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Abstract

In this thesis, structural and dynamic features of thermoresponsive amphiphilic pentablock
copolymers have been studied for their potential use for drug delivery application. The
copolymers are amphiphilic poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEO), also known as Pluronic, modified with hydrophobic poly(caprolactone)
(PCL) to give the pentablock terpolymer PCL-PEO-PPO-PEO-PCL (PCLx-Pluronic-PCLy).
The effects of the PCL length (n = 5 and 11) on the self-assembly properties of PCL-Pluronic-
PCL in aqueous solutions have been investigated at various temperatures and both in the

dilute and the semidilute concentration regimes.

Turbidity measurements revealed a lower critical solution temperature, where the cloud point
decreased with PCL length. Through dynamic light scattering (DLS) measurements, the
polymers were found to form a mixture of micelles and intermicellar aggregates. A longer
PCL length resulted in larger intermicellar aggregates. Small angle neutron scattering (SANS)
measurements revealed that the polymers with a short PCL length formed spherical flower-
like micelles, whereas the polymers with a long PCL length formed elongated cylindrical

micelles.

In the semidilute concentration region, the polymers form thermoreversible hydrogels at
elevated temperatures. The gel window in the phase diagrams for these polymers greatly
depends on the PCL length, where a longer PCL length decreases the concentration and
temperature needed for gelation. The dynamic properties of the gels were characterized by
rheology. SANS measurements revealed a tight ordering of the micelles in these systems, and

demonstrated interesting conformational differences between the systems.
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1 Introduction

During the past few decades, amphiphilic block copolymers with the ability to self-assemble
into nanostructured species like micelles or vesicles in aqueous media, have received a great
amount of interest in the field of controlled drug delivery [1-3]. By forming micelles that have
a hydrophobic core and a hydrophilic shell, hydrophobic drugs that are otherwise poorly
soluble in the body’s physiological conditions can be stored within the micelles. The
hydrophilic shell of the micelles then enhances the solubility of the hydrophobic drugs [4].
Furthermore, it has been found that particles of less than 200 nm in size are able to avoid
protein opsonization due to their high curvature [5]. Thus, problems such as protein
adsorption and subsequent macrophage uptake can be circumvented, allowing prolonged
circulation time and more effective treatment [6]. The advantages of using polymers as drug

carriers are hence evident.

For sustained release drug delivery, hydrogels that act as drug deposits are of great interest [7,
8]. By introducing a gel network made of drug containing micelles under the patient’s skin,
drugs can slowly be released into the bloodstream as the gel decomposes. These micelles can
then travel through the bloodstream and bring the drugs to the diseased tissue[9]. Drug
deposits would relieve the patient of the inconvenience and distress of having to regularly

visit the doctor’s office for a new drug dose.

Hydrogels that possess thermoreversible gelation are of special interest in the field of
sustained drug release [10, 11]. With the feature of being a low viscosity liquid at low
temperatures and a semi-solid gel at temperatures close to the body’s temperature, these
systems can easily be injected into the patient through a syringe, making the process of drug

deposit introduction much easier.

Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO)
triblock copolymers, also known as Pluronic or Poloxamer, are amphiphilic triblock
copolymers that have received much interest in the biomedical field [12-14]. Due to the
dehydration of PPO at elevated temperatures, these polymers display thermoreversible self-
assembly into micelles [15, 16]. Furthermore, at high enough concentrations (typically ¢ > 15

wt%) Pluronic micelles arrange themselves into ordered structures, e.g., cubic lattices [17-20],



which results in the formation of thermoreversible hydrogels. Pluronics are cheap to produce,
easy to modify, and already approved by the Food and Drug Administration (FDA) for
pharmaceutical and biomedical applications. Thus, Pluronic gels are interesting candidates for
sustained-release drug delivery.

The main drawback with Pluronic gels is their rapid dissolution rate in aqueous media.
Usually, they dissolve within a couple of days after injection [21-23]. For the purpose of
sustained release, where the ideal dissolution rate would be at least a couple of months,
Pluronic gels are therefore not adequate. Several methods to stabilize the gels have been
studied, e.g., covalently or physically cross-linking the gel network [24, 25], mixing with
other polymers [22], or chemically modifying the polymer [26]. However, another strategy
could potentially be the answer. The rapid dissolution rate of Pluronic gels is owed to their
low mechanical strength. The main mechanism behind their gelation is through hydrophobic
associations. However, PPO’s hydrophobicity is quite low. A strategy of attaching
hydrophobic blocks at each end of Pluronic could potentially enhance the hydrophobic
associations in the gel network and make it stronger and less easy to dissolve in aqueous

media.

