Didcot, United Kingdom.[32] At a detector distance of 4 m, a Q range of about
0.004 – 0.7Å−1 was covered and the collection time was 50 min per sample and
temperature. The scattering patterns were reduced and background-corrected
according to instrument standard procedures. Since the PEO corona was almost
contrast-matched, the scattering signal was dominated by the contribution of
the alkyl core. This allowed us to follow the structural evolution of the core
during melting by increasing the temperature from below the melting point
to above (Texp = 40 – 70 ◦C, Tm = 57 ◦C). To achieve high-quality data over
the whole Q-range, both a high- and low-concentration sample (0.25 vol% and
4 vol%) were measured. On the one hand, the low-concentration sample provides
the pure micellar form factor without structure factor contributions at low
Q but the signal-to-noise ratio at higher Q is very low. On the other hand,
the high-concentration sample exhibits a strong structure factor at low Q but
provides high-quality data at high Q. Therefore, both data sets were normalized
by concentration  which yielded a perfect overlap at intermediate Q  and
then combined to yield the pure form factor with high signal-to-noise ratio over
the entire Q range. The combined data were then analyzed with a theoretical
scattering model described below.

Small-Angle X-ray Scattering

Complementary small-angle X-ray scattering (SAXS) experiments were per-
formed at our in-house Bruker NanoStar SAXS instrument at the Norwegian
Centre for X-ray Diffraction, Scattering and Imaging (RECX), located at the
University of Oslo, Norway. The instrument covers a Q range of 0.009 – 0.3Å−1

and the collection time was 60 min. The exact same samples from the SANS
beamtime were measured both at 40 ◦C and 70 ◦C to provide reference scattering
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patterns with PEO contribution, both below and above the core melting transi-
tion. Data reduction and background-correction were performed according to
instrument standard procedures and the high- and low-concentration measure-
ments were combined in the same way as the SANS measurements. The data
were analyzed simultaneously with the respective SANS measurements using the
scattering model described below.

Wide-Angle X-ray Scattering

Additional wide-angle X-ray scattering (WAXS) experiments were performed at
beamline ID02 (ESRF, France) using an X-ray energy of 12.46 keV (wavelength
λ = 0.995Å). Typically, the WAXS detector (Rayonix LX-170HS) permits to
covers the Q-range of 5 – 50 /nm and the angular resolution determined by the
point spread function of the detector is about 0.01°.

1H Nuclear Magnetic Resonance Spectroscopy

Conventional solution proton nuclear magnetic resonance spectroscopy (1H
NMR) was performed at the University of Oslo NMR Center using a Bruker
Avance I 600 MHz NMR spectrometer equipped with a TCI cryo probe. The
program Topspin 2.1 (patch level 6) was used for both acquisition and processing.
C22-dPEO5 samples dissolved in D2O and CDCl3 at approximately 0.5 vol%
were measured in standard 5 mm NMR tubes at temperatures T = 10 – 50 ◦C
(Tm = 29 ◦C). In D2O, minute amounts of TMSP-d4 were used to calibrate the
chemical shifts, whereas in deuterochloroform the residual CHCl3 signal was used.
After the set temperature was reached, the spectrometer was shimmed and the
sample left to equilibrate for 10 min before a second round of shimming as well
as tuning and matching were performed, followed by the actual measurement.
To suppress the residual H2O signal, an excitation sculpting (pulse programme:
zgesgp) suppression scheme[33] was employed.

13C Solid-State Nuclear Magnetic Resonance Spectroscopy

Magic angle spinning (MAS) solid-state carbon nuclear magnetic resonance
spectroscopy (13C ssNMR) was performed at the NMR Center of Lund University
using a Bruker Avance Neo 500 MHz NMR spectrometer equipped with a Bruker
4 mm HCP E-free MAS probe. Topspin 4.0 (patch level 7) was used for both
acquisition and processing. A ∼ 50 wt% C28-hPEO5 gel in D2O was filled into
disposable MAS inserts (Bruker) in a 4 mm rotor and spun at 4 – 6 kHz.

Firstly, polarization transfer experiments using cross polarization (CP) [34]
and refocused insensitive nuclei enhanced by polarization transfer (refocused-
INEPT) [35, 36] were performed at T = 41 – 74 ◦C and a spin rate of 6 kHz
to assess the CH bond reorientation of the alkyl and PEO blocks around the
melting transition of the core (Tm = 57 ◦C). Prior to the measurement, the
sample was heated to 76 ◦C for equilibration and then cooled again to 40 ◦C.
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Afterwards, the temperature was increased step-wise with 5 min equilibration
time before the start of each experiment.

Secondly, the longitudinal relaxation rate R1 and the relaxation rate in the
rotating frame R1ρ were determined below the melting transition, T = 41 – 55 ◦C,
revealing details about the CH bond correlation time τc in the solid phase. The
experiments used CP polarization transfer and a MAS spin rate of 6 kHz. R1 was
measured using inversion recovery, and R1ρ was measured using an on-resonance
spin-lock.

Thirdly, R-type proton detected local field (R-PDLF) experiments [37] were
performed just above the melting transition, T = 57 – 77 ◦C, using refocused-
INEPT polarization transfer and a spin rate of 4 kHz, to determine the liquid
order parameter SCH of CH bonds in the alkyl block.

The following experimental set-ups were used for all experiment types: a
recycle delay D1 of 5 s, 1H and 13C high power 90° pulses of 3.1 µs, corresponding
to a RF-field of 80.6 kHz. 1H decoupling during acquisition used the two pulse
phase modulated (TPPM) scheme [38].

The CP polarization transfer in all CP experiments used a contact time of
1 ms, ramped 1H nutation frequencies from 64.5 to 80.6 kHz, and a 13C nutation
frequency of 72.6 kHz. The INEPT polarization transfer used refocused-INEPT
delays τ1 and τ2 of 1.79 ms and 1.19 ms, respectively.

Specific parameter set-up are listed here:

CP- and INEPT-MAS. 256 scans were recorded using a spectral width of
305.8 ppm, an acquisition time of 49.2 ms, and 68.0 kHz TPPM 1H decoupling
pulses during acquisition.

INEPT R-PDLF. 64 scans were recorded using a spectral width of 159.0 ppm, an
acquisition time of 200 ms, and 39.0 kHz TPPM 1H decoupling during acquisition.
The rotor-synchronised R187

1 pulses [39] had a nutation frequency of 36.0 kHz.
The t1 increment was equal to 13.889µs× 36× 4 = 2.0 ms, and 48 points in the
indirect dimension were recorded.

CP R1. 256 scans were recorded using a spectral width of 159.0 ppm, an
acquisition time of 50 ms, and 68.0 kHz TPPM 1H decoupling during acquisition.
Six different relaxation delays were acquired: 0.1, 0.3, 0.6, 1, 2, and 4 s.

CP R1ρ. 256 scans were recorded using a spectral width of 159.0 ppm, an
acquisition time of 50 ms, and 68.0 kHz TPPM 1H decoupling during acquisition.
Data for seven different spin-lock nutation frequencies ν1 were acquired,
using six different spin-lock times for each spin lock field. The values were:
ν1 = 18.2, 20.7 kHz, spin lock times = 0.1, 0.25, 0.5, 0.75, 0.9, and 1.2 s;
ν1 = 22.5, 25.9, 32.4, 36.5 kHz, spin lock times = 0.1, 0.25, 0.5, 0.75, 1.5, and 3 s;
ν1 = 46.9 kHz, spin lock times = 0.1, 0.3, 0.6, 1.2, 2.5, and 5 s.
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H3C-(CH2)n-1-(O-CH2-CH2)m-OH

Figure I.1: a) Chemical structure of Cn-PEOx. b) Sketch to illustrate the
scattering model. c) Sketch of the local polymer volume fraction assumed in the
model.

Scattering Model

In previous publications, we used a spherical core-shell model to describe
scattering data from Cn-PEOx micelles.[13, 17, 21, 27] This model, however,
fails in describing the SANS data with dominant core scattering contribution.
The data rather suggest an aspherical core shape and indeed good fits were
obtained using an oblate ellipsoid of revolution. But the intensity predicted by
the model around intermediate Q was slightly too low, indicating an additional
scattering contribution in a size range between core and corona. Finally, we
achieved a very good fit by adding a thin layer (<1 nm) of dehydrated PEO
around the core. Details will be discussed in the Results section.

Figure I.1b) shows a sketch of the scattering model, including the important
geometrical parameters. The micellar core is modeled as a homogeneous ellipsoid
of revolution with an equatorial radius Rc and polar radius εRc. Thus, ε < 1
corresponds to an oblate and ε > 1 to a prolate shape. The general scattering
amplitude for such an ellipsoid of revolution is given by [40]

Ael(Q,Reff) = 3sin (QReff)−QReff cos (QReff)
(QReff)3 , (I.1)

where Reff is an effective radius depending on the equatorial radius R as well as
the angle α between the axis of the ellipsoid and the scattering vector ~Q:

Reff(R,α) = R
√

sin2 α+ ε2 cos2 α. (I.2)

Thus, with the effective core radius Rc,eff = Reff(Rc, α), the core scattering
amplitude is

Ac(Q,α) = Ael(Q,Rc,eff) e−
Q2σ2

int1
2 . (I.3)

It contains a Debye-Waller factor accounting for an interface roughness σint1
between core and first shell. The first shell of dehydrated polymer is assumed
to be homogeneous and of constant thickness d1 around the ellipsoidal core, so
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I. Spherical micelles with a non-spherical core

that the scattering amplitude is

As1(Q,α) = 1
Vs1
{[Vc + Vs1]Ael(Q,Rs1,eff)− VcAc(Q,α)} e−

Q2σ2
int2

2 , (I.4)

with the effective inner and outer radii Rc,eff and Rs1,eff = Rc,eff + d1, another
Debye-Waller factor with interface roughness σint2 between the shells as well as
the respective volumes of core and first shell:

Vc = 4π
3 εR3

c , (I.5)

Vs1 = 4π
3 (Rc + d1)2(εRc + d1)− Vc. (I.6)

The second shell of hydrated polymer has a constant thickness d2 and is modeled
with a density profile ∝ r−4/3 according to the Halperin theory [41, 42] for
star-like micelles,

As2(Q,α) = 1
C

e−
Q2σ2

int2
2

∫ ∞
Rs1,eff

4πr2 r−4/3

1 + exp r−Rs2,eff
σoutRs2,eff

sinQr
Qr

dr. (I.7)

A Fermi-like cut-off function at the effective micellar radius Rs2,eff = Rs1,eff + d2
with width σout was introduced to account for the finite length of the polymer
blocks and C is a normalization constant:

C =
∫ ∞
Rs1,eff

4πr2 r−4/3

1 + exp r−Rs2,eff
σoutRs2,eff

dr. (I.8)

The density profiles assumed in this model, including rough interfaces, are
sketched in Figure I.1c). Finally, the model considers the so-called “blob”
scattering [43], a scattering contribution arising from the internal polymer
structure in the second shell:

B(Q) = PBeau(Q)
1 + ν PBeau(Q) , (I.9)

where ν is an effective surface coverage and PBeau(Q) is the Beaucage form
factor.[44]

The actual fit parameters of the model are the aggregation number Nagg, the
thicknesses d1 and d2 of the shells, the asphericity ε, the interface roughnesses
σint1 and σint2, the radius of gyration Rg in the Beaucage form factor as well
as the surface coverage ν. The relative width of the outer surface was fixed
at σout = 0.1, based on previous studies.[13, 17] All other model parameters
are calculated in the following way: The molecular volume of an n-alkyl chain
is calculated from its molecular weight and density, VM,Cn = MCn/dCn, which
determines the core radius via

NaggVM,Cn = 4π
3 εR3

c . (I.10)
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The partial molecular volume of a single PEO chain in the dehydrated layer is
VM,PEO,s1 = Vs1/Nagg and therefore the mass fraction of PEO in the first shell

Xs1 = dPEO,s1VM,PEO,s1

MPEO
. (I.11)

This leaves the remaining partial PEO molecular volume in the hydrated second
shell to be

VM,PEO,s2 = (1−Xs1)MPEO/dPEO,s2, (I.12)

so that the overall micellar volume becomes

Vmic = Nagg (VM,Cn + VM,PEO,s1 + VM,PEO,s2) . (I.13)

Lastly, the molecular volume of a solvent molecule is VM,solv = Msolv/dsolv. With
these quantities and the respective scattering lengths bx, the scattering length
densities are calculated as

ρc = bCn/VM,Cn, (I.14a)

ρs1 = Xs1bPEO/VM,PEO,s1, (I.14b)

ρs2 = (1−Xs1)bPEO/VM,PEO,s2, (I.14c)

ρsolv = bsolv/VM,solv (I.14d)

and the contrasts are
∆ρc/s1/s2 = ρc/s1/s2 − ρsolv. (I.15)

Finally, the scattering cross-section of the micelle is1(
dσ
dΩ

)
mic

(Q) =
∫ π/2

0

[
V 2
c ∆ρ2

cA
2
c(Q,α) + V 2

s1∆ρ2
s1A

2
s1(Q,α)+

+Nagg

(
Nagg −

1
1 + ν

)
V 2
M,PEO,s2∆ρ2

s2A
2
s2(Q,α)+

+ 2VcVs1∆ρc∆ρs1Ac(Q,α)As1(Q,α)+
+ 2VcNaggVM,PEO,s2∆ρc∆ρs2Ac(Q,α)As2(Q,α)+
+ 2Vs1NaggVM,PEO,s2∆ρs1∆ρs2As1(Q,α)As2(Q,α)] sinα dα

(I.16)

and, with the blob scattering added incoherently, the overall macroscopic
scattering cross-section is

dΣ
dΩ(Q) = φ

Vmic

[(
dσ
dΩ

)
mic

(Q) +NaggV
2
M,PEO,s2∆ρ2

s2B(Q)
]
. (I.17)
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Figure I.2: a) Temperature-dependent SAXS curves of C28-hPEO5 in H2O,
taken from Ref. [17]. Note the increased core scattering contribution at
intermediate Q for T ≥ 55 ◦C. b) NanoDSC trace of C28-hPEO5 in H2O,
also taken from Ref. [17]. The melting point is at Tm ≈ 57 ◦C. c) WAXS curves
of C28-PEO3 at 5 vol% above and below the melting transition. The black lines
are guides to the eye, illustrating the dominant peaks in both curves whereas
the orange dashed line represents an additional spike that vanishes below the
melting transition. Moreover, a scaled WAXS curve of PEO3 homopolymer is
shown as reference.
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Results and Discussion

Previously, we have postulated that the n-alkyl core in Cn-PEOx micelles
crystallizes.[17, 19, 21, 27] Without microscopic insight about the molecular order,
this hypothesis was based on small-angle X-ray scattering (SAXS) experiments
in combination with density measurements and differential scanning calorimetry
(DSC). At the melting temperature Tm, there is a distinct decrease in n-alkyl
core density. This was both observed via direct density measurements but also
indirectly in the respective SAXS curves, where a significant increase in the core
scattering contribution is caused by the lowered n-alkyl density and therefore
increased core contrast, see Figure I.2a) for an example data set of C28-PEO5.
In addition, DSC revealed a clear endothermic phase transition at Tm, see
Figure I.2b). These findings led us to the conclusion that the n-alkyl blocks
(partially) crystallize below Tm. In the following, we address the microscopic
order inside the supposedly crystalline micellar core.

n-Alkyl Block Conformation

One might raise the question whether the n-alkyl blocks assume a similar
conformation as crystalline bulk n-alkanes or if some other form of solidification
takes place, e.g. a glass transition. Normal n-alkanes do not show a glass
transition under regular conditions. Theoretically derived Tg-values are in
the range of 120 – 130 K [45], far below our measured transition and bulk
crystallization temperatures [30]. We successfully related the difference between
transition temperatures in micellar cores and bulk to the small core size and
described it excellently by a simple Gibbs-Thomson behaviour.[21, 27]

Nonetheless one cannot describe the state of the n-alkyl blocks within the
core as crystalline in a classical sense because the maximum domain size is very
small as it is constrained by the micellar core radius Rc. Moreover, comparing
the melting enthalpy obtained from DSC with the melting enthalpy of the
corresponding bulk n-alkanes yields a degree of crystallinity around 30 – 50 %.[17,
26]

In order to further elucidate the conformation of the n-alkyl chains in the core,
we performed wide-angle X-ray scattering (WAXS) experiments. The crystallites
inside the micellar cores are very small (≤ Rc) and thus any Bragg peaks are
heavily affected by Scherrer broadening.[46] Therefore, to increase the chances
of observing Bragg scattering, we used a shorter PEO block, C28-PEO3, as this
molecule forms larger micelles.[13] WAXS data above and below the melting
point are shown in Figure I.2c), together with data from PEO3 homopolymer in
solution. As evidenced by the PEO3 reference data, the main features of the
C28-PEO3 WAXS curves originate from the PEO3 corona. Only the large peak
around 1 – 2Å−1, highlighted with the solid black lines, seems to stem from the
n-alkyl core. Interestingly, there is a pronounced spike on top of it (dashed orange

1The correction factor 1/(1 + ν) in the outer shell scattering results from the blob
scattering.[43]
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HO-(CD2-δHδ-CD2-δHδ-O)100-CH2-CH2-(CH2)19-CH3

1/2
3

4

5

6H2O

Figure I.3: 1H NMR spectrum of C22-dPEO5 in CDCl3 at 21 ◦C with
assignment of the alkyl signals as well as residual H2O and hEO signals.

line) that vanishes above the melting transition. The exact same effect, only
less pronounced, was also observed in C28-PEO5 micelles, compare Figure S1
in the Supporting Information. We identify this feature at Q = 1.5Å−1 as the
dominant (110) reflection of the normal n-alkane orthorhombic crystal lattice
[47], which was also found by Yin and Hillmyer [48] in crystalline polyethylene
micellar cores as well as by Fu et al. [49] in n-alkanes confined in microcapsules.
Both groups, however, also observed the second-most dominant (200) reflection
but since it is much weaker than the (110) reflection, it is not discernible in our
data. Nonetheless, we conclude that the crystalline n-alkyl chains in Cn-PEOx
micellar cores adopt a conformation similar to that in bulk.

To further shed light on the conformation of the n-alkyl block, we
employed nuclear magnetic resonance (NMR) spectroscopy. First, we performed
conventional 1H solution NMR of C22-dPEO micelles in D2O to observe the
change of the characteristic n-alkyl peaks with temperature. Figure I.3 shows
a reference spectrum in CDCl3 that assigns the proton signals. However, in
aqueous solution above the melting point (Tm = 29 ◦C), i.e., in the micellized
state with liquid-like core, the n-alkyl peaks are slightly broadened, indicating a
minor reduction in mobility due to micellization. This agrees with the findings of
Ortony et al. who investigated the internal dynamics of an n-alkyl-functionalized,
self-assembling peptide using electron paramagnetic resonance spectroscopy
[50] and found the alkyl blocks buried in the fiber core to have a reduced
rotational diffusion rate compared to fully liquid n-alkanes in the melt. When
the temperature of C22-dPEO is reduced below the melting point, though,
the NMR peaks become undetectably broad which means that the n-alkyl
chain mobility is strongly restricted. To investigate the peak broadening more
quantitatively, we fitted the individual signals with Lorentzian curves and the
determined peak widths (full width at half maximum, FWHM) are plotted in
Figure I.7a), while the fits are shown in Figure S2 in the Supporting Information,
together with a more detailed description of the fit procedure.
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The width of the two residual hPEO peaks (1 and 2) is unaltered over the
entire temperature range while the n-alkyl peaks (3–6) are broadened very
quickly below the melting point. Interestingly, the inner carbons (4 and 5) are
broadened immediately below the melting transition: Already at 25 ◦C they
cannot be distinguished from the background anymore whereas the PEO grafting
site (3) and the terminal methyl group (6) can be distinguished at least down
to 21 ◦C. This can be rationalized by the fact that the CH2 group next to the
PEO block is most effected by the free polymer and methyl groups generally are
rather mobile, while the inner methylenes are more prone to order, which has
also been revealed in the computer simulations of Sevgen et al. [51].