A good candidate for hydrophobically modifying Pluronic is poly(caprolactone) (PCL). PCL
has already found extensive use in the biomedical field due to its excellent biocompatibility
and biodegradable nature [27, 28]. Furthermore, Pluronic/PCL block copolymers have been
found to have low cytotoxicity [29, 30]. Several studies for biomedical applications have been
done on various Pluronic/PCL systems, e.g., as porous membranes for enhanced guided bone
regeneration [31], for treatment of glottal insufficiency [32], or as nanocarriers for
antioxidants and proteins [33, 34]. However, there is a lack of studies on the self-assembly
behavior and hydrogels formed by Pluronic/PCL pentablock copolymers. It is therefore

interesting to investigate the properties and potential of Pluronic/PCL systems.



1.1 Aim of Project

For this project, pentablock copolymers composed of Pluronic F127 and PCL (PCL-F127-
PCL) have been studied. To check the ideal length of PCL, two different F127/PCL samples,
one with 5 repeating units of PCL and the other with 11 repeating units, were measured and
compared against each other. In addition, as a reference, experiments were also performed on

the original F127 copolymer.

To properly understand the behavior of PCL modified F127, the study was divided into two
parts. The first part focuses on the self-assembly of the polymers. Properties such as
thermodynamics, aggregation sizes, the width of size distribution, and micellar structures
were probed by conducting turbidity, dynamic light scattering (DLS), and small angle neutron
scattering (SANS) experiments on dilute solutions. The second part of the study focuses on
the gelation properties of the polymers in the semidilute concentration regime. To get an
overview of the macroscopic behavior of the polymer solutions, a phase diagram was
constructed. The viscoelastic properties of semidilute solutions were measured by rheology,
while the morphological features of these samples were probed by SANS experiments.



2 Theory and Background

2.1 Block Copolymers

Block copolymers are composed of at least two or more blocks of chemically different
monomers. These blocks can be connected together in a linear and/or radial arrangement,
giving rise to different block copolymer architectures [35], as illustrated in Figure 1. The
simplest block copolymers are composed of only two different homopolymers and form linear
AB diblock copolymers, where A and B represent the respective monomers forming the block
copolymer. By attaching another block of monomer, a triblock copolymer is formed etc. This
could either be an ABA triblock copolymer, or BAB or even ABC [36-38]. The interesting
self-assembly properties of triblock copolymers will be explored later in the chapter.

2.1.1 Amphiphilic Block Copolymers

Amphiphilic block copolymers are copolymers composed of at least one hydrophilic block
and one hydrophobic block. Due to the different solubility of these blocks in selective
solvents, e.g. aqueous solutions, amphiphilic block copolymers can self-assemble into several
interesting nanostructures, depending on the nature and composition of the individual blocks
composing the copolymer [17, 39]. In this study, focus will be on the properties and self-

assembly behavior of linear amphiphilic block copolymers.

(@) (b) (C\)/\g\

(:)/\%'\ (e) (f)

Figure 1. lllustration of the different architectures of block copolymers borrowed from
Adams et al [40]. a) Linear diblock copolymer, b) linear multiblock copolymer, ¢) miktoarm
copolymer, d) star copolymer, €) linear-graft copolymer, and f) cyclic diblock copolymer. The
different colors represent different monomer blocks.



2.1.2 Temperature Responsive Block Copolymers

Some polymers possess a temperature sensitive characteristic [41]. These polymers are
soluble in a certain temperature range, whereas at other temperatures they are insoluble. This
is a very interesting property for drug delivery purposes, as the incorporation of these kinds of
polymers into drug delivery systems gives rise to self-assembly properties that can be
controlled by external temperature [42].

Mainly, there are two types of thermoresponsive polymers [43]. The first type are polymers
that possess a phase diagram with a lower critical solution temperature (LCST) behavior.
These polymers are miscible in the solvent below the LCST, while immiscible above it, e.g.,
PPO in Pluronic [15]. Their immiscibility can be observed by a cloudy solution, due to a
macroscopic phase separation of the polymers. The temperature where the macroscopic phase
separation occurs (for a specific polymer concentration) is therefore often referred to as the
cloud point (CP). The second type are polymers that have an upper critical solution
temperature (UCST). In contrast to the first type, these polymers are miscible above the
UCST, while immiscible below it. Figure 2 illustrates the typical phase diagrams of polymers
with a LCST feature and polymers with an UCST.

ES S
T T single-phase
region UCST S~
[ i N
two-phase N
single-phase | region “

region
¢ " ¢ "
(a) (b)

Figure 2. Temperature vs. polymer volume fraction, @. A schematic illustration of the phase
diagrams of polymer solutions with a) LCST behavior and b) UCST behavior. Illustration
borrowed from Ward et al [44].



Both thermoresponsive characteristics are driven by thermodynamic forces. In the case of
polymers with a LCST, the phase separation is an entropically driven process. More
specifically, it is driven by the entropy of water [45]. Below the LCST, the polymer chains are
solved in the aqueous solution by forming hydrogen bonds with the surrounding water
molecules. However, as the solution is heated, it becomes energetically unfavorable for the
water molecules to remain ordered with the polymer chains. The hydrogen bonds
consequently break and the polymers dehydrate, becoming hydrophobic and phase separating
out of the solvent due to the hydrophobic effect [46]. The UCST, on the other hand, is an

enthalpically driven process [47].

In addition of having a critical micelle concentration criterion, CMC, amphiphilic block
copolymers with thermoresponsive polymers in their composition, usually have a critical
micelle temperature (CMT) self-assembly criterion [48]. For drug delivery purposes,

polymers with LCST properties are of most interest.

2.1.3 Pluronic - F127

Pluronic is the trademark name of triblock ABA block copolymers composed of
poly(ethylene oxide)s—poly(propylene oxide)r—poly(ethylene oxide)a (PEOa-PPOp-PEQO,).
These also go under the name Poloxamer. Due to the hydrophilic nature of PEO and the
dehydration of PPO at elevated temperatures, these block copolymers display interesting
thermoresponsive self-assembly properties [16, 49]. With the ease of tuning the self-
assembling properties by varying the composition of the copolymer, i.e., molecular weight
and relative block length [14, 50], Pluronics have found a wide variety of applications in the
industrial field. With PEO’s highly hydrophilic nature and its well-known good blood
compatibility [51, 52], Pluronics have also garnered much interest in the biomedical field, for

applications such as tissue scaffolds and drug delivery [14, 53].

F127 is a Pluronic sample where PEO constitutes 70% of the block copolymer (see Figure 3).
With this high content of PEO, F127 possesses good biocompatibility and advantages such as
avoiding protein adsorption and subsequent macrophage uptake [51]. This, in combination
with F127’s temperature sensitive self-assembly and gelation properties, have made F127 an

excellent candidate for biomedical applications.
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Figure 3. Molecular composition of Pluronic F127 as given by the manufacturer.

2.1.4 Poly(caprolactone)

Poly(caprolactone) (PCL) is an aliphatic polyester, which is hydrophobic and semi-
crystalline. PCL has an excellent biocompatible and biodegradable nature [27, 54], and is
found to have a good blend-compatibility with a wide range of polymers and drugs [55]. With
this good blend-compatibility, PCL can act as drug carriers making them especially
interesting for drug delivery purposes. PCL has found extensive applications in the

biomedical field, especially for tissue engineering [56].

O

n

Figure 4. Molecular structure of PCL, where n represents the number of repeating monomer
units.

2.1.5 Self-Assembly of Amphiphilic Block Copolymers in Aqueous
Solutions

Self-assembly of amphiphilic block copolymers is a thermodynamically driven process,
arising from one of the blocks in the copolymer being poorly solved by the solvent [39]. In
aqueous solutions, the hydrophobic parts of the copolymers are negative to water and
consequently want as little contact with it as possible. In order to minimize the free energy of

the system arising from this unfavorable interaction, the block copolymers orientate



themselves to remove the hydrophobic parts from the aqueous solution. If the concentration of
polymers is high enough, above CMC, the block copolymers self-assemble into micelles.
These micelles usually have a diameter from 10 nm to 100 nm, and are characterized by a
core-shell architecture, where the core is composed of the hydrophobic blocks, while the shell
is composed of the hydrophilic blocks [49, 57, 58]. Figure 5 illustrates the self-assembly of
amphiphilic diblock copolymers into micelles, and their ability to carry hydrophobic drugs in
their core. Below the CMC, the copolymers exist as individual polymer chains (unimers). The
formation of micelles is a reversible process, where an equilibrium of unimers entering and

exiting the micelles is maintained [39].

Typically, polymeric micelles have a CMC in the order of 10°-10" M [59]. Surfactants,
which also self-assemble into micelles due to their similar amphiphilic nature, usually have
CMC around 103-10* M [60]. Polymeric micelles are thus more resistant to dilution than
surfactant micelles, which is an important feature for drug delivery, as the micelles will
experience extreme dilution when introduced into the bloodstream. It is crucial that the

micelles don’t disintegrate and release the drugs before they reach their targeted tissue.