To investigate the internal dynamics of the n-alkyl blocks further, we
employed magic-angle-spinning 13C solid-state NMR spectroscopy (ssNMR).
To this end, we produced a high-concentration C28-hPEO gel in D2O. First,
we conducted INEPT and CP experiments at various temperatures around the
melting transition, where CP signals arise from restricted, solid-like phases
and INEPT signals originate from liquid-like CH bonds with a fast, isotropic
reorientation. The spectra are shown in Figure I.4 and there is a clear phase
transition around Tm = 57 ◦C. The peaks were assigned based on the results of
Ferreira et al. [52] who investigated a similar C12-oligo(ethylene oxide) system.
The most dominant peak, at 70 ppm, (1) is the main PEO signal and the
resonance at 61 ppm (2) stems from the terminal PEO carbon next to the OH
group. The PEO block is clearly liquid-like but there is also a CP signal at
70 ppm (1) which probably originates from PEO in the immediate vicinity of the
core which undergoes anisotropic reorientation on account of being anchored to
the core surface. The peaks at 24 ppm (5) and 14 ppm (6) are the penultimate
CH2 and terminal CH3 group, respectively. They show a clear liquid-like behavior
above the melting transition but their relaxation times become undetectably
slow (τc > 10 ns) below the melting point. Yet, no significant CP signal arises
which is in agreement with our conclusion from the 1H NMR spectra that the
hydrocarbon tail as well as the PEO grafting site remain relatively mobile below
the melting transition. Furthermore, there is a strong signal at 31 ppm (4) from
the liquid n-alkyl chain above the melting point which interestingly also exhibits
a weak CP signal (2*). This points towards a certain degree of anisotropy
in the system. Finally, there is also an INEPT signal at 33 ppm (3) from the
penultimate CH2 group in the C28 chain. Below the melting point, there is a
strong CP signal at the same chemical shift (2) which is characteristic for n-alkyl
chains in all-trans conformation. The increased width of that signal indicates
irregular packing which is reasonable given the spatial constraints within the
micellar core.
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Figure I.4: CP and INEPT 13C ssNMR spectra of a C28-hPEO gel in D2O. Clear phase transition visible around Tm = 57 ◦C.
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Figure I.5: CH bond relaxation rate of all-trans n-alkyl blocks (2 in Figure I.4)
in the rotating frame R1ρ and in the laboratory frame R1 as a function of
temperature and spin lock pulse nutation frequency ν1.

However, we wanted to further characterize the state of the hydrocarbon
chains in the solid phase and therefore conducted CP R1ρ and R1 experiments.
To determine the n-alkyl CH bond relaxation rate in the rotating frame R1ρ,
the integrated intensity of the CP peak 2 was measured as a function of the
delay time t at different spin lock pulse nutation frequencies ν1. These data were
fitted with a relaxation function I(t) = I0 exp (−R1ρ t), shown in Figures S3–S5
in the Supporting Information. In the same way, the relaxation rate in the
laboratory frame, R1, was obtained. This is shown in Figures S6–S8 and all
results are plotted together in Figure I.5. The obtained relaxation rates are
surprisingly high and the huge difference between R1ρ and R1 indicates relaxation
processes on the time scale of microseconds. It should be noted, though, that
the R1 relaxation rates agree fairly well with values reported for C21-PEO10-C21
hydrogels.[26] In summary, these results point towards a rotator-like phase with
mostly all-trans conformation of the C28 blocks. Nonetheless, the molecular
packing is perturbed due to the strong spatial confinement in the micellar core
and the bond reorientation is unusually slow, on the milli- to microsecond scale.

Finally, we performed INEPT-RPDLF experiments to analyze the anisotropy
in the micellar core still present above the melting transition by calculating the
orientational order parameter SCH. To this end, we measured the integrated
intensity of the INEPT signals (1–6 in Figure I.4) as a function of the delay time
t1, shown in Figure S9 in the Supporting Information. For the strongest signal at
31 ppm (4), there is a clear minimum at t1,min ≈ (16± 1) ms which corresponds to
a frequency splitting of ∆νCH = 2

t1,min
≈ (125± 8) Hz. With an effective scaling

factor 0.315 [53] this gives a dipolar coupling dCH = ∆νCH/0.315 ≈ (400± 25) Hz.
Estimating the maximum splitting for a static CH bond to be ∼ 21 kHz [54],
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we obtain an order parameter of SCH ≈ 0.02 which agrees with the small but
detectable CP signal 2*. At 57 ◦C, directly at the melting point, the minimum
is slightly shifted to shorter delay times which indicates an increased SCH. This
seems reasonable given the system is on the brink of the solid phase. Even though
the other alkyl signals 3, 5 and 6 exhibit a much lower signal-to-noise ratio, they
all follow the same trend. Albeit small, the orientational order parameter in the
C28 block is finite and thus suggests some molecular order and/or asymmetry in
the micellar core above the melting point.

The calculated SCH of the n-alkyl is in fair agreement with the work of
Ferreira et al. who investigated (penta(ethylene glycol))-mono-n-dodecyl ether
(i.e., C12-PEO0.25) in D2O at a similar temperature range (27 – 62 ◦C), where
the system exhibits a liquid-crystalline Lα lamellar phase.[52, 55] For the n-alkyl
tail, they found orientational order parameters between 0.01 and 0.08, using the
same experimental technique. Yet, the higher SCH values belonged to the carbon
atoms close to the hydrophilic-hydrophobic junction. These signals could not
be resolved in the present experiment and thus their lower t1,min are obscured
by the majority of signals with t1,min ≈ 16 ms. The other n-alkyl resonances
in the study of Ferreira et al. exhibited SCH between 0.02 and 0.05, close to
the value found here. Interestingly, they found SCH ≈ 0.01 for the terminal
methyl group. The order parameter of the methyl group cannot be accurately
determined here because of the poor signal-to-noise ratio, but it agrees with the
increased mobility of this group found in the 1H NMR experiments  compare
Figure I.7b). Ferreira et al. also reported non-zero order parameters for the eight
CH bonds in the PEO block closest to the hydrophilic-hydrophobic junction.
These are probably obscured by the majority of disordered EO groups in the
same fashion. In general, Ferreira et al. found the highest orientational order
around the n-alkyl-PEO junction which we do not observe in our significantly
longer molecules since the NMR peaks overlap indistinguishably and the majority
of CH bonds exhibits a lower orientational order. In addition, the geometry of
the hydrophilic-hydrophobic interface is different in these studies: While Ferreira
et al. studied a lamellar phase, C28-PEO5 forms spheroidal micelles. This might
lead to a different kind of order in the interfacial region.

Core shape

In all our previous works on the Cn-PEOx system, we used a spherical core-
shell model for star-like micelles which yielded very good agreement with the
experimental small-angle scattering data, see for instance Figure I.2a).[13, 14, 17,
18, 21, 27] Though, in the light of the results presented above, it is not obvious
how (partially) crystalline n-alkyl chains could be arranged in a spherical core.
This question is particularly relevant as micellar assemblies with crystalline cores
have attracted significant research activity in recent years.[5, 9] Yet, in most cases
the (partially crystalline) micellar core is surrounded by a voluminous corona
of swollen polymer which dominates in the usual characterization techniques
like small-angle scattering (SAS) and transmission electron microscopy (TEM),
rendering a thorough characterization of the core difficult. Therefore, we set
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Figure I.6: a) SANS curves of C28-hdPEO5 in D2O at increasing temperatures
around the melting transition. The data have been shifted by factors of 20 for
the sake of clarity. Black lines represent model fits which are discussed in more
detail in the main text. b) Simultaneous fit of SAXS and SANS data at 40 ◦C.
c) Simultaneous fit of SAXS and SANS data at 70 ◦C. The black dashed line is
a simultaneous fit using our conventional, spherical core-corona model.

out to have a closer look on the actual core shape. Using small-angle neutron
scattering (SANS) on C28-hdPEO5 with a contrast-matched PEO corona, we
obtained high-quality scattering curves dominated by the n-alkyl core.

In his definitive book The Hydrophobic Effect [4], Charles Tanford already
stated that amphiphiles would form an ordered hydrocarbon core in micelles.
Later, Vilgis and Halperin predicted that diblock copolymers with rodlike or
crystallizing solvophobic blocks would form disk-like cores, where the core chains
align along their axis and the solvophilic chains stick out from the basal planes.[56,
57] These micelles are only stable in the star-like limit, though, when the corona
chains are much longer than the core chains. Interestingly, in this case the
corona would still be approximately spherical, rendering it hard to discriminate
them from regular spherical star-like micelles. Neutron scattering offers an
opportunity to still investigate the core selectively, due to the unique dependence
of the scattering signal on the isotopic composition of the sample. Therefore, we
prepared C28-hdPEO5 with 82 % deuterated PEO which has almost no contrast
to D2O, enhancing the scattering signal of the core. Even though it is known
that H/D exchange can have an effect on the PEO conformation[58, 59], we
never observed any significant isotope effect in our experiments.
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SAXS SANS SANS SANS SANS SANS SANS SAXS SANS
40 ◦C 40 ◦C 53 ◦C 55 ◦C 57 ◦C 59 ◦C 61 ◦C 70 ◦C 70 ◦C

Nagg 140 ± 10 a 131 ± 15 125 ± 10 135 ± 10 130 ± 10 135 ± 10 130 ± 10 a

d1 (Å) 6 ± 2 a 10 ± 4 12 ± 5 7 ± 3 9 ± 5 6 ± 3 7 ± 2 a

d2 (Å) 76 ± 5 a 75 ± 25 85 ± 25 90 ± 25 80 ± 25 75 ± 25 67 ± 5 a

ε 0.48 ± 0.05 a 0.50 ± 0.05 0.51 ± 0.05 0.73 ± 0.05 0.72 ± 0.04 0.72 ± 0.04 0.72 ± 0.05 a

σint1 (Å) 4.3 ± 1.2 a 4.0 ± 2.0 3.5 ± 1.0 2.5 ± 1.0 2.0 ± 1.0 2.0 ± 1.0 2.0 ± 1.0 a

σint2 (Å) 10.8 ± 4.0 a 7.0 ± 7.0 9.2 ± 5.0 5.0 ± 5.0 5.0 ± 5.0 5.0 ± 4.0 9.0 ± 4.0 a

Rg (Å) 52 ± 10 a 50 ± 50 50 ± 50 50 ± 50 50 ± 50 50 ± 50 50 ± 8 a

ν 2 ± 2 a 2 ± 2 2 ± 2 2 ± 2 2 ± 2 2 ± 2 2 ± 2 a

Rc
b (Å) 37 a 36 36 33 33 33 33 a

bCn (10−12 cm) 63.4 −2.71 −2.71 −2.71 −2.71 −2.71 −2.71 63.4 −2.71
bPEO (10−10 cm) 6.92 3.87 3.87 3.87 3.87 3.87 3.87 6.92 3.87
bsolv (10−12 cm) 2.82 1.91 1.91 1.91 1.91 1.91 1.91 2.82 1.91
dCn (g/mL) 0.88 ± 0.01 a 0.85c 0.84c 0.80c 0.79c 0.79c 0.78 ± 0.01 a

dPEO,s1 (g/mL) 1.10 ± 0.02 a 1.10d 1.095d 1.09d 1.09d 1.09d 1.08 ± 0.02 a

dPEO,s2 (g/mL) 1.176 ± 0.010 a 1.16e 1.16e 1.15e 1.15e 1.15e 1.155 ± 0.010 a

dsolv (g/mL) 1.100f a 1.094f 1.093f 1.092f 1.091f 1.090f 1.085f a

MCn (g/mol) 394
MPEO (g/mol) 4510g
Msolv (g/mol) 20

∆ρc (1010 cm−2) −0.80 −6.68 −6.63 −6.61 −6.60 −6.59 −6.59 −1.64 −6.55
∆ρs1 (1010 cm−2) 0.84 −0.63 −0.60 −0.62 −0.64 −0.63 −0.63 0.78 −0.65
∆ρs2 (1010 cm−2) 1.54 −0.24 −0.29 −0.28 −0.33 −0.32 −0.32 1.47 −0.26

a SANS and SAXS fitted simultaneously; b calculated via Equation (I.10); c fixed, based on previous results in Reference [17];
d value for bulk hPEO, taken from Reference [60]; e value for hPEO, fixed, based on previous results in Reference [17];

f taken from Reference [61]; g corresponding value for hPEO

Table I.2: Model parameters used for the fits shown in Figure I.6.
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Figure I.6a) shows neutron scattering curves of the aforementioned C28-
hdPEO5 in D2O with contrast-matched corona, stitched together from a low
and high concentration sample as described in the Experimental Section. The
temperature was increased step-wise from 40 ◦C to 70 ◦C to reveal changes during
the melting transition. Indeed, there is a very distinct change in the scattering
pattern between 55 ◦C and 57 ◦C. In addition, the same samples were measured
with SAXS at 40 ◦C and 70 ◦C which serves as comparison with dominant corona
scattering, see Figure I.6b) and c). These SAXS curves can be fitted very well
with our established spherical core-shell model for star-like micelles but we were
not able to reproduce the SANS data with reasonable parameters. Inspired by
the works of Halperin and Vilgis [56, 57], we hypothesized about an anisotropic
core shape. But since the alkyl cores in Cn-PEOx micelles are only partially
crystalline, we deemed it rather unlikely that a proper disk shape is adopted.
Instead, we created an ellipsoidal core-shell model which resulted in much better
fits than the spherical model. Still, there were systematic deviations from the
experimental data in the intermediate Q range, indicating that there was an
additional scattering contribution from a structure on a length scale between core
and shell. We finally were able to reproduce all scattering curves satisfactorily
(black lines in Figure I.6) by assuming a thin layer of dehydrated PEO just
around the core, where the polymer volume fraction is highest. Such a layer can
occur when the grafting density on the core surface is very high, so that the PEO
dehydrates simply due to spatial constraints, and has been reported for densely
polymer-grafted nanoparticles.[62, 63] These two new features, aspherical core
and dehydrated PEO layer, have not been detected before because the star-like
PEO corona dominates the scattering signal under usual full-contrast conditions
and, since d1 + d2 � Rc, the overall micelle appears approximately spherical
despite an ellipsoidal core, compare Figure I.1b).

The data were fitted with the theoretical model presented in the Experimental
Section, with SAXS and SANS data fitted simultaneously at 40 ◦C and 70 ◦C
to ensure consistency between contrast conditions. The resulting parameters
are shown in Table I.2. Fit parameters were the aggregation number Nagg, the
thicknesses d1 and d2 of the shells, the asphericity ε, the interface roughnesses
σint1 and σint2, the radius of gyration Rg in the Beaucage form factor as well
as the surface coverage ν. The scattering lengths bx were calculated based
on the polymer characterization (Table I.1) and tabulated atomic scattering
lengths [64]. To facilitate calculations, PEO parameters other than bPEO were
calculated as if the polymer was fully proteated. The density of the C28 core
and hydrated PEO shell are based on previous results [17] and the density of
the dehydrated PEO shell was assumed to equal the bulk PEO density [60].
Densities needed to be slightly adjusted to fit the SAXS data, see Table I.2.
The density of D2O was taken from Reference [61]. Since the contrast of the
hydrated PEO is very low in the SANS experiments, the latter are insensitive to
Rg and ν and also d2 and σint2 are rather ill-defined. The overall micellar radius
Rm = Rc + d1 + d2 ≈ 105 – 120Å as well as the Rg ≈ 50Å, determined mostly
from the SAXS data, though, are in perfect agreement with previous findings.[17]
Also the temperature-independent Nagg has been reported in the same article.
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Furthermore, the interface roughness between n-alkyl core and dehydrated PEO
shell decreases slightly above the melting transition. Supposedly, the partially
crystalline C28 chains are incommensurable with a smooth interface while the
molten state allows a more effective packing. In the crystalline phase, the core
thickness is about 2εRc ≈ 36Å. Tanford [4] calculates the length of a fully
stretched n-alkyl tail as l ≈ (1.5 + 1.265(n − 1))Å, which for C28 gives about
36Å. Therefore, at least in the middle of the ellipsoidal core, the C28 chains can
adopt an all-trans conformation, while the spatial constraints towards the rim
lead to some molecular disorder, in agreement with the ssNMR results.

The most striking finding, however, is that the asphericity ε changes abruptly
from ∼ 0.5 to ∼ 0.7 at the melting transition (Tm = 57 ◦C), which causes the
very distinct change in the shape of the scattering curves in Figure I.6a). The
evolution of ε is also plotted in Figure I.7c). This means the micellar core is
a rather flat oblate ellipsoid below the melting transition, almost disk-like as
proposed by Halperin and Vilgis, since n-alkyl chains crystallize parallel to each
other. Nevertheless, the shape is not exactly disk-like but more smeared out
into an ellipsoidal shape  probably because the C28 blocks do not crystallize
completely, caused by the disordering effect of the grafted PEO chains and spatial
confinement which is also reflected in the decreased melting enthalpy [17, 27]
as well as the broadened ssNMR signal 2 in Figure I.4. Yet, it should be noted
that the scattering patterns of oblate ellipsoid and disk are very similar so that
an actual disk-like shape cannot be definitely excluded. Surprisingly, though,
the core does not become completely spherical above the melting transition but
instead maintains a somewhat oblate shape, in agreement with the finite SCH
observed in the ssNMR experiments. Such an asymmetry can be caused by
block length polydispersity [65] but the n-alkyl blocks in Cn-PEOx polymers
are strictly monodisperse. Therefore, the effect might instead be explained by
the fact that the n-alkyl chains still preferably align in parallel, only the driving
force for alignment is weaker above the melting temperature. The Kuhn length
of polyethylene, in principle a very long linear alkane, is approximately 14Å
[66], corresponding to about 11 CH2 repeat units. Thus, the C28 block has on
average only 1-2 kinks in the liquid state which means that it is still rather
rigid, explaining the persistent core anisotropy. This explanation is supported
by computer simulations of Lin et al. who found a gradual transition from disk
to sphere with decreasing core block rigidity.[67] Furthermore, Vuorte et al.
simulated C18-PEO micelles with non-crystalline cores. They also found a slight
anisotropy which might become more pronounced with longer n-alkyl chains.[16]

Even though to our knowledge the data set presented here is the most
extensive experimental study on core shape change around the melting transition,
similar disk-sphere transitions have been reported in the literature. Zhang et
al. investigated poly(ε-caprolactone) (PCL) confined in a crosslinked acrylic
acid/acrylamide shell both on a mica substrate using atomic force microscopy
(AFM) and in solution using dynamic light scattering (DLS).[68] They also
found the nanoparticles to be ellipsoidal/disk-like below the PCL melting point
and spherical above. Using AFM and TEM, Zhu and coworkers saw a similar
sphere-platelet transition in polyethylene-poly(ethylene oxide) (PE-PEO) and
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Figure I.7: a) Melting curves of C28- and C22-PEO5 determined by Nano DSC,
taken from Reference [17]. b) FWHM of the characteristic C22-dPEO5 1H NMR
signals as assigned in Figure I.3. c) Asphericity ε of the C28-hdPEO5 micellar
core, determined from the fits in Figure I.6a). The black line is a guide to the
eye.