Sheo

AV e T

assemble LR

. Hydrophilic block of polymer
~~~ Hydrophobic block of polymer
@ Drug molecule

Figure 5. A schematic illustration of the self-assembly of amphiphilic diblock copolymers
into micelles, and their ability to carry hydrophobic drug molecules in the hydrophobic core.
Image borrowed from Xu et al [61].
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2.1.6 Micellar Morphology

As already mentioned, amphiphilic block copolymers can form micelles with a wide variety
of morphologies. There are several factors affecting the morphology of the micelles, e.g., the
composition of the copolymer, the lengths and properties of each respective block, or even

external conditions such as concentration, temperature, or the addition of salts [50, 62-64].

In 1976, J. Israelachvili et al. developed a simple geometric approach to predict the micellar
morphology formed by surfactants [65]. Primarily, two opposite forces control the micelle
formation: the attractive forces between the hydrophobic tails, which lead to aggregation, and
the repulsive forces between the polar heads, which prevent unlimited growth of the micelles.
How strong the hydrophobic attraction is, will depend on the length (lc) and volume (v) of the
hydrophobic tail, while the strength of the repulsive forces between the polar heads, will
depend on the interfacial area of the molecule (ao). From this, J. Israelachvili defined a non-

dimensional packing parameter:

p=— (1)

aolc

Although the packing parameter was originally derived for surfactants, it is often used to
generally explain the morphology of polymeric micelles. Figure 6 illustrates the different
morphologies predicted by p. When p < 1/3, the volume of the hydrophobic block is small
relative to the hydrophilic block, and the individual molecules have a cone shape. This results
in the formation of spherical micelles. As the hydrophobic block becomes bigger and
occupies a larger volume, p accordingly increases. For 1/3 < p < 1/2, cylindrical micelles are

formed. For even higher p, bilayered structures are formed.

The packing parameter thus gives a general idea of how changing the length of the

hydrophobic or hydrophilic blocks affects the resulting micellar morphologies.
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Figure 6. Illustration of how the packing parameter, p, predicts the micellar morphology. The
picture is borrowed from Adams et al [40].

2.1.7 Self-Assembly of A-B-A vs. B-A-B Triblock Copolymers

In chapter 2.1.5, it was explained how amphiphilic block copolymers self-assemble in
selective solvents. The self-assembly of an amphiphilic diblock copolymer was used as an
example. However, adding another block to the block copolymer can result in very different
self-assembly properties. A great example of this are amphiphilic triblock copolymers. These
display very different self-assembly properties depending on their block composition [66].
Take for example ABA triblock copolymers, where A is a hydrophilic block and B
hydrophobic. When these are dissolved in water, the B blocks arrange themselves into
micellar cores, while the A blocks remain in contact with the solvent and form the micellar
corona. Due to the highly hydrophilic corona, these micelles are repulsed by each other and
tend to behave as individual micelles. However, if the blocks are rearranged into BAB
triblock copolymers, a very different behavior appears. When these polymers are dissolved in
water, the B blocks still want to migrate into the micellar cores. However, for them to be able
to both hide in the core, the middle A block needs to be bent into a loop structure. This leads
to the formation of flower-like micelles (see Figure 7a). An important factor for the formation
of flower-like micelles is the flexibility of the middle A block. If the A block is sufficiently

10



long and flexible, both B blocks can be hidden in the micelle core. In this case, the micelles
act as individual micelles similar to those formed by ABA triblock and diblock copolymers.
However, if the A block is not able to form a loop, a B block can end up dangling outside in
the solvent (Figure 7b). Micelles with exposed dangling B blocks can experience attractive
forces between the dangling hydrophobic blocks. Furthermore, if the A block is long enough,
the dangling B blocks can migrate into other micelle cores leading to the formation of
branched structures (Figure 7c). Connectivity between micelles leads to very different
behavior between ABA and BAB triblock copolymers systems.

bridge

)

dangling
end

Figure 7. Most probable types of organization of ABA triblock copolymers in B-selective
solvents. Picture borrowed from Giacomelli et al [66].

2.2 Polymeric Hydrogels

Hydrogels are hydrophilic three-dimensional polymer networks that can absorb up to
thousands of times their dry weight in water [7, 67]. Hydrogels can be made from synthetic or
natural polymers, or even a combination of the two. Due to their high water content and their
physiochemical similarity to the native extracellular matrix, hydrogels are generally
considered to be highly biocompatible [68]. This has given them several applications in the