151



I. Spherical micelles with a non-spherical core

syndiotactic polypropylene-poly(ethylene oxide) (PP-PEO) micelles in DMF
when the solutions were cooled below the respective melting points.[69, 70] A
different interesting approach was employed by Agrawal et al. who investigated
micelles with polylactide cores in solution using (contrast-variation) SANS.[71]
They compared optically pure l-lactide which crystallizes with racemic l/d-
lactide which remains amorphous and also found “lamellar micelles” in the former
polymer and spherical micelles in the latter. Yin and Hillmyer presented a similar
study, comparing poly(N,N -dimethylacrylamide)-polyethylene (PDMA-PE) and
poly(N,N -dimethylacrylamide)-poly(ethylene-alt- propylene) (PDMA-PEP) in
water with TEM and SANS.[48, 72] At 120 ◦C, both polymers formed spherical
micelles with a PDMA corona surrounding the hydrophobic core. When cooled
to room temperature, however, the PE block crystallized and forced the core
into an oblate ellipsoidal shape while the PEP core remained amorphous and
spherical. We would like to highlight that the PDMA-PE system is kinetically
frozen so there is no molecular exchange between micelles and the system cannot
attain the thermodynamically most favourable state.[48] In contrast, C28-PEO5
exhibits active chain exchange. Even at the lowest experimental temperature,
40 ◦C, molecular exchange takes place within minutes.[21] Interestingly, the
aggregation number still remains unchanged above the melting temperature and
only the core shape changes.

But crystallization does not always imply an anisotropic core shape. For
instance, the simulations of oligo(ethylene sulfide)-poly(ethylene glycol) (OES-
PEG) by Sevgen et al. revealed a spherical core shape, even though the OES
chains partially crystallized.[51] In other cases, crystallization leads to aggregation
into micellar worms [72–75], which is often exploited in CDSA, or it even leads to
precipitation [76]. Thus, the effect of core crystallization on the micellar shape
cannot be universally predicted but instead highly depends on the individual
polymer architecture.

The other new feature of Cn-PEOx micelles that has been found in the
present study is the existence of a thin layer of dehydrated PEO around the C28
core. It has not been discovered before because the densities of melt and solution
PEO are not very different (compare Table I.2) and the hydrated PEO corona
has a much greater volume compared to the dehydrated shell. Only when the
outer corona is nearly matched out, the contrast conditions are shifted so that
the inner layer becomes visible. Apparently, PEO dehydrates in the immediate
vicinity of the core simply because of spatial constraints, imposed by the rather
high grafting density of approximately 1.1 nm−2. The phenomenon has been
experimentally found on densely polymer-grafted nanoparticles [62, 63] using SAS.
Maccarini et al. observed a ∼ 17Å dehydrated PEO layer on gold nanoparticles
with a grafting density of almost 6 nm−2 and Grünewald et al. reported a ∼ 25Å
dehydrated PEO layer on iron oxide nanoparticles with a grafting density of
3.5 nm−2. Recently, Dahal et al. employed computer simulations to investigate
the phenomenon more systematically.[77] They simulated gold nanoparticles of
various sizes and PEO grafting densities and found a distinct dehydration layer
of up to 15Å when the grafting density was higher than 1.5 nm−2. However,
also for lower grafting densities, they observed a thin dehydration layer of ∼ 5Å
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which coincides with our findings.

Conclusion and Outlook

In summary, we performed an extensive study on the nature of the n-alkyl core
in partially crystalline Cn-PEOx micelles, both below and above the melting
transition. Employing SANS and SAXS, we found the core to be elliptical
below the melting transition, in agreement with theoretical predictions and
other experimental findings. In addition, we observed a less pronounced but
still significantly aspherical core above the melting point and relate this to the
relative rigidity of the C28 block, even in the liquid-like state. In the future,
we aim to investigate the core shape of shorter n-alkyl blocks to see if the
asphericity persists. We furthermore reported a thin layer of dehydrated PEO in
the immediate vicinity of the n-alkyl core. To our knowledge, such a phenomenon
has so far only been reported for metallic nanoparticles with extremely high
grafting densities but here we also observe it in polymeric micelles with moderate
grafting density. In addition, we characterized the n-alkyl core using NMR.
Above the melting transition, the core blocks are liquid-like, with low but finite
orientational order in agreement with the persistent asphericity of the core. But
below the melting transition, the system exhibits unusually high relaxation rates
which point towards a rotator-like phase with mostly all-trans chain conformation
and milli- to microsecond reorientation. This is further supported by the WAXS
results where we observe a Bragg signal equivalent to normal n-alkane crystalline
phases with orthorhombic chain packing. As Cn-PEOx is an excellent model
for core-crystalline micelles which have attracted significant attention recently,
our findings have implications for a wider field of ongoing research. We hope
that this work inspires similar studies on other relevant systems with partially
ordered cores.
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Additional WAXS Data
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Figure S1: WAXS curves of C28-PEO5 at 5 vol% and PEO5 homopolymer as a reference. The
sharp feature at Q = 1.5Å

−1
(orange dashed line) vanishes above the melting temperature,

Tm = 57 °C.
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1H NMR Linewidth

To determine the temperature-dependent linewidth of the 1H NMR signals of C22-dPEO5 in

D2O, the peaks were �tted with Lorentzian curves of the type

f (ν,A0, ν0, σ0) =
A0

(ν2 − ν20)2 + σ2
0 ν

2
0

, (1)

where the amplitude A0, the peak position ν0 and the peak width σ0 are �t parameters. The

full width at half maximum is

FWHM =
√
ν20 + σ0 ν0 −

√
ν20 − σ0 ν0. (2)

The triplets of the �rst methylene (3) and the terminal methyl (6) signal were �tted with

ftrip (ν,A0, ν0, σ0,∆ν0) =

= f (ν,A0, ν0 + ∆ν0, σ0) + f (ν, 2A0, ν0, σ0) + f (ν,A0, ν0 −∆ν0, σ0) , (3)

where the line splitting ∆ν0 is another �t parameter. Similarly, the methylene (4) quintet

was �tted with

fquin (ν,A0, ν0, σ0,∆ν0) =

= f (ν,A0, ν0 + 2∆ν0, σ0) + f (ν, 4A0, ν0 + ∆ν0, σ0) + f (ν, 6A0, ν0, σ0) +

+ f (ν, 4A0, ν0 −∆ν0, σ0) + f (ν,A0, ν0 − 2∆ν0, σ0) . (4)

Constant or linear backgrounds were added where necessary. The resulting �ts are shown in

Figure S2.
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Figure S2: 1H NMR signals of C22-dPEO5 in D2O �tted with Lorentzian curves.
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Determination of R1 and R1ρ
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Figure S3: Determination of R1ρ at 41 °C.
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Figure S4: Determination of R1ρ at 49 °C.
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Structure and thermodynamics of mixed
polymeric micelles with crystalline cores:
tuning properties via co-assembly†

Nico König, ab Lutz Willner *b and Reidar Lund *a

We investigate micelles formed by mixtures of n-alkyl-poly(ethylene oxide) block copolymers, Cn-PEO,

with di!erent alkyl block lengths in aqueous solution. This model system has previously been used to

shed light on the interplay between exchange kinetics and crystallinity in self-assembling systems [König et al.,

Phys. Rev. Lett., 2019, 122, 078001]. Now we report on the structure and thermodynamics of these micelles by

combining results from small-angle X-ray scattering, di!erential scanning calorimetry and volumetric

measurements. We show that mixed micelles are formed despite the fact that length-mismatched n-alkanes of

similar weights in bulk tend to demix below the crystallization temperature. Instead, the system exhibits similar

properties as single-component micelles but with a modulated melting region. Interestingly, the melting point

depression due to self-confinement within the micellar core can be approximately described by a generalized

Gibbs–Thomson equation, similar to single-component micelles [Zinn et al. Phys. Rev. Lett., 2014, 113, 238305].

Furthermore, we find a novel scaling law for these micelles where, at least for larger n, the aggregation number

scales with the third power of the length of the hydrophobic block, Nagg p n3. Possibly, there might be a

cross-over from the conventional Nagg p n2 behaviour around n E 19. However, the reason for such a

transition as well as the strong n dependence remains a challenge and requires more theoretical work.

1 Introduction
Micelles comprising amphiphilic block copolymers are a para-
mount example of self-assembly and have found application in
various fields, among others personal care products, biotechnology,
and drug delivery.1–6 In the latter case, the hydrophobic micellar
core is used as a nano-carrier for hydrophobic active ingredients,
solubilized by the hydrophilic corona.7 Beside the hydrophobic
effect, crystallization can also be a driving force for self-
assembly, enabling novel morphologies.8 For example, Manners
and coworkers9–11 and O’Reilly and coworkers12,13 have utilized
crystallization to achieve impressive control of the morphology
and composition of polymeric micelles.

One relatively simple but important class of amphiphilic
copolymers are n-alkyl-poly(ethylene oxide)s, Cn-PEO, that form
well-defined micelles upon self-assembly in water. This system,
that comes in various molecular weights, is sold under the
trade name ‘‘Brij’’ and has found widespread applications.14–17

As is well-known, the core forming blocks of Cn-PEO, n-alkanes,
tend to crystallize in bulk. In recent works by Zinn et al. on well-
defined Cn-PEO18 and Plazzotta et al. on Brij polymers,19 it was
found that crystallization also occurs in the micellar state,
although at significantly lower temperatures. In the former
work, it was shown that this melting point depression nicely
follows the well-known Gibbs–Thomson law showing that the
Laplace pressure plays a significant role, in analogy with hard
confined systems. For instance, the active ingredient Nifedipine
exhibits the typical depression of both glass transition and
melting point when confined in nanoporous glass.20 It is yet
not fully clear how crystallization of the n-alkyl groups takes
place in nano-confined entities like the micellar core.

Core crystallization also opens up new questions regarding
the loading capacity for drug delivery applications.21 For instance,
it has been found that crystalline cores retard drug release22 but
decrease the micellar loading capacity.23 Here, also the exchange
kinetics of the micelles is of particular interest. On the one hand,
the micelles need to be stable enough to contain the load; on the
other hand, there must be an appropriate release mechanism. We
recently reported how core crystallization influences the exchange
kinetics of polymeric micelles:24,25 Somehow surprisingly, it was
found that the crystallization a!ects the kinetics in the simplest
conceivable way; the melting enthalpy DHm is added to the activation
energy Ea of the chain expulsion process of the non-crystalline phase.
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b Jülich Centre for Neutron Science JCNS and Institute for Complex Systems ICS,
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Thus the classical chain expulsion step26 is preceded by the
local melting of an individual core block. In that study, we used
mixtures of well-defined model polymers, n-alkyl-poly(ethylene
oxide), Cn-PEO, with di!erent lengths of the hydrophobic alkyl
block to tune the crystallization behavior within the micellar
core. This disclosed new questions regarding how the micellar
morphology and thermodynamics were a!ected by the presence
of multiple components but those were beyond the scope of that
study.25 This topic is all the more interesting as blending has
become a handy tool to optimize micellar properties for drug-
delivery applications27–29 and also allows for designing completely
new morphologies and exotic structures.30,31 In the present
manuscript, we specifically address the relationship between
the micellar structure and thermodynamics by systematically
blending various Cn-PEO polymers with different alkyl block
lengths n = 16, 22, 28 in various ratios. The blends were
dissolved in water where they form mixed micelles. Thereupon,
the micellar solutions were investigated using small-angle X-ray
scattering (SAXS), differential scanning calorimetry (DSC) and
densiometry to shed light on how mixing affects both the
micelle morphology and the melting transition of the alkyl core.
Because we needed both hydrogenated and deuterated PEO blocks
for our simultaneous kinetic neutron scattering experiments,25

both Cn-hPEO and Cn-dPEO are used in the present work. Here
they serve as an additional verification of internal consistency.

This study has important implications for the various appli-
cations of polymeric micelles, where typically many di!erent
components are blended and even the copolymers themselves
usually exhibit a significant degree of polydispersity, making
them e!ectively a mixture of di!erent block lengths. The results
might even be extrapolated to more biologically relevant examples
like the cell membrane, which is a self-assembled structure of a
mixture of di!erent amphiphilic lipids. Our results show that there
are no emergent phenomena related to mixing di!erent block
lengths. Instead, the mixture of di!erent polymers with mean
hydrophobic block length n* essentially behaves like a single-
component system with block length n = n*. For example, the
confined alkyl blocks in the micellar core exhibit a significant
melting point depression compared to their bulk alkane counter-
parts which can be rationalized by a generalized Gibbs–Thomson
equation, similar to single-component micelles.18 Unexpectedly,
our analysis shows that, at least for larger n, the micellar
aggregation number scales with the length of the hydrophobic
block to the power of 3, Nagg p n3, with a possible cross-over from
the conventional surfactant scaling Nagg p n2 around n E 19. To
the best of our knowledge, such a scaling law has never been
experimentally observed or theoretically predicted before.

2 Experimental
2.1 Synthesis and characterization

Poly(ethylene oxide)-mono-n-alkylethers, Cn-PEO, with a target
molecular weight of 5 kg mol!1 were prepared by ring opening
living anionic polymerisation of h- and d-ethylene oxide (hEO,
dEO), respectively, in toluene at 95 1C. Details of the synthesis

have been extensively reported in previous publications.32,33

In brief, the n-alkanols 1-dodecanol (C12-OH), 1-tetradecanol
(C14-OH), 1-hexadecanol (C16-OH), 1-docosanol (C22-OH), and
1-octacosanol (C28-OH) were used in an 80 : 20 mixture with
their respective potassium alkanolates as initiator. Fast proton
exchange between alcohols and alcoholates and complete
solubility at the polymerization temperature ensured homogeneous
initiation/propagation conditions during the course of the poly-
merisation. After complete consumption of EO monomer, the living
polymers were terminated with acetic acid resulting in a hydroxy
group at their chain ends. For density measurements, a dPEO
homopolymer (5 kg mol!1) was prepared as reference sample. In
this case, the initiator was a mixture of methoxyethanol/potassium
methoxyethanolate (80 : 20) leading to a methyl group at the
initial position. In contrast to potassium methanolate, potassium
methoxyethanolate is soluble in toluene at room temperature and
was therefore taken as initiator. A similar proteated hPEO was
purchased from Sigma-Aldrich.

The polymers were characterised by 1H NMR and size
exclusion chromatography (SEC). The NMR spectra were recorded
in deuterochloroform with a Bruker Avance III 600 MHz spectro-
meter equipped with CryoProbe Prodigy. The degree of polymer-
ization, N(PEO), and the number average molar mass, Mn, were
quantitatively calculated by end-group analysis relating the integral
intensity of PEO protons to those of the n-alkyl groups.

SEC data were recorded with a chromatographic set-up
consisting of autosampler, isocratic pump (Agilent Technologies,
Series 1260 infinity), column oven (Shimadzu CTO-20A), refractive
index detector, 18 angle light scattering detector (Wyatt
Technologies, Optilab T-rEX and DAWN HELEOS-II) and three
Agilent PlusPore GPC columns with a continuous pore size
distribution. A mixture of tetrahydrofuran, N,N-dimethylacetamide,
and acetic acid (84 : 15 : 1) was taken as eluent. The measurements
were conducted at 50 1C at a flux rate of 1 mL min!1. The
combination of RI and light scattering detector allows for
absolute molar mass characterisation. The chromatograms
were quantitatively analyzed using ASTRA Software from Wyatt
Technologies. The polymer characteristics obtained from NMR
and SEC are summarized in Table 1.

2.2 Sample preparation

For pure reference samples, dry Cn-PEO powder was dissolved
in water. The solutions were heated up and shaken at 60 1C for

Table 1 Molar masses and dispersities of Cn-PEO polymers obtained
from NMR and SEC

Polymer Mn
a (g mol!1) Mn

b (g mol!1) Mw
b (g mol!1) Mw/Mn

b

C12-hPEO 5040 5020 5090 1.01
C14-hPEO 4970 4900 4970 1.01
C16-hPEO 4730 4900 4980 1.02
C16-dPEO — 5260 5320 1.01
C22-hPEO 4810 4660 4730 1.02
C22-dPEO — 5460 5570 1.02
C28-hPEO 5160 5260 5310 1.01
C28-dPEO — 5210 5290 1.02

a From NMR. b From SEC.
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at least one hour to ensure equilibration. Under constant
shaking, they were then left to cool down for at least four hours.
This procedure leads to homogeneous, clear micellar solutions.
Throughout this work, a mixture of H2O and D2O with fD2O =
66.7 vol% was used in order to keep consistency with the zero-
average-contrast solvent composition used for our previously
published kinetic experiments.25 H2O was taken from a water
purification device (18.2 MO cm), D2O was bought from Sigma-
Aldrich.

For mixed samples, dry Cn-PEO powders were weighed in
the desired ratios. The blended powder was then dissolved in
chloroform, a common solvent for both copolymer blocks, to
achieve homogeneous mixing. The chloroform was removed
under vacuum, yielding a homogeneous dry polymer blend.
This was then dissolved in water and equilibrated as described
above for the pure micellar solutions.

To calculate the density of the n-alkyl block in the micellar
core, the density of pure PEO in solution is needed. Commercially
available hPEO (Sigma-Aldrich) and dPEO (synthesis described
above) were thus prepared like the block copolymer samples and
used as density references.

2.3 Density measurements

Polymer densities in solution were measured using an Anton
Paar DMA 5000 density meter. The device was calibrated using
degassed, ultrapure H2O (18.2 MO cm) on a temperature range
5 to 70 1C. The densities of water (fD2O = 66.7 vol%), PEO
solutions and micellar solutions were measured on the same
temperature range. All samples were degassed before measurement.

The average density of the copolymer in solution dpolym was
then calculated using the water density dwater and the density of
the sample solution dsol:

dpolym "
wpolymdsoldwater

dwater # wpolym ! 1
! "

dsol
; (1)

where wpolym = mpolym/(mpolym + mwater) is the mass fraction of
the polymer. Under the assumption that the PEO block in the
corona has the same density as the PEO homopolymer in solution
dPEO, the density of the alkane core dCn can be calculated in a
similar manner:

dCn "
wCndPEOdpolym

dPEO # wCn ! 1$ %dpolym
; (2)

where wCn = mCn/(mCn + mPEO) is the mass fraction of the alkane
block in the diblock copolymer. Using 1 vol% polymer solutions,
the density of the alkane core can thus be determined with an
accuracy of about 5%.

2.4 Calorimetry

Di!erential scanning calorimetry (DSC) was used to determine
the melting point Tm and the melting enthalpy DHm of the
alkane block in the micellar core. The heat capacity of 1 vol%
micellar solutions was measured with a Nano DSC device
(TA Instruments). Consecutively, three heating and two cooling
runs were performed on each sample on a temperature range of
15 to 75 1C and at a scanning speed of 2 K min!1. The first

heating run was discarded as equilibration run but the other
two heating runs and the two cooling runs usually showed
perfect agreement. The solvent contribution was subtracted
and the data baseline-corrected, using the manufacturer’s soft-
ware suite NanoAnalyze. The maximum position of the melting/
freezing peak represents the melting/freezing point Tm/f and
the integral over the transition peak determines the melting/
freezing enthalpy DHm=f "

#
CPdT .

2.5 Small-angle scattering experiments

Small-angle X-ray scattering (SAXS) experiments were performed
at our in-house Bruker NanoStar instrument (RECX, University
of Oslo, Norway). The scattering intensity was recorded as a

function of the wave vector Q " 4p
l
sin y, with the wavelength of

the incident radiation l and the scattering angle 2y. The
instrument uses Cu Ka radiation (l = 1.54 Å) and yields scattering
data in the Q range 0.01–0.3 Å!1. According to instrument
standard procedures, the scattering intensity was corrected for
detector sensitivity, electronic noise and empty cell scattering and
calibrated to absolute units using water scattering, yielding the
macroscopic differential scattering cross-section dS/dO. Then, the
scattering contribution from the solvent was subtracted.

The data were analyzed by fitting a model for star-like
micelles.32 Here, the alkyl core is considered as a homogeneous
sphere of radius Rc with the scattering amplitude

Ac$Q% " 3
sinQRc !QRc cosQRc

QRc$ %3
: (3)

According to theoretical predictions,34,35 the corona of star-
like micelles exhibits a density profile p r!4/3. Therefore, the
scattering amplitude of the PEO shell is taken as

As$Q% "
1

C

$1

Rc

4pr2
r!4=3

1# exp
r! Rm

soutRm

sinQr

Qr
dr; (4)

the rotationally averaged Fourier transform of the star density
profile. A Fermi-like cut-o! function at the micellar radius Rm

with relative width sout was introduced to account for the finite
length of the corona blocks and C is a normalization constant:

C "
$1

Rc

4pr2
r!4=3

1# exp
r! Rm

soutRm

dr: (5)

There is an additional scattering contribution from the
corona, originating from the internal polymer structure, the
so-called blob scattering36

B$Q% " PBeau$Q%
1# nPBeau$Q%

; (6)

where n is an e!ective surface coverage and PBeau(Q) is the
Beaucage form factor.37 Weighted by the appropriate contrast
factors, the individual scattering contributions are

Ic$Q% " rc ! r0$ %2Nagg
2Vc

2Ac$Q%2e!Q
2sint2 ; (7)
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Is$Q% " rs ! r0$ %2Nagg Nagg !
1

1! n

% &
Vs

2As$Q%2e!Q
2sint2 ; (8)

Icross$Q% " 2 rs ! r0$ % rc ! r0$ %Nagg
2VsVcAs$Q%Ac$Q%e!Q

2sint2 ;

(9)

and

Iblob(Q) = (rs ! r0)2NaggVs
2B(Q). (10)

Here, Nagg is the micellar aggregation number, Vc/s the mole-
cular volume of the core/corona block and rc/s/0 the scattering
length density (SLD) of core, corona and solvent, respectively.
The SLD is the sum of the scattering lengths of all atoms
constituting a particular molecule, divided by the molecular
volume of the molecule. In addition, the amplitudes of core and
corona are multiplied with a Debye–Waller factor to account for
a finite roughness sint of the core–corona interface. The macro-
scopic differential scattering cross section is then

dS
dO
$Q%" f

Nagg$Vc#Vs%
Ic$Q%# Is$Q%# Icross$Q%$ %S$Q%# Iblob$Q%& ';

(11)

where f is the volume fraction and S(Q) is a hard-sphere
structure factor,38 which is accurate enough for dilute solutions–
compare ref. 39 and references therein. The model contains a
number of parameters, of which most are determined by inde-
pendent methods so only a few free fit parameters remain.

The free fit parameters were the aggregation number Nagg,
the overall micellar radius Rm, the interface roughness sint, the
blob size Rg in the Beaucage form factor, the e!ective surface
coverage n and the e!ective hard-sphere radius RHS of the
structure factor. The relative roughness of the outer corona
surface was fixed to sout = 0.1 which has been shown in
previous works32,33 to give a reasonable description of the
scattering data. The molecular volumes were calculated from
the molecular weight and the density. As the SAXS curves are

quite sensitive to the core density, the latter was slightly adjusted
(o5%) from the density measurements during the fit process. The
SLDs were calculated from molecular volume and atomic com-
position, using atomic scattering lengths b = Zre where Z is the
atomic number and re = 2.82 fm the classical electron radius.
Assuming dense packing in the core, the core radius is

Rc "
3NaggVc

4p

% &1=3

. The volume fraction f was calculated from

the weighed in masses of polymer and water using the respective
densities. Finally, the second parameter of the hard-sphere structure
factor, the e!ective volume fraction ZHS, was calculated as

ZHS " c
4pRHS

3

3
where c " f

Nagg Vc # Vs$ %
is the micelle number

density.

3 Results and discussion
3.1 SAXS data analysis

Fig. 1(a) shows representative SAXS data of mixed and pure
micelles measured at 25 1C, polymer volume fraction f = 1 vol%.
For mixtures, we use the following nomenclature: C28/22-hPEO 3 : 1
is a mixture of C28- and C22-hPEO in the ratio 3 : 1, C22/16-hPEO 1 : 1
is a 1 : 1 mixture of C22- and C16-hPEO, etc. The scattering curves
show typical features of micelles: a high intensity at low Q, a steep
intensity decay at intermediate Q, and at high Q a slowly decaying
weak intensity reflecting details of the internal structure of the
micelles. By comparing the di!erent scattering curves, one observes
a significant decrease of intensity at low Q and a shift of the
principal intensity decay to larger Q with decreasing mean alkyl
block length. Since the forward scattering mainly depends on
the aggregation number and the onset of the intensity decay on
the overall micellar radius, one can qualitatively deduce that the
micelles become smaller both in Nagg and Rm as n* decreases. At
intermediate to high Q, on the other hand, the curves are
essentially the same, indicating that the internal structure of

Fig. 1 Representative SAXS data of Cn-hPEO mixtures at f = 1 vol%, black lines are model fits. (a) Di!erent mixtures at 25 1C; the key fit parameters are
given in Table 3. (b) C28/22-hPEO 1 : 1 at di!erent temperatures. Temperature-dependent scattering curves of the other samples can be found in Fig. S3
and S4 in the ESI,† together with a compilation of the respective fit parameters in Tables S2–S15.
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the micelles does not change significantly with n*. For a
quantitative evaluation, the SAXS data were fitted by the model
introduced in Section 2.5. Excellent fits are obtained by using
the same procedure as specified in detail earlier by Zinn et al.32

Fits are shown as solid lines in Fig. 1(a), important structural
parameters summarized in Table 3. SAXS measurements were
additionally conducted at di!erent temperatures in the range
T = 15–65 1C. Corresponding scattering curves of the C28/22-
hPEO 1 : 1 mixture are exemplarily shown in Fig. 1(b). With
temperature one observes a slight decrease of the low-Q scatter-
ing which is mainly due to thermal expansion and thus loss in
contrast. There are, however, significant changes at intermediate
to high Q, where we observe a ‘jump’ in intensity between 35 and
45 1C. As stated above, SAXS is very sensitive to the core density.
The ‘intensity jump’ can hence be attributed to a discrete change
in core density, similar to what we described in a previous
publication.18 This effect will be treated in more detail in the
next Section 3.2. The complete set of SAXS data from both
Cn-hPEO and -dPEO mixtures are shown in Fig. S3 and S4 in
the ESI.† Corresponding model fit parameters are given in
Tables S2–S15 (ESI†). Noteworthily, there is no systematic
difference between Cn-hPEO and -dPEO samples. The structural
parameters obtained from the model fits will be thoroughly
discussed in Section 3.3.

3.2 Thermodynamics

The SAXS data of C28/22-hPEO 1 : 1 in Fig. 1(b) exhibit a discrete
intensity jump between 35 and 45 1C, which is attributed to a
sudden decrease of the alkyl core density. The same e!ect is
also visible in the temperature-dependent SAXS data of the other
samples in Fig. S3 and S4 in the ESI.† Within experimental
uncertainty, the core densities obtained from SAXS are in quan-
titative agreement with the direct measurement using a density
meter, as shown in the top of Fig. 2. We and others have reported
earlier that the density decrease originates from a melting
transition within the micellar core.18,19,40 This transition is also
visible in the DSC curves shown in the bottom of Fig. 2. Melting
and freezing temperatures as well as the respective enthalpies are
given in Table 2. Comparing the obtained melting/freezing
enthalpies with the respective enthalpies of bulk alkanes41 yields
crystallinities between 30 and 45%. However, bulk n-alkanes are
known to exhibit two exothermic transitions from the crystalline
to the liquid phase. There is a so-called rotator phase in between,
where the molecules obtain a rotational degree of freedom but
remain longitudinally aligned. The literature values reported in
Table 2 are the total melting enthalpy of both melting processes.
If we only take the actual melting transition from the rotator to
the liquid phase as a reference, we obtain core crystallinities
between 50 and 60%. However, one should keep in mind that the
estimate is based on the assumption that the amorphous phase
in the confined state is similar to that in bulk.

The micellar cores only exhibit a single transition from a
frozen to the liquid phase. Here it is noteworthy that also in the
mixed cores with di!erent block lengths there is only a single
transition. The transition temperature shifts monotonously
with the mixing ratio, in agreement with a study on n-alkane

mixtures.42 As we have reported before,25 this proves that the
di!erent alkyl blocks in fact mix within the micellar cores and
do not form two separate populations of micelles. This is
surprising since n-alkane mixtures with such a large length
mismatch, Dn = 6, are known to demix in the solid phase.42–44

The effect has long been known under the name of Kravchenko’s
rules,41,45 according to which only n-alkanes with a length mismatch
Dn r 4 cocrystallize. But it has been shown that microconfinement
enhances the miscibility of n-alkanes.46 This is due to the fact that
the main demixing mechanism, lamellar ordering and longitudinal
diffusion,43,46 is suppressed under confinement. This explains why
in the present study, under nanoconfinement, even alkyl blocks
with Dn = 6 do not phase separate. Furthermore, it should be noted
that the concentrations used for mixed samples are well above the
critical micellar concentrations of the individual components and
thus the contribution from unimers can be ignored.

However, the melting transitions of the mixed samples are
significantly broadened compared to the pure samples, see
Fig. 2. This might be due to local inhomogeneities and packing
restrictions within the small micellar core.‡ Unfortunately, the

Fig. 2 (top) Density of the alkyl blocks of C28- and C22-PEO, a 1 : 1 mixture
thereof and C16-PEO – shifted by !0.1, !0.2 and !0.3 g mL!1, respectively.
Shown are values measured with the density meter as well as the refined
values from SAXS. (bottom) DSC heating runs of 1 vol% solutions of Cn-hPEO
and mixtures thereof. C16-hPEO exhibits no transition peak on the accessible
temperature range.

‡ It should be mentioned that the broadened peaks of the mixtures cannot be
consistently fitted with two peaks, indicating that it is not just a simple overlay of
two transition peaks.
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melting transition of C22/16-hPEO 1 : 1 stretches down to experi-
mentally inaccessible temperatures and therefore no integration
could be performed to calculate the transition enthalpy, whereas
C16-hPEO shows no sign of a transition at all on the accessible
temperature range.

The thermodynamic parameters obtained from DSC are plotted
in Fig. 3. The experimental melting and freezing enthalpies agree
within uncertainty and increase linearly with the mean alkyl block
length, similar to bulk n-alkanes.41 Also the data of the mixtures fit
perfectly in the trend. For bulk n-alkane mixtures a lowered
melting/freezing enthalpy compared to the weighted average of
the pure components was found42,44,47 which is attributed to a
preferred cocrystallization of the shorter n-alkane.44 § This
phenomenon is not found here. Furthermore, the melting and
freezing points of bulk n-alkanes are known to increase with the
number of carbon atoms which for small n shows the typical odd–
even effect. This effect levels off for large n and is quasi-linear in the

range between n = 20–30,41 in agreement with what we extracted
from our DSC data.

Interestingly, the di!erence between Tm and Tf, i.e., the under-
cooling necessary to induce the phase transition, increases with
the block length. This might be related to the fact that it becomes
more and more di"cult to arrange in an ordered manner the
longer the blocks get. But once the order is established, it is also
more stable – reflected in a higher transition enthalpy. Again,
the mixtures show no deviation from the behavior of the pure
micelles.

We previously reported on the e!ect of self-confinement on
the melting point of the alkyl blocks.18 Due to unfavourable
interaction between the swollen corona and the ordered core
phase, compared to the disordered core phase, the melting
point is reduced as48

DTm " T0
m ! Tm "

agVCnT
0
m

RcDHm
: (12)

In this generalized Gibbs–Thomson equation, T 0
m is the

melting point of the unconfined n-alkane, VCn
the molecular

volume, g the surface tension and a a prefactor depending on
the confinement geometry. Fig. 4 shows the normalized melting

Table 2 Thermodynamic parameters of (mixed) Cn-PEO micelles together with literature values of the respective bulk n-alkanes. The uncertainty
intervals of the melting/freezing points represent the HWHM of the melting peak. The intervals around the enthalpies are an estimated uncertainty. Bulk
alkanes typically exhibit two phase transitions, from the crystalline to the so-called rotator phase and then to the liquid phase.41 The given bulk melting
point is the rotator-liquid transition while the given bulk enthalpy is the total melting enthalpy from crystalline to liquid. For mixtures, the literature values
were interpolated between the constituents

n* Tm
a (1C) Tm

b (1C) Tf
b (1C) DHm

b (kJ mol!1) DHf
b (kJ mol!1) T 0

m,lit
c (1C) DH 0

m,lit
c (kJ mol!1)

C28-hPEO 28 55 ( 1 56.8 ( 1.0 47.6 ( 1.0 40 ( 3 40 ( 1 61.0 100.3
C28-dPEO 28 56 ( 1 57.2 ( 1.1 47.5 ( 1.0 45 ( 3 47 ( 1 61.0 100.3
C28/22-hPEO 3 : 1 26.5 — 50.9 ( 2.7 44.4 ( 1.5 39 ( 3 37 ( 1 56.7d 94.7d

C28/22-hPEO 1 : 1 25 42 ( 2 42.5 ( 4.5 41.2 ( 2.5 33 ( 2 33 ( 1 52.3d 89.1d

C28/22-dPEO 1 : 1 25 — 44.1 ( 6.4 42.0 ( 2.2 36 ( 2 36 ( 1 52.3d 89.1d

C28/22-hPEO 1 : 3 23.5 — 34.2 ( 2.9 33.2 ( 2.5 27 ( 1 27 ( 1 48.0d 83.5d

C22-hPEO 22 28 ( 1 29.3 ( 1.3 28.2 ( 1.4 25 ( 1 25 ( 1 43.6 77.8
C22-dPEO 22 27 ( 1 28.6 ( 1.4 27.4 ( 1.5 23 ( 1 22 ( 1 43.6 77.8
C22/16-hPEO 1 : 1 19 — 18.3 ( 2.3 16.4 ( 2.1 — — 30.8d 65.6d

C16-hPEO 16 — — — — — 18.0 53.3

a From density measurement. b From DSC. c Taken from ref. 41. d Interpolated.

Table 3 Key model parameters, obtained from SAXS experiments at
T = 25 1C

Nagg Rm (Å) RHS (Å) dCn (g mL!1) Rc
a (Å) ZHS (vol%)

C28-hPEO 124 122 118 0.90 27.8 7.3
C28-dPEO 125 115 112 0.90 27.9 6.3
C28/22-hPEO 3 : 1 98 116 111 0.91 25.2 8.4
C28/22-dPEO 3 : 1 105 116 112 0.91 25.7 8.4
C28/22-hPEO 1 : 1 84 112 107 0.90 23.5 9.1
C28/22-dPEO 1 : 1 83 112 107 0.90 23.4 9.4
C28/22-hPEO 1 : 3 70 108 100 0.89 21.8 9.2
C28/22-dPEO 1 : 3 68 111 103 0.90 21.5 9.9
C22-hPEO 57 106 95 0.89 19.9 7.4
C22-dPEO 54 109 101 0.89 19.6 8.1
C22/16-hPEO 1 : 1 35 94 84 0.84 16.4 11.1
C22/16-dPEO 1 : 1 34 97 86 0.83 16.3 11.2
C16-hPEO 27 90 78 0.84 14.2 10.9
C16-dPEO 27 90 79 0.83 14.3 11.2
C14-hPEOb 13 79 — 0.76c 11.0 —
C12-hPEOb 8 70 — 0.75c 8.9 —

a Derived from Nagg and dCn. b Data shown in the ESI. c Taken from
ref. 53.

Fig. 3 Melting/freezing points and respective enthalpies determined from
DSC as a function of the mean alkyl block length of the Cn-hPEO samples.

§ The cited studies use n-alkane mixtures with Dn r 4, where the bulk alkanes
(partially) cocrystallize.
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point depression in mixed micelles as a function of the inverse
core radius, with parameters obtained from DSC (Tm and DHm),
SAXS and densiometry (Rc and Vm), as well as literature (T 0

m).41

For mixed micelles, the bulk melting point was interpolated
between the constituent block lengths. The data from mixed
micelles show very good agreement with our previously reported
results from single-component micelles18 and exhibit a linear
dependency as expected from the generalized Gibbs–Thomson
equation (12). According to this equation, the slope m =
16 mN m!1 indicated by the black line should equal ag. For a
spherical shape a = 2,48 so we obtain an interfacial tension
between core and corona of g = 8 mN m!1.¶ This value is much
lower than typical interfacial tensions between n-alkanes and
water glit E 50 mN m!1.49–51 This can be rationalized by the fact
that the swollen PEO chains somehow shield the core from
direct interaction with the solvent.

It is interesting that the melting point depression mainly
depends on the confinement size, Rc. However, in addition, the
melting point is also a!ected by the presence of the other
component which might explain the slight deviations from the
Gibbs–Thomson law. For a more detailed discussion of this
issue we refer to the ESI.†

Summarizing this section, it can be concluded that from a
macroscopic thermodynamic point of view, mixed micelles
approximately behave like pure ones comprised of the mean
alkyl block length – only the melting/freezing transition is
broadened. A similar result was obtained by Renou et al.52

where they found that the rheology of mixed Cn-PEO micelles
does not differ from single-component micelles with block
length n = n*.

3.3 Scaling laws of star-like micelles

There are a number of theoretical treatments of polymeric and
surfactant micelles which predict the scaling behavior of various
structural parameters.34,35,54,55 We have shown before that the
n-alkyl-PEO system exhibits features of both polymeric and
surfactant micelles.32 Now it is interesting if these scaling laws
also hold for mixtures of di!erent alkyl block lengths or if new
phenomena emerge. The most interesting micellar property is
likely the aggregation number Nagg which describes the number
of molecules constituting one micellar entity. In the limit of very
long polymer blocks, a free energy minimization predicts that
the aggregation number scales with the length of the solvo-
phobic block n as Nagg p n4/5.34,35,55 For short core-forming
blocks like in surfactants, on the other hand, a simple packing
argument yields Nagg p n2.54 In our previous publication32

we plotted Nagg of a series of Cn-PEO micelles together with
data from literature, normalized for the PEO block length
dependence suggested by Nagarayan and Ganesh56 (compare
Fig. 3 in ref. 32). The data, covering a broad range of alkyl chain
lengths but also PEO molecular weights, suggested a surfactant-
like scaling Nagg p n2.