biomedical field [69-71]. Specifically, hydrogels are very interesting for drug delivery
purposes due to their highly porous structure. Within these pores drugs can be stored and

11



hydrogels can then act as drug depots. By slowly eluting out of the gel matrix, a high local
concentration of drugs can be maintained in the surrounding tissues over an extended period

of time, making hydrogels candidates for sustained drug delivery [23, 72].

Hydrogels are mainly divided into two categories, either physical or chemical gels. Physical
gels, also called reversible gels, are formed through intermolecular associations, by weak
secondary forces such as ionic, H-bonding or hydrophobic forces [73, 74]. These interactions
are often reversible and can be disrupted or induced by changes in the physical conditions
such as temperature, pH or application of stress. Physical gels can thus be stimuli-responsive.
Chemical gels, also called permanent gels, are hydrogels with covalently crosslinked
networks [75]. Due to the strong forces connecting the network, these gels are chemically
stable and non-reversible, making them much stronger than physical gels.

2.2.1 Thermoresponsive Hydrogels

Thermoresponsive hydrogels are physical gels that display an interesting temperature induced
sol-gel transition. During a sol-gel transition, a polymer solution goes from being a low

viscous solution at low temperatures to a semi-solid gel at elevated temperatures. This feature
is very interesting for drug delivery purposes, as this enables the introduction of a drug depot

through a simple, non-invasive injection with a syringe.

Thermoresponsive hydrogels are usually composed of block copolymers with at least one
block possessing a LCST behavior [76, 77]. These polymer solutions are low viscosity liquids
below the LCST due to the hydrophilic nature of the copolymer. However, as the solution is
heated, the copolymer dehydrates and becomes hydrophobic. The main driving force behind
the gelation of thermoresponsive hydrogels is hydrophobic associations. In these gel
networks, a delicate balance between swelling hydrophilic blocks and aggregating
hydrophobic blocks is achieved [78]. Figure 8 illustrates the gelation mechanism by

hydrophobic interactions.

12
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domains

Figure 8. Illustration of physical gelation driven by hydrophobic associations. Borrowed from
Hoare et al [67].

For thermoresponsive hydrogels, there are two critical criteria describing the gelation. The
first criterion is that the concentration of polymers needs to be high enough to create a
network expanding throughout the whole solution. This is called the critical gelation
concentration (CGC). The second criterion is that the temperature needs to be high enough to
form the gels. This is called the critical gelation temperature (CGT). These two properties can
be tuned by changing the molecular composition[79], or by adding salts or additives to the

polymer solutions [80, 81].

2.2.2 Gelation of F127

The polymer studied in this project, Pluronic F127, is a perfect example of a
thermoresponsive hydrogel forming polymer. The gelation of these systems has been studied
in great detail by several methods [49, 82, 83]. K Mortensen, who was written several articles
on Pluronics, has studied the gel formation through SANS and cryo-TEM experiments, and
explained it by a cubic close packing of spherical micelles at elevated temperatures [18].
Like other thermoresponsive hydrogels, the CGC and CGT of F127 depend on physical

conditions such as concentration, pH, or addition of salts or additives [62, 81].
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2.3 Characterization Methods

In this section, the basic theory behind the instruments used is explained.

2.3.1 Turbidimetry

In section 2.1.2, the phase separation curve of polymers with an LCST was discussed. It was
said that at a specific concentration, the temperature at which the polymer phase separates is
defined as the cloud point (CP). This is one of the most important parameters for application

of thermoresponsive polymers. Thus, methods to determine it are necessary.

Turbidimetry is an extensively used method to determine a polymer’s CP. The basic principle
of the turbidimetry instrument used in this study is to detect light scattered by phase separated
polymers. A schematic illustration of the instrument setup is shown in Figure 9. The polymer
solution is placed on a mirror. A light beam is then focused on it. As the solution is heated, an
optical detector, positioned 180° above it, continuously detects any scattered light. When the
polymers are hydrophilic and solved in the solution, the light simply passes through the
solution and reflects from the mirror. However, as the polymers phase separate at elevated
temperatures, the light beam collides with them and becomes scattered. The scattered light

then hits the detector, causing an abrupt increase in the measured scattered intensity.

Lens Light source

Scattered light

/
VAN

Mirror

Reflected
beam

Thermaoelectric device

Figure 9. Schematic illustration of a cloud point analyzer.
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The scattered intensity signal can be related to the turbidity curve by the empirical equation
[84]:

7=9.0 -107953751 @)

where 7 is the turbidity and S is the signal. The CP is then defined as the temperature at which

the turbidity curve rises from the baseline.

2.3.2 Scattering Techniques

Scattering techniques are powerful tools in the characterization of molecular structures in
colloidal systems [85, 86]. Quantitative information such as size, shape and structure of e.g.
individual polymer coils, micelles, or even larger particles can be obtained. These techniques
are based on the interaction of particles in solution with incident radiation (e.g., light, X-ray
or neutrons). Which scattering source that best probes the colloidal system is determined by
the size and scattering properties of the particles. In general, light sources are usually used to
probe larger particles (20 nm — 2.5 um), while X-rays or neutrons are useful to probe smaller
particles (1 A — 50 nm).

Common for scattering methods is that the length scale that they probe is determined by the

wave vector, ¢ (see Figure 10). g is related to the scattering angle via:

—

G=rks—k, 3)

where kj is the initial wave vector and k_; is the scattered neutron wave vector [87]. For

completely elastic scattering, its magnitude can be expressed as:
4tn . 0
q =——sin(3) (4)

where n is the refractive index of the solvent, 4 is the wavelength of the incident light, and 6 is

the scattering angle. Thus, by varying either 4 or 6, different length scales can be probed.

For small angle scattering (SAS) techniques, the scattering angle is usually set to 26 and n =1

[87]. In these cases, the distance probed is directly proportional to q by:

d=" (5)

where d is the distance probed.
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Detector

Incident beam Sample

Figure 10. Schematic instrumental setup of scattering techniques.

For polymer systems, it is useful to know whether it is the global structure of the system that
is seen, e.g., the shape of the polymers in solution, or if it is the local structure of the system
which is probed. The dimension probed is related to the quantity gL, where L is the
characteristic length of the polymer system. For dilute systems L is defined as Ry (radius of
gyration) or Rn (hydrodynamic radius), while in semidilute systems it is the mesh size, ¢.
When gL < 1 the global dimension is probed, while for gL > 1 the local structure is probed
[88].

2.3.3 Dynamic Light Scattering

Dynamic light scattering (DLS), also known as Quasi-Elastic Light Scattering (QELS) or
Photon Correlation Spectroscopy (PCS), is a light scattering technique that characterizes the
size and the width of the size distribution of particles in solution [86]. The g-range probed is
between 0.0005 to 0.005 A, corresponding to a length scale of 20 to 200 nm. However, an
approximate range from 2 nm to 2 nm can be probed, making DLS good for studying particles

on a mesoscopic scale.

Sizes are determined with DLS through the assumption that particles display Brownian
motion in solution (due to constant collisions with adjacent solvent molecules). By
monitoring how fast the particles move in and out of the illuminated area, DLS can indirectly
measure their diffusion coefficient, D. Assuming that the particles are spherical, the

hydrodynamic radius, Rn, can then be determined through the Stokes-Einstein equation [89]:
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kT

D= (6)

" 6mnRy,

where k is the Boltzmann constant, T is the sample temperature, and # is the solvent’s

viscosity.

In detail, DLS quantitatively analyzes the motion of the particles by monitoring the
fluctuating scattered intensity, arising from the particles moving in and out of the scattering
volume. The scattered intensity fluctuations are then expressed in terms of time-intensity-
autocorrelation functions, g(q,t). Through the Siegert relation [90], g(q,t) can be related to

the first-order electric field correlation function:

9%(q,t) =1+ Blg'(q,t)|? )

where B (<1) is an instrumental parameter. For a population of particles with a certain size
distribution, the decay of the correlation functions can be expressed by a single stretched

exponential:

g'@ 0 =exp[-(L)] ®

where s is the relaxation time characterizing the relaxation process, and f (0< g <1)
characterizes the width of the distribution of the relaxation time. For monodisperse systems

can be set to equal 1.

For samples with a bimodal distribution of particles, e.g. solutions with unimers and micelles,
or micelles and intermicellar aggregates, the correlation functions can be expressed by the
sum of a single exponential and a stretched exponential [91]:

g'(t) = As exp [— (i)] + A exp [— (L)ﬁ] )

Tse

where As + As = 1. Arand As are the amplitudes of the fast and slow relaxation modes,
respectively. zr and s are the relaxation times characterizing the fast and slow relaxation. The
fast mode is then be attributed to the diffusion of individual polymer coils, or small clusters of
polymers, while the slow mode is attributed to intermicellar aggregates. The mean relaxation

time for the slow mode is given by:

o= () @