In Fig. 5 we have now replotted our previous and new data
from pure and mixed micelles constituted by Cn-PEO with
MPEO E 5 kg mol!1, together with data from the literature
where Cn-PEO with a similar PEO molecular weight was used.
Surprisingly, we find that our data, both from mixtures and
pure micelles, are better described by a slope of 3 rather than 2. This
is even clearer when we only consider our data (Fig. S6 in the ESI†).
The data of Renou et al.52 and LaFleche et al.,57 however, rather
suggest the conventional Nagg p n2 surfactant scaling.

To determine whether there is a cross-over from a slope of
2 to a slope of 3 at longer alkyl block lengths or if the slope of 3
is a general feature of our model system, we expanded our
polymer series to shorter alkyl blocks, namely C12-PEO and
C14-PEO, and performed SAXS experiments on these which are
documented in the ESI.† Firstly, these additional data points

Fig. 4 Melting point depression of the alkyl blocks as a result of self-
confinement in the micellar core as a function of the inverse core radius.
Previously reported data18 have been added for comparison. The black
line is a fit to all data points shown. Rc and VCn

were obtained from
SAXS experiments at 25 1C, data for all temperatures are shown in Fig. S5 in
the ESI.†

Fig. 5 Aggregation number as a function of the mean alkyl block length,
obtained from model fits of SAXS data measured at 25 1C. Previously
published results32 as well as literature data on Cn-PEO with PEO blocks of
similar molecular weight52,57,61 were added for comparison. The dashed
line corresponds to Nagg p n2, the solid line to Nagg p n3.

¶ In the literature, both a = 2 and a = 3 have been used for spherical domains.48,66

In the previous publication18 we used a = 3, but following ref. 48, a = 2 should be
more appropriate. The chosen value will only a!ect the value of g.
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seem to support that the Nagg p n3 behaviour is a universal
feature and valid over the whole n range (compare Fig. 5 and
Fig. S6, ESI†). Yet, for micelles with such small aggrega-
tion numbers, polydispersity becomes more pronounced as
DNagg/Nagg p Nagg

!3/2.58 We therefore also included a certain
degree of polydispersity in our model fits but that had only
little e!ect so we did not use it in the reported fit curves.
Furthermore, for these polymers with shorter alkyl blocks, the
critical micellar concentration (CMC) is already in the range of
the experimental concentrations. This means there is a non-
negligible amount of unimers present in the samples which has
to be considered in the fit procedure (see the ESI† for details).
We obtain the best fits with Nagg,C12-PEO = 8 and CMCC12-PEO =
6.2 mg mL!1 or Nagg,C14-PEO = 13 and CMCC14-PEO = 0.4 mg mL!1,
respectively. Unfortunately, CMC and Nagg are strongly correlated
fit parameters which was also reported by LaFleche et al.57 for
their light scattering data. That means we can force a higher
aggregation number by using a higher critical concentration. With
Nagg,C12-PEO = 18 and CMCC12-PEO = 7.2 mg mL!1 or Nagg,C14-PEO = 25
and CMCC14-PEO = 0.6 mg mL!1, respectively, we still obtained a
reasonable fit to the experimental data. This is indicated by the
error bars in the plots which render the data points of C12-PEO and
C14-PEO less precise. However, for all other samples with n Z 16,
the e!ect of CMC is negligible.

In light of these considerations we cannot unambiguously
conclude from our data whether the novel Nagg p n3 behaviour
holds over the entire range of studied alkyl chain lengths or
there is a cross-over from the well-reported, surfactant-like
scaling Nagg p n2 to the novel Nagg p n3. This cross-over,
which seems to occur around n E 19, would indeed be in
agreement with the literature data of similar polymers shown in
Fig. 5. In fact, when closer examining the data reported by
Renou et al.,52 they seem to indicate a cross-over to a higher
exponent as well. To the best of our knowledge, a cross-over to a
scaling law of Nagg p n3 or a Nagg p n3 scaling law in general
have neither been experimentally found nor theoretically predicted
before.

In order to explain this unexpected behavior, we first took
into account that for starlike micelles the aggregation number
also depends on the interfacial tension Nagg p g6/5.35 In Fig. 5
we have assumed a constant g for all alkyl chain lengths.
Interfacial tension measurements of short n-alkanes, however,
show a moderate but clear increase of g with n.49–51 Unfortunately,
values for chain lengths n 4 16 are unknown. Therefore we
have estimated g-values by extrapolating data of Goebel and
Lunkenheimer50 as well as Zeppieri et al.51 for our longer chain
lengths (n = 16–28), assuming that g does not approach a
limiting value. In order to see whether the increase of the
interfacial tension has an effect on the scaling behavior, our
data were rescaled by g6/5, see Fig. S7 in the ESI.† Yet, the effect
is insignificant.

We then proceeded to consider the crystalline nature of the
core-forming blocks (which are also relatively sti!) because the
cross-over seems to be around n E 19 which interestingly is
also the n range in which the crystallization phenomenon sets
in (compare Fig. 2). There have been theoretical treatments of

micelles where the core-forming blocks are either rod-like59 or
crystalline,60 but none of them predicts a Nagg p n3 scaling law.
Also our own attempts in a theoretical treatment, reported in
the ESI,† could not yield a scaling law in accord with the
experimental data. Even though the unusual scaling behavior
Nagg p n3 remains unexplained, it is worth noting that the data
points obtained from mixed micelles perfectly fit to the data
from pure micelles. Furthermore, the temperature dependence
of the aggregation number has been debated in the literature:
While Renou et al.52 state they found no e!ect of temperature,
the aggregation numbers reported by Amari et al.49 increase
significantly at higher temperatures. In this study we found
no influence of the temperature on Nagg which can be seen in
Fig. S6 (ESI†) where the symbols from all temperatures overlap.

Even though the aggregation number exhibits a novel scaling
behavior, the corona behaves as predicted for starlike micelles.
With constant corona block length, the micellar radius is
expected to scale Rm p Nagg

1/5.35 This is perfectly reflected in
our data, compare Fig. 6. In addition, Fig. S8 in the ESI† shows
the overall micellar radius Rm as a function of the mean alkyl
length n*. In the original theory of Halperin and Alexander, the
micellar radius scales as Rm p Nagg

1/5 p n4/25.35 This is depicted
as a dashed black line in Fig. S8 (ESI†) and poorly describes the
data. With Nagg p n3, however, the scaling becomes Rm p n3/5

(solid line) which correlates well with the data. Thus, considering
the stronger n-dependence the PEO corona behaves as expected.
And, once again, there is no di!erence between the mixed micelles
and their pure counterparts – in agreement with the findings of
Renou et al.52 where they compared the hydrodynamic radii of
pure and mixed micelles. Furthermore it is obvious in Fig. 6
and Fig. S8 (ESI†) that the micellar radius decreases with
temperature. This is due to the fact that with increasing
temperature, water becomes a poorer solvent for PEO and
hence the corona shrinks.63,64 The coronal structure also affects
the interaction between micelles. With increasing aggregation
number, the effective hard-sphere radius increases from
B0.85Rm to B0.95Rm, see Fig. S9 in the ESI.† That means
the corona effectively becomes ’harder’ and more repellent, due
to a higher grafting density of PEO chains.

Fig. 6 Micellar radius as a function of the aggregation number, obtained
from model fits of SAXS data measured between 15 and 65 1C. The solid
line corresponds to Rm p Nagg

1/5.
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Finally we investigated how the core radius scales with the
length of the alkyl block which is shown in Fig. 7. Assuming
dense packing inside the core, a scaling relation Rc

3 p NaggVCn

is expected. Given our finding Nagg p n3 as well as VCn p n, this
leads to Rc p n4/3 which is nicely reflected in our data.
Regarding the chain conformation inside the core, Tanford62

proposes LCn,flex = 0.75 ) (1.5 + 1.265n) as the end-to-end
distance of a flexible alkane molecule. This calculation agrees
fairly with our experimentally determined core radii, indicating
that the alkyl blocks inside the micellar core adopt a flexible
conformation. The shorter alkyl blocks, n = 12, 14, might even
assume a slightly collapsed conformation. Zhao et al. very
recently presented a study on binary mixtures of block copolymers
with di!erent core block lengths as well.65 They surprisingly found
that mixed micelles with average block length n* are significantly
larger than single-component micelles with block length n = n*. The
explanation is that the presence of two block lengths facilitates
packing inside the core and thus the chains experience a lower
entropic penalty due to chain stretching which results in larger
equilibrium micelles. In our case, however, the alkyl blocks are
relatively sti! and thus the core block stretching is negligible
anyway. This explains why we do not find a similar e!ect.

4 Conclusion
In the present work we systematically investigated mixtures of
the diblock copolymer n-alkyl-poly(ethylene oxide) Cn-PEO with
di!erent alkyl block lengths but constant PEO molecular
weight in water. An extensive thermodynamic and structural
study combining densiometry, DSC, and SAXS revealed that the
alkyl-length mismatched polymers form mixed micelles with proper-
ties that perfectly interpolate the behavior of single-component
micelles. For example, the mixed alkyl blocks experience a melting
point depression due to the self-confinement which can well be
modeled by a generalized Gibbs–Thomson equation.

Interestingly, a careful analysis of our data reveals a novel
Nagg p n3 scaling behaviour that is not unique to the mixed
micelles but is also found for pure Cn-PEO micelles. From our

data it is not unambiguously clear, though, if this holds over
the entire range of alkyl lengths under investigation or if there is a
cross-over from the traditional surfactant-like scaling law Nagg p n2

to the novel Nagg p n3 behaviour around n E 19. Unfortunately, we
have no explanation for this unexpected power law yet.

It should be noted that throughout this and previous works
on Cn-PEO micelles we assumed a spherical shape of the alkyl
core. It is di"cult, however, to picture how the relatively short
and sti! alkyl blocks can e"ciently pack into a spherical shape,
particularly in the ordered phase. The nature of the core shape
as well as whether the micellar cores are in a crystalline or
rather liquid-crystalline/rotator-like phase still need to be clarified.
The issue is currently under investigation and will be the topic of a
future publication.
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FITS OF C12- AND C14-PEO SAXS DATA

The scattering data of C12- and C14-PEO are shown separately here because they require special treatment since
the critical micellar concentration (CMC) of these polymers is close to the experimental concentrations. Thus for
these samples concentration-dependent measurements were performed at only one temperature, T = 25 ◦C. In the

scattering data in figure S1 it is eminent that micellar scattering only emerges above a certain concentration
threshold. Thus, the model was amended by unimer scattering in the form of an additional Beaucage form factor,
see reference [1] for details. The fit parameters are given in table S1. Unfortunately, the CMC and the aggragtion
number are highly correlated fit parameters. Therefore, even though the fits shown in figure S1 are the best fits,
there is a large uncertainty in Nagg and acceptable fits can still be obtained with aggregation numbers which are

more in line with a Nagg ∝ n2 scaling for small n. See the main manuscript for details.
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FIG. S1: Scattering data of a) C12- and b) C14-hPEO at various concentrations around the CAC at 25 ◦C. Solid
lines represent a simultaneous fit of all concentrations according to the model presented in reference [1] and fit

parameters are given in table S1.

TABLE S1: SAXS model parameters of C12- and C14-hPEO shown in figure S1

C12-hPEO C14-hPEO

Nagg
a 8+10

−3 13+12
−2

Rm
a (Å) 70 ± 10 79 ± 6

dCn
b (g/mL) 0.75 0.76

Rc
c (Å) 8.9+4.2

−1.3 11.0+2.7
−0.9

dPEO (g/mL) 1.20 1.20
Rg,chain

a (Å) 36 ± 1 39 ± 1
CMCa (mg/mL) 6.2 ± 1.5 0.4 ± 0.2
ρc (1010 cm−2) 7.30 7.40
ρs (1011 cm−2) 1.11 1.11
ρ0 (1010 cm−2) 9.43 9.43

a free fit parameter b taken from reference [2]
c derived from Nagg and dCn
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SCALING ANALYSIS OF MICELLES WITH CRYSTALLINE CORES

As mentioned in the main manuscript, there has been a theoretical treatment of micelles with crystalline cores[3]
already. However, this work dealt with long solvophobic blocks that repeatedly fold to form the micellar core. Also,
there is a treatment of micelles with rod-like solvophobic blocks[4] which does not consider the enthalpic gain upon
crystallization. The polymeric model system under investigation in the present manuscript, Cn-PEO, unites both

characteristics. On the one hand, the alkyl blocks crystallize partially within the micellar core. On the other hand,
the blocks are relatively short, with a contour length of L = (15 - 27)× cos 109.5◦

2 × 1.54 Å = 13.3 - 24.0 Å. Comparing

the Kuhn length of poly(ethylene), lK = 14 Å,[5] it is clear that the alkyl blocks can be considered rod-like. Thus it
is hard to conceive a packing order for the partially crystallizing, rod-like alkyl blocks to form a spherical core.

Indeed, we have experimental evidence that the micellar cores are aspherical and the effect of crystallisation on the
core geometry will be topic of a forthcoming paper. A straightforward way to form the core is by aligning the alkyl

block longitudinally into a cylindrical shape, with the PEO corona chains attached to the basal planes. With
sufficiently long PEO blocks coiling around the core, the overall shape of the micelle would still appear spherical, in
agreement with the reported scattering data. This has also been suggested by Halperin and Vilgis.[3, 4] In line with

their argumentation, the total free energy of the micelle comprises three terms:

Fmic = Fcore + Fcorona + Finterface, (1)

the contributions from the core, the corona and the interface in between. Traditionally, Fcore considers stretching
penalties of the core block but here it will reflect the enthalpic gain of crystallization. Fcorona, however, reflects the
conventional stretching entropy of the corona blocks which are grafted to the core surface and Finterface contains the

surface energy between the solvophobic core and the solvent-swollen corona.
Each alkyl block consists of n CH2 units with diameter a so that the contour length is L = na. We assume the core
has a cylindrical shape with radius Rc and thickness L and comprises Nagg molecules. Consequently, the area of one

of the two basal interfaces is Sb = Nagga
2 = πR2

c and thus Rc =
(
Nagga

2/π
)1/2

. Then the lateral interface is

Sl = 2πRcL = 2na2 (πNagg)
1/2

. This results in the interfacial energy per molecule

Finterface =
2γbSb

Nagg
+
γlSl

Nagg
= 2γba

2 + 2γlna
2

(
π

Nagg

)1/2

, (2)

with the interfacial tensions γb and γl of the basal and lateral interfaces, respectively.
For the coronal free energy, we follow the arguments of Halperin[6] for star-like micelles which will not be

recapitulated here. In the leading order, the free energy per molecule resulting from stretching of the corona blocks
scales as

Fcorona ∝ N1/2
agg kBT. (3)

We assume each CH2 unit immersed in the crystalline core gains a hypothetical enthalpy amount Hc so that every
alkyl block fully buried in the core gains nHc. For molecules located at the lateral interface of the cylindrical core,
we assume an enthalpy gain of nHc/2 from crystalline interaction. We can calculate the number of molecules at the

lateral interface as

Nl =
2πRc

a
= 2 (πNagg)

1/2
. (4)

Therefore, the core contribution to the free energy per molecule is

Fcore = −NlnHc

2Nagg
− (Nagg −Nl)nHc

Nagg
= nHc

[(
π

Nagg

)1/2

− 1

]
. (5)

As we are only interested in the scaling behavior with respect to the aggregation number, we will now drop all
irrelevant prefactors as well as terms independent of Nagg:

Fmic ∝
γlna

2

N
1/2
agg

+N1/2
agg kBT +

nHc

N
1/2
agg

. (6)
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Minimization with respect to Nagg yields

Nagg ∝
γlna

2 + nHc

kBT
. (7)

Thus our considerations lead to a linear dependency of Nagg on n, similar to the apporaches of Halperin and
Vilgis[3, 4]. Unfortunately, they fail to explain the Nagg ∝ n3 behavior found experimentally which must originate

from circumstances not reflected in our calculations.

INDIVIDUAL INSPECTION OF THE MELTING POINTS OF C28- AND C22-PEO

As described in the main manuscript, the melting point of the alkyl block within the micellar core is affected by two
phenomena simultaneously: on the one hand, the melting point is influenced by the other component’s presence and,
on the other hand, it is suppressed because of the self-confinement in the core. We tried to separate these two effects
under the assumption of simple additivity. Due to the presence of the other respective component, the melting point

is altered to

T 0†
m = T 0

m + x∆Tm, (8)

where T 0
m is the bulk melting point of C22 or C28, respectively, x the fraction of the other respective component and

∆Tm the melting point difference between both components. This altered melting point is furthermore reduced due
to the Gibbs-Thomson effect as explained in the main manuscript,

Tm = T 0†
m −

αγVCnT
0
m

∆Hm
. (9)

Here, VCn is the molar volume of C22 or C28, respectively, and ∆Hm is the melting enthalpy of the mixture.
Figure S2 shows the data for C22 and C28 individually. Only data at 15 and 65 ◦C are shown because at those

temperatures all mixtures are either frozen or molten, respectively. It is not obvious, though, if T 0†
m or T 0

m should
serve as reference point in the numerator of eq. (9). Furthermore, the nature of ∆Tm is not straightforward. For

figure S2, the bulk melting point difference |∆Tm| =
∣∣T 0

m,C28 − T 0
m,C22

∣∣ = 17.4 K has been chosen. But the micellar
melting point difference |∆Tm| = |Tm,C28 − Tm,C22| = 27.5 K is similarly valid. The problem is that ∆Tm is

simultaneously affected by the confinement. Thus, no consistent conclusion on the individual effects on C22 and C28

can be drawn.
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FIG. S2: Individual inspection of the Gibbs-Thomson effect on C22 and C28 at 15 ◦C (blue) and 65 ◦C (red). See
text for further explanation.
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SUPPLEMENTARY FIGURES
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13 16 19 22 25 28
n *

10

20

40
60

100
150

N
ag

g

Cn-hPEO
Cn-dPEO
Zinn 2014

Cn-hPEO
Cn-dPEO
Zinn 2014

15

25

35

45

55

65

T 
(°

C
)
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SUPPLEMENTARY TABLES

TABLE S2: SAXS model parameters of C28-hPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 120 124 124 126 124 124
Rm

a (Å) 125 122 119 115 114 112
RHS

a (Å) 118 118 116 113 108 105
dCn

a (g/mL) 0.91 0.90 0.89 0.87 0.81 0.79
Rc (Å) 27.4 27.8 27.9 28.3 28.8 29.1
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.84 8.77 8.62 8.45 7.86 7.65
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S3: SAXS model parameters of C28-dPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 121 125 126 125 126 116
Rm

a (Å) 119 115 115 109 106 105
RHS

a (Å) 115 112 111 105 99 104
dCn

a (g/mL) 0.91 0.90 0.90 0.87 0.83 0.78
Rc (Å) 27.5 27.9 28.0 28.2 28.7 28.5
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.89 8.77 8.72 8.46 8.10 7.58
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S4: SAXS model parameters of C28/22-hPEO 3:1