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where I'(67) is the gamma functions of 4.

In dilute solutions of species, the relaxation mode is usually g2 dependent. It exhibits diffusion

behavior, where the relaxation time is inversely proportional to g2 by [92]:
T=(Dg*)™* (11)
From this, the Rn can be determined by the Stokes-Einstein relation (equation 6).

For complex systems with a bimodal relaxation process, the slow mode sometimes shows
stronger g dependence than the diffusive mode. In these cases, large asymmetric clusters of,
e.g., intermicellar aggregates may be present. Here, gL > 1 and it is no longer the global
dimension that is probed, but the internal dynamics of the larger aggregates. Stokes-Einstein
can thus not be used in the determination of Ry for these particles. However, other methods,

such as static light scattering (SLS) are useful in these cases [93].

2.3.4 Small Angle Neutron Scattering

Small angle neutron scattering (SANS) is a powerful scattering technique to probe the local
structures of colloids and polymers [87]. As the name indicates, SANS uses neutrons as the
scattering source and measures at small scattering angles (< 10°). This provides a g-range of
0.005 A to 0.8 AL, corresponding to a length scale of 1 A to 20 nm.

A great advantage with SANS over other scattering methods, is its sensitivity to the molecular
composition [87]. As neutrons are elastically scattered by the atomic nuclei, different
elements have different scattering lengths (how much they scatter the neutrons). *H and 2H
(hydrogen and deuterium) are good examples of this. Hydrogen has a scattering length of -
3.74-10° A, while deuterium has a scattering length of 6.67-10° A (the positive value of
deuterium indicates a repulsive interaction potential). Thus, by replacing hydrogen with
deuterium the scattering lengths of the solution components can be varied. This gives rise to
the contrast variation technique, which enables SANS to not only see the global structure of
the particles, but also probe their local structure, e.g. the size and composition of the core and
shell in core-shell particles.

From a SANS measurement, the obtained scattered intensity, 1(q), can be analyzed in two
different ways. The first method is to directly plot 1(q) vs g. If the plot has a plateau at low g-

values (see Figure 11), the Guinier regime is observed. A Guinier plot can then be
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Figure 11. Schematic illustration of the SANS scattering intensity over an extended g-range.
Picture borrowed from the thesis of B. Claro [94].

constructed with Ln[1(q)] vs 2. From the slope of this curve, global information such as the
particles’ size (expressed in radius of gyration, Rg) can be obtained. If the curve displays a q
dependence at high g-values, the fractal regime can be observed. Here a Porod plot of Log(l)
vs Log(q) provides information about the fractal dimension, ds, of the particles. This describes

their local structure [87].

Another, more detailed method, is to fit the obtained data with precise models. The scattered
intensity, 1(q), can be expressed as [95]:

1(9) = 3 (p1 — p2)?V - P(q) - S(q) (12)

where N is the aggregation number, V is the scattering volume, Vp, is the volume of the
particle, and p, and p, are the scattering length densities of the particle and solvent,
respectively. P(q) is the form factor, which describes intraparticle correlations, and S(q) is the
structure factor, which describes interparticle correlations. For dilute systems, interparticle
correlation is frequently neglected and the structure factor can be set to S(q) = 1. Since the

form factor contains information about the size and shape of the scattering objects, it can be
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modelled with different analytical expressions (describing geometric shapes such as e.g.

spheres or cylinders) to investigate the shapes of the particles in solution.

For this study, the dilute systems were found be best fit with individual linear polymer chains,
spherical core-shell particles, and elongated cylindrical core-shell particles. The form factor of

these shapes are described in the Appendix.

2.3.5 Rheology

Rheology is the study of how a material flows or deforms as a function of force, time and
spatial orientation. The two principal quantities measured in rheology are stress, which is the
amount of force applied to a given area of the sample, and strain, which is the degree of how
much a material deforms. From these two parameters, an array of rheological properties can
be derived [96, 97].

Materials can be characterized by how viscous or how elastic they are. An ideal viscous fluid
responds to stress by completely deforming and flowing. The molecular arrangement it had
before the application of the stress is then broken and will not be restored. Ideal elastic solids,
on the other hand, also deform with applied stress. However, the minute the stress is removed
the elastic solid returns to its initial shape. Most materials have both a viscous and an elastic
feature, in other words, they are viscoelastic [98]. The viscoelastic response of a material is