T (◦C) 15 25 35 45 55 65
Nagg

a 97 98 97 98 97 94
Rm

a (Å) 119 116 113 111 108 104
RHS

a (Å) 111 111 108 106 102 95
dCn

a (g/mL) 0.92 0.91 0.89 0.87 0.80 0.78
Rc (Å) 25.0 25.2 25.3 25.6 26.2 26.0
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.94 8.82 8.61 8.47 7.74 7.61
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter
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TABLE S5: SAXS model parameters of C28/22-dPEO 3:1

T (◦C) 15 25 35 45 55 65
Nagg

a 103 105 106 104 103 102
Rm

a (Å) 116 116 111 107 107 106
RHS

a (Å) 111 112 107 103 100 101
dCn

a (g/mL) 0.91 0.91 0.88 0.86 0.79 0.79
Rc (Å) 25.5 25.7 26.1 26.2 26.8 26.8
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.84 8.84 8.55 8.36 7.71 7.63
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S6: SAXS model parameters of C28/22-hPEO 1:1

T (◦C) 15 25 35 45 55 65
Nagg

a 82 84 82 85 82 79
Rm

a (Å) 117 112 109 106 103 100
RHS

a (Å) 108 107 103 100 99 91
dCn

a (g/mL) 0.92 0.90 0.88 0.82 0.80 0.79
Rc (Å) 23.0 23.5 23.5 24.4 24.3 24.1
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 9.03 8.77 8.57 8.00 7.76 7.65
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S7: SAXS model parameters of C28/22-dPEO 1:1

T (◦C) 15 25 35 45 55 65
Nagg

a 83 83 84 84 82 81
Rm

a (Å) 115 112 109 108 104 100
RHS

a (Å) 108 107 105 101 99 94
dCn

a (g/mL) 0.91 0.90 0.89 0.84 0.79 0.78
Rc (Å) 23.3 23.4 23.7 24.1 24.3 24.4
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.84 8.78 8.61 8.14 7.69 7.61
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S8: SAXS model parameters of C28/22-hPEO 1:3

T (◦C) 15 25 35 45 55 65
Nagg

a 70 70 70 70 68 66
Rm

a (Å) 112 108 107 104 88 96
RHS

a (Å) 104 100 101 98 92 86
dCn

a (g/mL) 0.92 0.89 0.84 0.81 0.80 0.79
Rc (Å) 21.6 21.8 22.2 22.5 22.4 22.2
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.91 8.69 8.21 7.90 7.76 7.66
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter
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TABLE S9: SAXS model parameters of C28/22-dPEO 1:3

T (◦C) 15 25 35 45 55 65
Nagg

a 68 68 70 69 68 67
Rm

a (Å) 113 111 107 105 101 98
RHS

a (Å) 104 103 100 96 93 91
dCn

a (g/mL) 0.91 0.90 0.85 0.81 0.80 0.79
Rc (Å) 21.4 21.5 22.1 22.3 22.4 22.3
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.88 8.77 8.27 7.91 7.76 7.70
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S10: SAXS model parameters of C22-hPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 57 57 56 58 55 53
Rm

a (Å) 108 106 102 100 97 91
RHS

a (Å) 99 95 95 94 91 81
dCn

a (g/mL) 0.91 0.89 0.81 0.81 0.80 0.79
Rc (Å) 19.8 19.9 20.5 20.6 20.4 20.2
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.84 8.64 7.87 7.87 7.77 7.67
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S11: SAXS model parameters of C22-dPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 53 54 54 53 52 49
Rm

a (Å) 112 109 107 106 102 97
RHS

a (Å) 103 101 103 87 98 89
dCn

a (g/mL) 0.91 0.89 0.81 0.81 0.79 0.78
Rc (Å) 19.3 19.6 20.2 20.1 20.1 19.8
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.88 8.77 8.27 7.91 7.76 7.70
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S12: SAXS model parameters of C22/16-hPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 35 35 34 35 35 35
Rm

a (Å) 98 94 92 90 87 84
RHS

a (Å) 86 84 80 78 77 73
dCn

a (g/mL) 0.85 0.84 0.83 0.82 0.81 0.80
Rc (Å) 16.3 16.4 16.4 16.6 16.7 16.7
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.30 8.12 8.03 7.96 7.83 7.73
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter
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TABLE S13: SAXS model parameters of C22/16-dPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 34 34 35 34 34 36
Rm

a (Å) 98 97 94 91 90 87
RHS

a (Å) 86 86 85 81 78 77
dCn

a (g/mL) 0.85 0.83 0.82 0.81 0.81 0.81
Rc (Å) 16.2 16.3 16.5 16.5 16.5 16.7
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.21 8.10 8.00 7.88 7.84 7.91
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S14: SAXS model parameters of C16-hPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 27 27 27 27 27 27
Rm

a (Å) 93 90 88 85 82 80
RHS

a (Å) 80 78 77 71 70 66
dCn

a (g/mL) 0.85 0.84 0.83 0.82 0.80 0.80
Rc (Å) 14.1 14.2 14.2 14.3 14.4 14.4
dPEO (g/mL) 1.21 1.20 1.19 1.17 1.16 1.15
ρc (1010 cm−2) 8.25 8.14 8.07 7.99 7.79 7.80
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter

TABLE S15: SAXS model parameters of C16-dPEO

T (◦C) 15 25 35 45 55 65
Nagg

a 27 27 28 27 27 27
Rm

a (Å) 93 90 89 86 84 81
RHS

a (Å) 81 79 78 75 73 68
dCn

a (g/mL) 0.84 0.83 0.83 0.82 0.81 0.81
Rc (Å) 14.1 14.3 14.4 14.4 14.5 14.4
dPEO (g/mL) 1.32 1.30 1.29 1.28 1.27 1.25
ρc (1010 cm−2) 8.18 8.06 8.08 7.99 7.88 7.85
ρs (1011 cm−2) 1.12 1.11 1.10 1.09 1.08 1.07
ρ0 (1010 cm−2) 9.42 9.41 9.38 9.35 9.30 9.26

a free fit parameter
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Molecular exchange processes are important equilibration and transport mechanisms in both synthetic
and biological self-assembled systems such as micelles, vesicles, and membranes. Still, these processes
are not entirely understood, in particular the effect of crystallinity and the interplay between cooperative
melting processes and chain exchange. Here we focus on a set of simple polymer micelles formed by binary
mixtures of poly(ethylene oxide)-mono-n-alkyl-ethers (Cn-PEO5) which allows the melting point to be
tuned over a wide range. We show that the melting transition is cooperative in the confined 4–5 nm micellar
core, whereas the exchange process is widely decoupled and unimeric in nature. As confirmed by
differential scanning calorimetry, the total activation energy for ejecting a molecule out of the micellar core
below the melting point is the sum of the enthalpy of fusion and the corresponding activation energy in the
melt state. This suggests that a “local, single-chain melting process” preludes the molecular diffusion out of
the micelle during chain exchange.

DOI: 10.1103/PhysRevLett.122.078001

Partially crystalline, self-assembling systems with multi-
ple components are omnipresent in nature with living cells
as a prominent example. Their structural integrity is
maintained by a membrane consisting of various lipids
that can be in a liquid, gel, or crystalline state. For other
self-assembling systems like block copolymers with crys-
tallizable blocks, crystallization may even be the driving
force behind self-assembly and can yield a whole range of
remarkable nanostructural morphologies [1]. In the result-
ing micellar systems with crystalline cores of typically a
few nanometers in diameter, interesting questions relate
to the role of confinement. For example, it was recently
discovered that the melting points of n-alkanes under soft
nanoscopic confinement in micellar cores exhibit a simple
Gibbs-Thomson behavior [2], typical for hard-confined
liquids. In this context, it is also interesting how the
dynamics of self-assembling systems, like molecular
exchange kinetics, are affected by confinement and crys-
tallinity, as these processes control the equilibration and
sometimes even the resulting morphology.
So far, the existing theories for micelle kinetics have

been devoted to amorphous micelles. For instance, the
general theory developed by Halperin and Alexander [3]
considers starlike micelles with molten cores where the
chain expulsion is the rate-determining step. The expul-
sion is pictured as a process in which the chain diffuses
over a free energy barrier with an activation energy Ea,
which stems from the additional solvophobic surface
created upon chain expulsion. This is a first-order kinetic

process where the fraction of exchanged chains is
described by an exponential relaxation function
RðtÞ ¼ expð−t=τÞ. Here the characteristic timescale is
given by τ¼ τ0exp½Ea=ðkBTÞ�, where kB is Boltzmann’s
constant, T the absolute temperature, and τ0 a prefactor
that is associated with the attempt time, i.e., the time
between two consecutive attempts of a molecule to leave
the micellar core. In a previous study of Cn-PEO5micelles
[4], we could show that in molten cores the activation
energy Ea scales linearly with the length of the solvo-
phobic block n because the relatively short alkyl block
does not fully collapse into a spherical shape—in contrast
to the Ea ∝ n2=3 scaling of fully collapsed solvophobic
blocks predicted by Halperin and Alexander [3]. Since
RðtÞ is an exponential function of τ and the exchange time
τ in turn depends exponentially on Ea ∝ n, the relaxation
function shows an extremely strong sensitivity to the
solvophobic block length. For block copolymers with
even a narrow distribution of n (dispersity Mw=Mn close
to unity), there is thus a relatively broad distribution of
exchange rates which results in a close-to-logarithmic
decay instead of a single exponential [5–7]. This renders
an exact determination of τ and Ea impossible for block
copolymers with finite dispersity. The effect is even more
drastic in binary block copolymer mixtures of different
molecular weight, so only qualitative conclusions can be
drawn [8,9]. In this work, our goal is twofold: (i) under-
stand the role of crystallinity and possible effects of
cooperativity quantitatively and (ii) understand the mutual
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influence on the dynamics in systems with multiple
components.
Until now, it has been found that in micellar systems

crystallinity yields an additional energy barrier upon chain
expulsion [4,10], but the interplay between the cooperative
melting processes and chain exchange is still unknown. An
interesting approach to shed light on these processes is
coassembling different amphiphiles which allows the
melting point to be tuned. Here we use binary mixtures
of amphiphilic, micelle-forming copolymers as a model
system, namely, two poly(ethylene oxide)-mono-n-alkyl-
ethers (Cn-PEO5 with different alkyl lengths n ¼ 22, 28
and a PEO molecular weight of 5 kg=mol) in aqueous
solution. The polymers are prepared by well-established
living anionic polymerization techniques leading to mate-
rials with desired PEO molar mass and narrow molar mass
distributions ofMw=Mn < 1.04 [11]. The n-alkanes, on the
other hand, are monodisperse, Mw=Mn ¼ 1, which assures
a single expulsion time, and do not exhibit the strong
broadening inherent in polydisperse systems. Calorimetry
and densiometry data show that the hydrophobic blocks
mix within the micellar cores, and the melting point can
be tuned continuously from 29 to 57 °C. In contrast,
neutron scattering measurements reveal that the molecular
exchange kinetics is governed by two unique expulsion
rates corresponding to each component, both in the molten
and crystalline state. That means, while the individual
diffusion processes are decoupled, the two components are
still subject to the same cooperative melting process which,
below the melting point, imposes an additional activation
energy term equal to the enthalpy of fusion ΔHfus.
The micelles were structurally characterized by small-

angle neutron and x-ray scattering (SANS, SAXS).
Figure 1(a) shows representative SANS data of neat C28-
and C22-PEO5 solutions and of a solution of a premixed
1∶1 blend. A fit analysis of the scattering data using a

previously reported model [11] shows that the micelles
exhibit a typical core-shell structure consisting of a fully
segregated, solvent-free core of constant density and an
extended starlike PEO corona. The structural key param-
eters are given in Table I. Complementary SAXS data are
shown in Fig. S1 in the Supplementary Material [12],
together with the resulting fit parameters and a brief outline
of the fit model. Evidently, the size of the 1∶1 mixed
micelles is in between those of the neat ones, indicating that
both species mix on a molecular level. This is further
supported by differential scanning calorimetry (nanoDSC)
shown in Fig. 1(b). For mixed micelles, only a single
exothermic peak is observed which is attributed to a
cooperative melting process in the micellar core. The
individual melting transitions widely disappear and there-
fore strongly suggest mixing of C28 and C22 blocks, even
though the broadening of the transition indicates
some local heterogeneities and a distribution of mobility
caused by the small number of molecules present in the
core and their tethering to the core-corona interface. The
melting points and fusion enthalpies are also given in
Table I. Noteworthily, the observed melting transitions are
in quantitative agreement with density measurements
performed on the same samples (see Fig. S2 in the
Supplemental Material [12]). It is interesting that we
observe miscibility of the C28 and C22 blocks (Δn ¼ 6)
in the core, even though bulk alkanes with Δn > 4 are not
miscible according to Kravchenko’s rules [13,14]. This is
consistent with studies reviewed by Su et al. [15] which
show that micrometer confinement enhances the miscibility
of n-alkanes. The enhanced miscibility is attributed to a
suppressed lamellar ordering and longitudinal diffusion
under confinement, which are processes involved in the
phase separation of length-mismatching n-alkanes in bulk.
The kinetic experiments were performed by time-

resolved SANS using a kinetic zero-average-contrast
experiment [16]. Briefly, the method works by mixing
two populations of micelles, one with a deuterated and the
other with a proteated PEO block, both in a zero average
contrast H2O=D2O mixture (ϕD2O ¼ 66.7 vol%), which
matches exactly the average scattering length density of

(a) (b)

FIG. 1. (a) SANS data of pure C28- and C22-hPEO5 micellar
solutions and of a premixed 1∶1 blend (volume fraction
ϕ ¼ 0.25 vol%). Solid lines represent fits according to a quanti-
tative core-shell model reported in Ref. [11] and outlined in the
Supplemental Material [12]. The key fit parameters are shown in
Table I. (b) nanoDSC traces of the same samples and two
additional mixtures measured at a scan speed of 2 K=min.

TABLE I. Structural and calorimetric data of the investigated
micelles obtained from fitting SANS curves and analyzing DSC
traces, respectively:Nagg, aggregation number;Rm, micellar radius;
Rc, core radius; Tm, melting point; ΔHfus, enthalpy of fusion.

Nagg Rm Rc Tm ΔHfus

(Å) (Å) (°C) (kJ=mol)

C28-hPEO5 130� 5 135� 5 28� 1 57� 1 40� 3
3∶1 108� 5 127� 4 26� 1 51� 1 39� 3
1∶1 84� 4 121� 4 24� 1 43� 1 33� 2
1∶3 72� 3 116� 3 22� 1 34� 1 27� 1
C22-hPEO5 57� 2 107� 3 20� 1 29� 1 25� 1
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the two PEO blocks. We note that the deuterated polymers
have almost the same PEO length as their proteated
counterparts and that the deuteration has no significant
effect on the micellar structure (as shown in the
Supplemental Material of Ref. [4]). Upon mixing equal
volumes of the oppositely labeled micellar solutions,
initially at t ¼ 0, the two micelle populations scatter with
maximum contrast. But as soon as molecules are exchang-
ing, the contrast decreases to a minimum at t ¼ ∞, where
the h- and dPEO chains are fully randomized and matched
out by the solvent on larger length scales. Rapid mixing in
the millisecond range was accomplished with a stopped-
flow apparatus equipped with a separately temperature-
controlled neutron probe head which ensures a high
thermal stability in the range between 5 and 55 °C. From
the integrated detector intensity IðtÞ ¼

R
IðQ; tÞdQ the

relaxation function RðtÞ¼f½IðtÞ−Ið∞Þ�=½Ið0Þ−Ið∞Þ�g1=2
can be calculated [7], with the initial intensity immediately
after mixing Ið0Þ and the intensity from randomly mixed
micelles Ið∞Þ. This procedure allows for a much better time
resolution (down to 25 ms) compared to tracking the full
scattering pattern IðQ; tÞ.
Example curves of C22-PEO5, C28-PEO5, and the 1∶1

mixture at various temperatures are shown in Fig. 2. The
neat micelles exhibit an exponential relaxation function,
as predicted by the theory of Halperin and Alexander [3].
Surprisingly, the mixture shows two distinct exchange
processes which can be modeled simply by a sum of
two exponentials without any broadening. We intuitively
attribute the faster process to C22- and the slower process to
C28-PEO5 molecules exchanging. That suggests that even
though the different alkyl blocks mix inside the micellar
core and crystallize cooperatively, the exchange processes
are still decoupled, in agreement with previous reports on
amorphous micelles [8,9]. This is shown more quantita-
tively in Fig. 3 which displays an Arrhenius plot for the

exchange times in the 1∶1mixture compared to those in the
neat Cn-PEO5 micelles. For an accurate comparison, a
contour plot of the corresponding DSC traces, which shows
the melting transition, has been included.
Evidently, two distinct regimes with different slopes

emerge which reflect the molten and crystalline state as
determined by nanoDSC. Moreover, the difference in slope
in the Arrhenius plot, and hence, activation energy, exactly
matches the enthalpy of fusion as determined from the
nanoDSC experiments. For example, for neat C22-PEO5
we obtain Ea¼ 105 kJ=mol below melting and Ea¼
80 kJ=mol above melting, which corresponds very nicely
with ΔHfus ¼ 25 kJ=mol. Unfortunately, we could not
compose a similar plot for neat C28-PEO5 because temper-
ature stability in the stopped-flow setup was not achievable
above the melting point Tm ¼ 57 °C. Thus, the respective
plot only exhibits a uniform slope below Tm corresponding
to the activation energy of C28-PEO5 in the crystalline
regime (170 kJ=mol). However, via reducing the melting
point by mixing C28- and C22-PEO5, we were able to obtain
similar results for C28-PEO. Analogous to neat C22-PEO5,
the reduced melting point in the 1∶1 mixture allows for
an Arrhenius plot which is separated into the molten and
crystalline regimes. Likewise, the activation energies of
both regimes differ by the enthalpy of fusion. Additionally,

(a) (b) (c)

FIG. 2. Experimental relaxation functions and exponential fits
at various temperatures. (a) C22-PEO5, (b) C28=22-PEO5 1∶1,
(c) C28-PEO5. The temperature difference ΔT ¼ Texp − Tm to
the melting point is given in brackets. Some curves have been left
out for reasons of clarity.

(a)

(b)

(c)

FIG. 3. Arrhenius plot of the temperature-dependent character-
istic exchange times of (a) C22-PEO5, (b) the C28=22-PEO5 1∶1
mixture, and (c) C28-PEO5. The gray shade is a contour plot
of the respective nanoDSC melting curve and thus separates the
molten and crystalline regimes.
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we performed a similar analysis of 1∶3 and 3∶1 mixtures
(see Figs. S3 and S4 in the Supplemental Material [12]).
Based on these findings, activation energies obtained

below Tm have been corrected for the enthalpy of fusion, as
measured by nanoDSC, via Ea → Ea − ΔHfus. The thus
obtained individual net activation energies Ea of C22-
and C28-PEO5 in the different compositions are shown
in Fig. 4(a). The plot clearly reveals that within exper-
imental uncertainty, Ea remains virtually unchanged for
both alkane lengths in mixed micelles. Apparently, the
individual expulsion of the alkane block is almost inde-
pendent of the core composition, thus, confirming the
“independent chain hypothesis” [9]. This is straightfor-
wardly explained by the fact that—in the molten regime—
the core blocks only “feel” an alkane environment, and
the specific length of the neighboring chains does not
significantly influence the energy barrier imposed by the
additional hydrophobic surface upon chain expulsion.
Nevertheless, when inspecting the C22-PEO5 activation
energies more closely, there is a trend of increasing Ea
with increasing C28-PEO5 content. We attribute this to
the influence of core-corona-interface area per chain as
described by Zhao et al. [17]. As the average alkyl
chain length in the mixture increases, so does the aggre-
gation number and core radius (compare Table I), but the
interface area per chain decreases ∝ 1=Rc. The “orifice”
through which the alkyl block leaves the core thus becomes
smaller and the corona denser, both effects hindering chain
expulsion and increasing the apparent activation energy.

We should note that the experimental uncertainty of the
C28-PEO5 activation energies is generally larger than those
of C22-PEO5, and hence prevent similar deductions for
C28-PEO5. This is basically due to the necessary long
collection times (several hours) to get the full relaxation
profile and to determine accurately the final intensity, Ið∞Þ.
Inspecting the corresponding attempt times τ0 yields a

similar picture (see Fig. S5 in the Supplemental Material
[12]): When correcting for the entropy of fusion ΔSfus ≈
ΔHfus=Tm [τ0 → τ0 expðΔSfus=RÞ, where R is the universal
gas constant] [4], the attempt times in the molten and
crystalline regimes agree [18]. We thus propose that the
cocrystallization gives an additional, cooperative energy
barrier to the otherwise decoupled expulsion processes in
mixed micelles as is depicted in Fig. 4(b).
To summarize, employing this well-defined model sys-

tem, we show that cooperative solid-liquid phase transitions
in nanocrystalline self-assembled micellar systems not
necessarily imply cooperativity in intermicellar exchange
processes. That implicates that the segmental diffusion (i.e.,
local conformational transitions and segmental motion) is
essentially decoupled from the center-of-mass diffusion
(i.e., molecular exchange). However, it should be noted that
this does not translate to an effective friction coefficient
but rather a modification of the activation energy of the
expulsion step. Even though the expulsion process includes
a partial premediating melting process as the chain escapes
the crystalline core [19], we still find two unique release
processes corresponding to each component in the binary
mixtures. Furthermore, the data show that the activation
energy of the expulsion step governing the diffusion
process out of the core undergoes an abrupt reduction at
the melting point that exactly amounts to the enthalpy of
fusion. Very interestingly, the transition temperature can be
accurately tuned by coassembling polymers with different
n-alkyl length. Above the melting transition, this occurs
without affecting the activation energies of the individual
compounds, which only depend on the hydrophobic sur-
face created upon chain expulsion. However, below the
melting transition, an additional term ΔHfus is added to
the total activation energy, a quantity which depends on
the mixing ratio and the nature of the n-alkane. Hence,
cocrystallization, although less effective than varying the
core block length [5,7], corona block length [20,21], and
molecular architecture [22–24], represents a handy tool to
fine-tune the temperature response of the timescale on
which the molecular exchange takes place. This is impor-
tant insight for the accurate design of multicomponent
self-assembling systems, although in the case of mixing
chemically dissimilar components, additional modification
of the dynamics may be expected, e.g., a change in the local
segmental motion. We also shed light on the thermody-
namics and kinetics of low-molecular-weight molecules in
nanoconfined systems. It has been reported that confine-
ment may induce demixing of small molecules like, for

FIG. 4. (a) Activation energies of the chain expulsion step of
C28- and C22-PEO5 in various mixtures. Values obtained from the
crystalline regime were corrected for the enthalpy of fusion
determined from nanoDSC. The (dashed-)dotted lines are guides
to the eye. (b) Tentative free energy landscape of the expulsion
step where y is the reaction coordinate.
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instance, water and methanol [25] or colloidal mixtures
[26]. In our case, however, the data demonstrate that the
spherical nanoconfinement greatly enhances the miscibility
of crystalline long n-alkanes which are incompatible on a
macroscopic scale—in agreement with previous studies on
microconfinement [15]. Moreover, we show that the dynam-
ics in crystalline self-assembled materials can be rather
straightforwardly predicted from their amorphous state
based on quantities easily measurable using standard tech-
niques such as DSC. Similar ideas and experimental
approaches can be applied within biophysics to understand
the properties of membranes that consist of a range of lipids
with similar chemical compositions but varying melting
points.
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Supplemental Material 
 

FIG. S1. SAXS data of pure C28- and C22-hPEO5 micellar solutions and of a premixed 1:1 blend 

(volume fraction 1vol%). Solid lines represent fits according to a quantitative core-shell model as 

outlined below in the Supplemental Material. Fit parameters shown in Table SI. 

TABLE SI. Key fit parameters of the SAXS data shown in Figure S1, in agreement with the data shown 

in Figure 1(a) and Table I. 

 𝑁𝑎𝑔𝑔 𝑅𝑚 (Å) 𝑅𝑐 (Å) 

C28-hPEO 125 ± 8 122 ± 10 27 ± 1 

3:1 98 ± 7 116 ± 8 25 ± 1 

1:1 84 ± 7 112 ± 8 24 ± 1 

1:3 70 ± 6 108 ± 8 22 ± 1 

C22-hPEO 69 ± 6 107 ± 8 21 ± 1 
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FIG. S2. Apparent density of the micellar core determined from 1vol% micellar solutions of C28-hPEO, 

C22-hPEO and the 1:1 mixture. Only a single melting transition is visible for the mixture. The melting 

temperatures agree with the nanoDSC traces (Figure 1(b)). 

FIG. S3. Experimental relaxation functions and exponential fits of the C28/22-PEO 1:3 (left) and 3:1 

(right) mixtures. 
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FIG. S4. Arrhenius plot of the temperature-dependent characteristic exchange times of C28/22-PEO 

1:3 (a) and 3:1 (b) mixtures. The grey shade represents the respective nanoDSC melting curve and 

thus divides the molten and crystalline regime, similar to Figure 3. 
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FIG. S5.  Attempt times of C28- and C22-PEO. Values obtained from the crystalline regime were 

corrected for the entropy of fusion determined from nanoDSC.  

 

Data Treatment and Analytical Fit Model 

SANS scattering data were collected at the KWS-2 instrument operated by the Jülich Center for 

Neutron Science at Heinz Maier-Leibnitz Zentrum in Garching, Germany. At 7Å wavelength and 

detector distances 2m and 8m, a Q-range of 0.008-0.3Å-1 was covered. SAXS scattering data were 

collected using a Bruker NanoStar instrument located at the Resource Center for X-rays at the 

University of Oslo, Norway. The instrument covers a Q-range of 0.009-0.3Å-1. Both SAXS and SANS 

data have been reduced according to instrument standard protocols. 

The data were fitted on an absolute scale using a core-shell model previously reported in reference 

[11]. It is only briefly outlined here. The differential scattering cross-section is calculated as 

𝑑Σ

𝑑Ω
(𝑄) = 𝜙[𝑃(𝑄) ⋅ 𝑆(𝑄) + 𝑃𝑏𝑙𝑜𝑏(𝑄)] + 𝑏𝑔𝑟. (1) 

Here, 𝜙 is the volume fraction, 𝑃(𝑄) is a core-shell form factor, 𝑃𝑏𝑙𝑜𝑏(𝑄) is scattering resulting from 

internal structure within the corona and 𝑏𝑔𝑟 is a residual background resulting from insufficient 

background subtraction. 𝑆(𝑄) was set to 1 for the SANS measurements (𝜙 = 0.25%, dilute regime). 

For the SAXS measurements (𝜙 = 1%, semi-dilute regime), a simple hard-sphere structure factor 

proved to be sufficient to model the data [D. J. Kinning and E. L. Thomas, Macromolecules 17, 1712 

(1984)]. The so-called blob scattering 

𝑃𝑏𝑙𝑜𝑏(𝑄) =
1

𝑁𝑎𝑔𝑔(𝑉𝑐 + 𝑉𝑠)
 (𝜌𝑠 − 𝜌0)2 𝑁𝑎𝑔𝑔 𝑉𝑠

2 𝐵(𝑄) (2) 

is based on the ideas of Svaneborg and Pedersen [Macromolecules 35, 1028 (2002)]. 𝑁𝑎𝑔𝑔 is the 

aggregation number, 𝑉𝑠 the molecular volume of the corona block, 𝑉𝑐 the molecular volume of the 

core block, 𝜌𝑠 the scattering length density of the corona block and 𝜌0 the scattering length density 

of the solvent. 𝐵(𝑄) is calculated as 
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𝐵(𝑄) =
𝑃𝑏𝑒𝑎𝑢(𝑄)

1 + 𝜈 𝑃𝑏𝑒𝑎𝑢(𝑄)
(3) 

in a random phase approximation, where 𝜈 is an effective surface concentration and 𝑃𝑏𝑒𝑎𝑢(𝑄) is a 

Beaucage form factor. The micellar form factor 

𝑃(𝑄) =
1

𝑁𝑎𝑔𝑔(𝑉𝑐 + 𝑉𝑠)
 [𝐼𝑐(𝑄) + 𝐼𝑠(𝑄) + 𝐼𝑐𝑟𝑜𝑠𝑠(𝑄)] (4) 

with 

𝐼𝑐(𝑄) = (𝜌𝑐 − 𝜌0)2 𝑁𝑎𝑔𝑔
2  𝑉𝑐

2 𝐴𝑐
2(𝑄), (5.1) 

𝐼𝑠(𝑄) = (𝜌𝑠 − 𝜌0)2 𝑁𝑎𝑔𝑔 (𝑁𝑎𝑔𝑔 −
1

1 + 𝜈
) 𝑉𝑠

2 𝐴𝑠
2(𝑄), (5.2) 

and 

𝐼𝑐𝑟𝑜𝑠𝑠(𝑄) = 2(𝜌𝑐 − 𝜌0)(𝜌𝑠 − 𝜌0) 𝑁𝑎𝑔𝑔
2  𝑉𝑐  𝑉𝑠 𝐴𝑐(𝑄) 𝐴𝑠(𝑄), (5.3) 

is based on the scattering amplitudes 𝐴𝑐(𝑄) of the core and 𝐴𝑠(𝑄) of the shell. The core scattering is 

modelled by the scattering of a uniform sphere, damped exponentially because of a finite roughness 

𝜎𝑖𝑛𝑡 of the core-corona interface: 

𝐴𝑐(𝑄) = 3
sin 𝑄𝑅𝑐 − 𝑄𝑅𝑐 cos 𝑄𝑅𝑐

(𝑄𝑅𝑐)3
exp (−

𝜎𝑖𝑛𝑡
2 𝑄2

2
) . (6) 

According to the predictions of Daoud and Cotton [Journal de Physique 43, 531 (1982)] for star-like 

micelles, our shell model follows a density profile 

𝑑(𝑟) ∝
𝑟−4

3⁄

1 + exp (
𝑟 − 𝑅𝑚
𝜎𝑜𝑢𝑡 𝑅𝑚

)
, (7) 

which is cut off at the micellar radius 𝑅𝑚 by a smooth Fermi function with width 𝜎𝑜𝑢𝑡, to account for 

the finite length of the corona blocks. The shell scattering amplitude is thus 

𝐴𝑠(𝑄) =
∫ 4𝜋𝑟2 𝑑(𝑟) 

sin 𝑄𝑟
𝑄𝑟  d𝑟

∫ 4𝜋𝑟2 𝑑(𝑟) d𝑟
 exp (−

𝜎𝑖𝑛𝑡
2 𝑄2

2
) , (8) 

also damped due to the finite roughness of the core-shell interface. 
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Telechelic polymers contain two chain ends that are able to promote self-assembly into “flowerlike” or
interconnected micellar structures. Here, we investigate the molecular exchange kinetics of such micelles
using time-resolved small-angle neutron scattering. We show that the activation energies of monofunctional
and telechelic chain exchange are identical. This demonstrates that the two chain ends are not
simultaneously released in a single event. Instead, the results show that, contrary to regular micelles,
the kinetics occurs in a multistep process involving a collision-induced single-molecule exchange
mechanism where the exchange rate is directly proportional to the polymer concentration. We show
that this novel mechanism can be quantitatively explained by a simple kinetic model.

DOI: 10.1103/PhysRevLett.124.197801

Hydrophobically end-capped polymers, e.g., telechelic
polymers bearing two hydrophobic stickers in terminal
positions of a water-soluble backbone, are well-studied
model systems for self-assembly. Telechelic polymers have
attracted a lot of interest because their properties encompass
many interesting aspects in soft matter physics, including
hierarchical self-assembly, non-Newtonian flow behavior,
and colloidal interactions [1–11]. Aside from a purely
academic point of view, telechelic polymers are very
important as associative thickeners in daily life products,
e.g., paints and cosmetics. In water, telechelic polymers
spontaneously self-assemble into a variety of different
nanostructures. These are, depending on concentration
and hydrophobic chain end (“sticker”) length, flowerlike
micelles, clusters ofmicelles, and nanostructured hydrogels,
where telechelic chains interconnect individual micelles.
All these structures commonly show a continuous

exchange of chains to reach and maintain their thermal
equilibrium. In recent years, the exchange kinetics of
diblock copolymer micelles has been thoroughly studied
experimentally and by computer simulation. In particular,
time-resolved small-angle neutron scattering (TR-SANS)
employing contrast variation proved to be the method of
choice to explore the mechanisms of chain exchange under
(quasi)equilibrium conditions [12]. TR-SANS applied to
different diblock copolymer micellar systems has shown
that single-chain expulsion and insertion is the prevailing
mechanism for chain exchange with the expulsion as the
rate determining step [13–16]—in line with computer
simulation [17,18] and scaling theory [19,20]. The expul-
sion is a thermally activated first-order kinetic process,

which is characterized by a single exponential relaxation
RðtÞ ¼ expð−ktÞ, with t as the time and k as the exchange
rate constant. The temperature dependence is expressed in
terms of an Arrhenius equation

k ¼ 1

τ0
expð−Ea=kBTÞ; ð1Þ

with Ea as the activation barrier, τ0 as the hypothetical
attempt time of the core block to escape from the micelle,
and kBT as the thermal energy. Ea is essentially determined
by the extra interface created by the insoluble block
exposed to the solvent. It has been found that Ea depends
linearly on the length of the insoluble block, which
suggests contact between all monomers and solvent rather
than collapse into a spherical globule [14,21].
In contrast to amphiphilic diblock copolymers, the

exchange mechanism of telechelic micelles in aqueous
solution has not yet been determined experimentally. Here,
we show experimental evidence of a novel kind of
exchange mechanism that consists of a collision-induced
multistep process that is fundamentally different from the
exchange in regular micelles. Furthermore, we provide a
simple kinetic model that describes all experimental data
over a range of concentrations and temperatures with a
single set of parameters. We believe that the proposed
mechanism is relevant to understanding diffusion in other
systems where multivalency plays a role, e.g., in supra-
molecular networks, lipids, and proteins.
In principle, there are three possible scenarios for

molecular exchange between telechelic micelles:
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(i) The expulsion of the two core blocks occurs simulta-
neously. In this case, the exchange rate is expected to be
proportional to the product of the two individual rates
leading to a process with doubled activation energy
compared to diblock exchange.
(ii) The expulsion of the two core blocks proceeds in two

consecutive steps with free telechelic chains diffusing in
solution. That means the exchange rate exhibits a more
complicated temperature dependence and is independent of
concentration (see Supplemental Material [22] for a more
detailed discussion).
(iii) The expulsion of the two core blocks proceeds in

two consecutive steps but with the first block reinserted into
another micelle, forming a bridge before the second block
escapes. The exchange thus depends on the collision of
micelles and the rate would exhibit a clear concentration
dependence. Such a mechanism is related to the “walking”
diffusion suggested by Yokoyama et al. [23,24] for triblock
copolymer melts forming mesocrystal domains.
According to classical transient network theory, the

microscopic exchange dynamics in telechelic polymer gels
plays a key role for the macroscopic rheological properties
[25]. This was recently confirmed by Zinn et al. [10] who
found the same Ea for the macroscopic relaxation time of a
telechelic network determined by linear oscillatory shear
experiments and the molecular exchange time for the
monofunctional polymers determined by TR-SANS. Lu
et al. [26] found that the characteristic exchange time of the
triblock copolymer PS-PEP-PS in squalane increases mas-
sively compared to a PS-PEP diblock with the same PS
block and half the PEP length. The exchange rate was
significantly faster than expected for simultaneous release,
pointing toward a sequential activation. However, a clear
picture for the mechanism is not apparent from that
publication.
In this Letter, we present a quantitative description of the

exchange kinetics of telechelic polymers in dilute solution
based on TR-SANS experiments. They were performed
on mixtures of mono- and difunctionalized (telechelic)
poly(ethylene oxide) n-alkyl ethers: Cn-PEO5 and
Cn-PEO10-Cn, with n ¼ 22, 28 the alkane chain lengths
and 5 and 10 the approximate PEO molecular weights in
kg/mol. It has been shown by Laflèche et al. [27] that phase
separation, usually occurring in aqueous solutions of tele-
chelic polymers, is avoided by blending telechelic and
monofunctionalized PEO chains. We utilized this approach
in the present study and employed mixtures with volume
fractions of the telechelic chains of ftel ¼ 0.5 for C22

(C22F50) and ftel ¼ 0.4 for C28 (C28F40). Solutions did
not show any sign of demixing in a temperature range
between 5 and 60 °C, where the TR-SANS experiments
have been performed. The structural details of aqueous
solutions of the mixtures have been published earlier [28].
In brief, for solutions of C28 mixtures, flowerlike micelles
with looped telechelic chains are favored over cluster

formation, which is the principal structure of the C22

samples. An inherent property of this system is partial
crystallization of the n-alkane chains inside the micellar
cores, which leads to a larger activation barrier for
exchange amounting to the enthalpy of fusion [21,29].
Accordingly, Eq. (1) needs to be rewritten as

k ¼ 1

τ0
exp

�
ΔSm
kB

�
exp

�
−
Ea þ ΔHm

kBT

�
; ð2Þ

withΔHm andΔSm ≈ ΔHm=Tm as themelting enthalpy and
entropy, respectively, and Tm as the melting temperature.
The exchange of chains was monitored by TR-SANS

employing the kinetic zero average contrast (KZAC)
technique [30], described in detail in Ref. [12]. The
principles of the KZAC technique are schematically illus-
trated in Fig. 1 (top) for exemplary flowerlike micelles.
Two reservoirs, containing proteated and deuterated
micelles in an H2O=D2O solvent mixture with zero contrast
to the average of h-PEO=d-PEO, are mixed. Initially, the
contrast and, correspondingly, the scattered intensity, is
maximal, but then decreases as a function of time due to the
exchange of mono- and difunctional chains. At t ¼ ∞, the

FIG. 1. (Top) Illustration of the kinetic zero average contrast
technique to monitor chain exchange in diblock and triblock
mixed micelles. (Bottom) Corresponding TR-SANS data of
C28-PEO5=C28-PEO10-C28 micelles obtained at 37 °C and
1.0 vol% polymer volume fraction after mixing equal amounts
of the deuterated and proteated reservoirs.
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contrast in the mixture is minimal as the corona chains are
matched out by the solvent mixture.
As an example, time-resolved scattering curves are

shown in Fig. 1 (bottom) for a 1∶1 mixture of d and h
C28-PEO5 and C28-PEO10-C28 micelles at 37 °C and
polymer volume fraction ϕ ¼ 1.0 vol%. At low scattering
vectors Q, the plot reveals a continuous decrease of the
scattered intensity with time, indicating a decrease of
contrast of the PEO corona due to chain exchange. At
high Q, the intensity is time independent and predomi-
nantly results from the proteated n-alkane cores and from
small contributions of segmental correlations of the PEO
polymer [31]. Importantly, the scattered intensity after 19 h
reaches almost the intensity of a preequilibrated sample
reflecting the final state. This indicates that both types of
chains, monofunctional and telechelic, are exchanging
within the experimentally accessible time window.
To simplify data analysis, only the integrated scattering

intensity

IðtÞ ¼
Z

dΣ
dΩ
ðQ; tÞdQ ð3Þ

was used, with dΣ=dΩðQ; tÞ as the time-dependent macro-
scopic scattering cross section, i.e., the scattering intensity.
This procedure is equivalent to analyzing the full scattering
curve [15]. The integrated intensities were then analyzed
in terms of a dimensionless relaxation function RðtÞ
defined as

RðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
IðtÞ − Ið∞Þ
Ið0Þ − Ið∞Þ

s

; ð4Þ

where Ið0Þ denotes the intensity at t ¼ 0 and Ið∞Þ is the
intensity of a preequilibrated sample. Figure 2 depicts typical
relaxation curves of C22F50 at different temperatures.

The plot clearly reveals two well-separated processes,
which we intuitively assign to the exchange of monofunc-
tional C22-PEO5 and difunctional C22-PEO10-C22 copol-
ymers, respectively. The assignment is further supported by
comparing RðtÞ of C22F50 with that of pure C22-PEO5
micelles (C22F00) at T ¼ 14 °C, as depicted in the inset of
Fig. 2. The plot shows that RðtÞ of C22F00 coincides with
the fast process of the mixture. Based on this, we have fitted
the relaxation curves by a sum of two exponential func-
tions, with prefactors corresponding to the volume fraction
ftel of the mixture

RðtÞ ¼ ftel expð−kteltÞ þ ð1 − ftelÞ · expð−kmontÞ: ð5Þ

Excellent fits were obtained as shown with solid lines in
Fig. 2, yielding the rate constants for monofunctional kmon
and telechelic ktel chain exchange at each temperature. A
preliminary Arrhenius evaluation of the fitted rate constants
has shown that the Ea for chain escape is identical for both
mono- and difunctional polymers. Subsequently, the data
could be reanalyzed to further stabilize the fit using Ea ¼
Ea;mon ¼ Ea;tel and perform simultaneous fits at all temper-
atures. Thus, only Ea, τ0;mon, and τ0;tel were free fit
parameters. Tm and ΔHm have been determined independ-
ently by calorimetry as described recently [31]; the data are
shown in Fig. S3 in the Supplemental Material [22],
together with experimental relaxation curves and fits for
each individual temperature for both polymers (Figs. S1
and S2). Fit values and thermodynamic parameters are
summarized in Table I.
Arrhenius plots of the fitted parameters of mono- and

difunctional chain exchange are presented for C22 and C28

in Fig. 3, together with rate constants obtained from an
earlier study [29] of pure Cn-PEO5 polymers for compari-
son. The Arrhenius representations display two parallel
lines, as Ea was found to be identical for monofunctional
and telechelic chain exchange. The numerical values of Ea

FIG. 2. Relaxation functions RðtÞ of C22F50 at selected
temperatures. Black lines represent fits according to Eq. (5).
(Inset) Comparison of RðtÞ of C22F50 and C22F00 (pure
monofunctional) at 14 °C. The data were obtained using a
stopped-flow mixing device.

TABLE I. Parameters of simultaneous fits at ϕ ¼ 1 vol% and
different temperatures as well as important thermodynamic
parameters of C28 and C22 polymer mixtures. Values for mono-
functional polymer micelles are taken from a previous study [29]
and added for comparison.

C22F50 C22F00a C28F40 C28F00a

− log10½τ0;monðsÞ� 15.5� 1.2 13.5� 3.0 18.7� 1.5 19.7� 2.5
− log10½τ0;telðsÞ� 14.3� 1.3 17.1� 1.6
Ea (kJ=mol) 92� 7 80� 15 125� 10 130� 15
Tm (°C) 29� 1 29� 1 57� 1 57� 1
ΔHm (kJ=mol) 24� 1 25� 1 40� 3 40� 3
ΔSm (J=mol=K) 79� 2 84� 2 121� 8 121� 8
τ1=2;mon (s)b 4.6 5.1 7.9 × 103 6.3 × 103

τ1=2;tel (s)
b 73 3.0 × 105

aTaken from Ref. [29].
bHalf-exchange time calculated for T ¼ 25 °C via Eq. (2).
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are in good agreement with values obtained earlier for pure
diblockpolymer exchange [21,29], seeTable I.Because of the
exponential dependence, the obtained attempt times τ0 are
rather uncertain, but still similar to previous results. Following
the assumptionsmade above, we can unambiguously rule out
the simultaneous escape of the two core blocks, as this would
correspond to twice the activation energy.
From the above results, we can already conclude that the

exchange of telechelic chains proceeds via a consecutive
release of the two chain ends. Either the two hydrophobic
blocks are released stepwise and then diffuse freely
[scenario (ii)] or short-lived clusters are formed [scenario
(iii)]. Now, in order to distinguish between the two
mechanisms, we have measured C28 relaxation curves at
different concentrations because the latter mechanism is
collision based and therefore concentration dependent.
Figure 4 shows relaxation curves of C28-PEO5 and
C28-PEO10-C28 micelles measured at three different poly-
mer volume fractions, ϕ ¼ 0.5, 1.0, and 2.5 vol%.
As seen, the three relaxation curves superimpose at short

times, indicating a concentration-independent escape of
monofunctional PEO chains, whereas the telechelic chains
show a distinct acceleration of chain exchange with
increasing ϕ. The kinetic data were quantitatively analyzed
by fitting with Eq. (5) and the obtained rate constants
extracted for the fast and slow process are plotted vs ϕ in
the inset of Fig. 4. The rate constant of the fast process,
associated with kmon, is basically constant, which confirms
that the exchange is not affected by micellar collisions.
However, the slow process, associated with ktel, on the
other hand, scales linearly with ϕ, suggesting that collision-
induced chain exchange is the dominating mechanism for
telechelic chain exchange. To further confirm the proposed

exchange mechanism, we performed concentration- and
temperature-dependent measurements on C28F40—
compare Figs. S4 and S5 in the Supplemental Material
[22]. We were able to fit all relaxation curves with one set
of parameters, in agreement with the values given in
Table I. As expected, Ea is constant for all three concen-
trations, proving that the collision-induced exchange is the
dominant exchange mechanism for telechelic micelles.
The proposed mechanism is similar to the walking

diffusion suggested by Yokoyama et al. [23,24] in polymer
melts, but differs by the lack of micellar crystalline order.
Instead, the exchange events are triggered by random
collisions between micelles where at least one chain is
in an “activated state,” i.e., with one chain end outside the
micelle. It also resembles collision-based exchange mech-
anisms recently found in lipid nanodisks [32]. For the
present case of telechelic molecules in solution, we propose
the three-step kinetic model sketched in Fig. 5. This can be
written as (1) expulsion of one telechelic hydrophobic

(a) (b)

FIG. 3. Arrhenius representation of the rate constants of C28 and
C22 monofunctional (mon) and telechelic (tel) polymers, obtained
via a simultaneous fit of all temperatures. For comparison,
previous data of the pure monofunctional samples (F00) are
included [29]. The gray shades are contour plots of differential
scanning calorimetry traces, indicating the melting transitions of
the micellar cores.

FIG. 4. Relaxation curves of C28F40 measured at T ¼ 37 °C
and three different polymer volume fractions. (Inset) Respective
rate constants obtained by fitting Eq. (5). The fast process is
concentration independent, while the slow process exhibits
a k ∼ ϕ dependence.

FIG. 5. Visualization of the exchange mechanism of telechelic
chains in flowerlike micelles and clusters of micelles via a
sequence of consecutive equilibrium steps involving collision-
induced exchange. Diffusion of free telechelic chains as an
important pathway is excluded.
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chain end while the other one is still buried in the micellar
core,

P⇌
k1

k−1
P�; ð6aÞ

(2) insertion of the free chain end into another micelle, i.e.,
bridging

P� þM⇌
k2

k−2
P��; ð6bÞ

and (3) release of the second chain end that was still in the
original micelle,

P��→
k3
M þ P̄�: ð6cÞ

Here, P represents telechelic polymer molecules that have
not exchanged yet and both chain ends are buried in the
original micelle. P� are molecules that are also still attached
to their original micelle but with one chain end free in
solution and M is an arbitrary micelle. P�� is a molecule
that bridges between its original micelle and another one
and P̄� is a chain that has exchanged at least once and has
one free chain end.
Applying a steady-state approximation for the unstable

intermediates P� and P��, this leads to a single exponential
(see Supplemental Material [22] for a more detailed
discussion)

½P�ðtÞ ¼ ½P�0 expð−kefftÞ; ð7Þ

with the concentration-dependent decay constant
keff ¼ k1k2½M�=ð2k−1 þ k2½M�Þ. ½M� ¼ ϕ=ðNagg Navo VpÞ
where Nagg is the aggregation number, Vp is the volume
of a chain and Navo is Avagadros number. For low micelle
concentrations and k2 ≤ k−1, a Taylor expansion in [M]
yields keff ¼ k1k2½M�=ð2k−1Þ þOð½M�2Þ. Thus, in the
leading order, the rate constant depends linearly on [M],
concurring with our experimental data shown in the inset of
Fig. 4, as well as Figs. S4 and S5 in the Supplemental
Material [22]. Since k−1 and k2 have approximately the
same enthalpic contribution, the temperature dependence is
governed by k1. Moreover, the model provides an equilib-
rium constant K ¼ k1=k−1 ≪ 1, which controls release of a
single chain end. This naturally describes the effective
reduction of the exchange rate of telechelic chains,
keff ¼ Kk2½M�=2. These findings are in perfect agreement
with our experimental results. In addition, the telechelic
PEO block is longer than the corresponding monofunc-
tional one, which is known to slow down chain
exchange [19,33].
In conclusion, we have shown that the molecular

exchange of telechelic polymers in flowerlike micelles
and clusters of micelles proceeds in consecutive steps via a

collision-induced single-chain exchange mechanism that so
far has not been reported experimentally. TR-SANS in
combination with the KZAC contrast variation method was
applied to monitor the chain exchange in a well-defined
model system for self-assembly. By carefully analyzing the
TR-SANS data at different temperatures and concentra-
tions, we can rule out a simultaneous release of the two
chain ends. In addition, we have developed a kinetic model
that explains the experimental findings and provides a
rather complete picture of the equilibration mechanism and
diffusion processes in such systems. The discovered
collision-induced exchange mechanism is relevant also
to other self-assembled structures, in which multivalency
plays a role, e.g., in supramolecular networks, lipid
membranes, multidomain proteins, lipoproteins, and con-
ventional hydrogels.

This work is based on experiments performed at the
KWS-2 instrument [34] operated by JCNS at Heinz Maier-
Leibnitz Zentrum, Garching, Germany, and the Sans2d
instrument [35,36] at STFC ISIS Neutron and Muon
Source, United Kingdom. We thank Bente A. Breiby
(School of Pharmacy, UiO) and Thomas Zinn (ESRF—
The European Synchrotron) for providing the differential
scanning calorimetry data.
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[27] F. Laflèche, D. Durand, and T. Nicolai, Association of
adhesive spheres formed by hydrophobically end-capped
PEO. 1. Influence of the presence of single end-capped
PEO, Macromolecules 36, 1331 (2003).

[28] T. Zinn, L. Willner, K. D. Knudsen, and R. Lund, Self-
assembly of mixtures of telechelic and monofunctional
amphiphilic polymers in water: From clusters to flowerlike
micelles, Macromolecules 50, 7321 (2017).

[29] N. König, L. Willner, V. Pipich, T. Zinn, and R. Lund,
Cooperativity During Melting and Molecular Exchange in
Micelles with Crystalline Cores, Phys. Rev. Lett. 122,
078001 (2019).

[30] L. Willner, A. Poppe, J. Allgaier, M. Monkenbusch, and D.
Richter, Time-resolved SANS for the determination of
unimer exchange kinetics in block copolymer micelles,
Europhys. Lett. 55, 667 (2001).

[31] König, L. Willner, and R. Lund, Structure and thermody-
namics of mixed polymeric micelles with crystalline cores:
Tuning properties via co-assembly, Soft Matter 15, 7777
(2019).

[32] R. Cuevas Arenas, B. Danielczak, A. Martel, L. Porcar, C.
Breyton, C. Ebel, and S. Keller, Fast collisional lipid transfer
among polymer-bounded nanodiscs, Sci. Rep. 7, 45875
(2017).

[33] T. Zinn, L. Willner, V. Pipich, D. Richter, and R. Lund,
Molecular exchange kinetics of micelles: Corona chain
length dependence, ACS Macro Lett. 5, 884 (2016).

[34] A. Radulescu, N. K. Szekely, and M.-S. Appavou, KWS-2:
Small angle scattering diffractometer, J. Large-Scale Res.
Facil. 1, A29 (2015).

[35] R. Lund, N. König, N. Mahmoudi, L. Willner, and L.
Willner, Tuning the Molecular Exchange Kinetics of Self-
Assembled Antimicrobial Peptide- Polymer Conjugates
(STFC ISIS Neutron and Muon Source, 2019), https://doi
.org/10.5286/ISIS.E.RB1910106.

[36] R. Lund, N. König, L. Cavalcanti, L. Willner, H. Sørensen,
and L. Willner, Exchange Kinetics of Telechelic Cn-PEO-
Cn Micelles: Effect of Conformation and Crystallinity
(STFC ISIS Neutron and Muon Source, 2019), https://doi
.org/10.5286/ISIS.E.RB1920656.

PHYSICAL REVIEW LETTERS 124, 197801 (2020)

197801-6

218



Supplementary Information

for

A Tale of Two Tails: Molecular Exchange Kinetics of Telechelic Polymer Micelles

Nico König,1, 2 Lutz Willner,2, ∗ Vitaliy Pipich,3 Najet Mahmoudi,4 and Reidar Lund1, †

1Department of Chemistry, University of Oslo, P.O. Box 1033, Blindern, 0315 Oslo, Norway
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main manuscript. The red lines are a simultaneous fit of all datasets according to Eqs. (2) and (5) in the main

manuscript, where only Ea, τ0,mon and τ0,tel were free fit parameters.
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TABLE S1: Parameters of the simultaneous fits of C28F40 at different temperatures and concentrations shown in
Figs. S4 and S5.

τ0,mon(s) 4.0× 10−19

τ0,tel(0.5 vol%)(s) 3.8× 10−17

τ0,tel(1.0 vol%)(s) 1.9× 10−17

τ0,tel(2.5 vol%)(s) 7.5× 10−18

Ea (kJmol−1) 125
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7

DISCUSSION OF THE MULTI-STEP KINETIC PROCESS INCLUDING COLLISION-INDUCED
EXCHANGE

The kinetic model we propose for the molecular exchange of C28 telechelic molecules, which is sketched in Fig. 5 in
the main manuscript, consists of multiple steps:

1) Expulsion of one hydrophobic chain end while the other one is still buried in the micellar core.

P
k1⇀↽
k−1

P ∗ (1a)

2) Insertion of the free chain end into another micelle, i.e., bridging.

P ∗ +M
k2⇀↽
k−2

P ∗∗ (1b)

3) Release of the second chain end that was still in the original micelle.

P ∗∗
k3→M + P̄ ∗ (1c)

Here, P represents telechelic polymer molecules that have not exchanged yet and both chain ends are buried in the
original micelle, P ∗ are molecules that are also still attached to their original micelle but one chain end is free in

solution, M is an arbitrary micelle, P ∗∗ is a molecule that bridges between its original micelle and another one, and
P̄ ∗ is a telechelic molecules that has exchanged at least once, with one free chain end. k1 and k2 describe reversible
steps where no complete chain exchange has occurred yet. The third step, however, signifies the completion of the

exchange process and thus no further steps (e.g., P̄ ∗ → P̄ or re-bridging to the original micelle) need to be
considered. This gives the following rate equations

d[P ]

dt
= −k1[P ] + k−1[P ∗], (2a)

d[P ∗]
dt

= +k1[P ]− k−1[P ∗]− k2[P ∗][M ] + k−2[P ∗∗], (2b)

d[P ∗∗]
dt

= +k2[P ∗][M ]− k−2[P ∗∗]− k3[P ∗∗]. (2c)

k−2 and k3 are equivalent steps and thus k−2 = k3. Furthermore, polymer bridges as in P ∗∗ are, at least for C28,
thermodynamically unfavourable and solvent-exposed chain ends as in P ∗ are generally unfavourable. Hence, these

two states can be considered as transient and we can apply the steady-state approximation: d[P∗]
dt ≈

d[P∗∗]
dt ≈ 0. The

solution is:

[P ](t) = [P ]0 · exp(−keff t), (3)

with the concentration-dependent decay constant keff = k1k2[M ]/(2k−1 + k2[M ]). For low micelle concentrations
and k2 ≤ k−1, a Taylor expansion in [M ] yields

keff =
k1k2[M ]

2k−1
+O([M ]2). (4)
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8

DISCUSSION OF HYPOTHETICAL SEQUENTIAL CHAIN END EXPULSION WITH FREE CHAIN
DIFFUSION

k-1

k1
k4

FIG. S6: Schematic to illustrate the sequential expulsion of chain ends with free chain diffusion.

Fig. S6 depicts a sequential chain end expulsion whereupon the telechelic chain diffuses freely, which we named
scenario ii) in the main manuscript. The first equilibrium k1/k−1 is the same as in the collision-induced mechanism,

i.e., scenario iii), discussed in the main manuscript and in more detail in the previous section. But in scenario ii),
this step is followed by the expulsion of the second chain end with rate constant k4, so that the molecule is

completely disconnected from the micelle. The freely diffusing telechelic chain, which we label P̄ †, can then insert
into a random micelle which completes the chain exchange. We thus obtain the following reaction scheme:

P
k1⇀↽
k−1

P ∗, (5a)

P ∗
k4→ P̄ †, (5b)

which yields the rate equations

d[P ]

dt
= −k1[P ] + k−1[P ∗], (6a)

d[P ∗]
dt

= +k1[P ]− k−1[P ∗]− k4[P ∗]. (6b)

d[P̄ †]
dt

= +k4[P ∗]. (6c)

Since exposition of the solvophobic chain ends to the solvent is highly unfavourable, we can assume that

k−1 � k1 ≈ k4. Hence, we can once more apply the steady-state approximation d[P∗]
dt ≈ 0, yielding a

single-exponential form

[P ](t) ≈ [P ]0 · exp(−keff t) (7)

for the not-yet-exchanged chains. The effective rate constant is keff = k1k4/(k−1 + k4) ≈ k1k4/k−1. This result is
not in agreement with our experimental findings. Firstly, keff is not expected to exhibit the same

temperature-dependence as its monofunctional counterpart kmon. Secondly, this scenario does not involve any
concentration dependence. The model can therefore be ruled out as principle mechanism of chain exchange in C28

telechelic polymer micelles in aqueous solution.
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