usually dependent on the time scale that is probed [99].

Small amplitude oscillatory shearing (SAOS) is a good method to probe the viscoelastic
properties of a material [99]. During these tests, the viscoelastic properties of a material are
probed by applying a sinusoidal strain deformation on the sample and measuring the resultant
stress response. In practice, this is performed by placing a sample between two plates, where
one is stationary and the other oscillates with a frequency of, w. The frequency (w) is given in
units of radians per second, and thus determines what time scales are probed. A typical

rheometry setup is illustrated in Figure 12a.

One advantage with SAOS measurements is their gentle probation of the material. As the
name indicates, small strain amplitudes are used during the study. The use of small strain
amplitudes ensures that the structure of the material doesn’t break. The area within which the
applied strain doesn’t break the material’s structure, is called the linear viscoelastic (LVE)

regime. This can be determined by performing an amplitude sweep.
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Figure 12. Schematic illustration of a) usual rheology instrument setup and b) the phase lag,
tan o, of the stress response of different materials. Picture borrowed from Weitz et al [100].

The sinusoidal strain, y, applied on the sample can be expressed as:
Y = yoSinwt (13)
where y, is a small enough strain amplitude that doesn’t disrupt the structure of the material.
The linear response of the material in terms of stress can be written as:
o = gysin(wt + §) (14)
where ¢ is the phase lag of the measured stress.

For an ideal elastic solid sample, the measured stress is in phase with the applied strain. For
purely viscous fluids, the applied strain and the measured stress are out of phase with a phase
angle of 0 = #/2. For viscoelastic materials, a phase lag between that of an ideal elastic solid

and a viscous fluid is observed. The different phase lags are illustrated in Figure 12b.

The viscoelastic properties of the material can be characterized by the storage modulus, G’
and the loss modulus, G", which describe the solid-like and fluid-like contributions to the
measured stress, respectively. The linear stress response of a viscoelastic material is then

given by [99]:
0 = Yo[G'(w) sin(wt) + G" (w) cos(wt)] (15)
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The complex modulus, G*, is:
G*'(w) =6'(w)+i6G"(w) (16)

where i is v—1. The complex viscosity, n*, is then given by:

G"(w)

iw

n"(w) = (17

How solid-like versus how fluid-like a material is can be described by the loss tangent:

12}

tand = & (18)

Gl

where tan § > 1 for liquid-like materials and <« 1 for solid-like materials.

Gel Point

For polymer systems exhibiting a sol-gel transition, rheology is a good method to characterize
the exact temperature at which this occurs, also called the gel point. In 1986, Winter and
Chambon found that the dynamic moduli of polymer systems follow a power law behavior at
the gel point [101]:

G'(w)~G"(w)~w"™ (19)

where n (0 < n < 1) is the relaxation exponent. Furthermore, they observed that at the gel
point, tan ¢ becomes independent of frequency and is given by:

tand (w) = C;,,’((:))) = tan (le—n) (20)

By plotting tan ¢ obtained from different frequencies against temperature, the gel point can

then be determined as the point at which the tan ¢ curves collapse on each other (Figure 13).
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3 Experimental Section

3.1 Materials

Pluronic F127 (poly(ethylene oxide)-poly(propylene)-poly(ethylene oxide), PEOgs-PPOg7-

PEOgs) was obtained from Sigma-Aldrich and used without further purification.

3.2 Synthesis of Polymer

In this study, PCL modified F127 block copolymers were investigated. These polymers were
synthesized with two different strand lengths of PCL (n =5 and 11) by Dr. Kaizheng Zhu,
through a ring opening polymerization (ROP). The synthetic route is illustrated in Figure 14.

In Table 1, the ratios and molecular weights of the synthesized polymers are presented.

For ease of identification, the PCL modified copolymers will from now be abbreviated as
PCL(5) and PCL(11), respectively.

o
H<°M>\éo/ﬁ%/< V\>0H Pluronic F127
96 67 96

o)

Tin(ll) 2-ethylhexanoate @ Caprolactone
Sn(Oct),
H (0]
<O/\/\/\[% \/\<O o 0\/>\0 H
: 96 o
(0] 95 67
o n

Figure 14. Synthetic scheme of Pluronic/PCL copolymers, with n repeating units of PCL.
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Table 1. Physical parameters of the synthesized PCL-Pluronic-PCL Copolymers.

Polymer CL/ F127 Mn (NMR) Mw/Mn (GPC) PDI

F127 13200/12600* 1.05

PCL(5) 10/1 13740 16100/14100 1.14
(570-12600-570)

PCL(11) 22/1 15110 17700/15500 1.15

(1250-12600-1250)
*Data measured by the AFFFF instrument in 0.01 N NaCl at 25°C.

3.3 Sample Preparation

All samples were prepared by weighing a proper amount of polymer, based on the desired
concentration, and dissolving it in Milli-Q type | water. To fasten the dissolution process and
to obtain homogeneous solutions, the samples were stirred in a cold ice-bath for 2 hours with
a magnetic stirrer. Afterward, they were kept in a refrigerator for 24 hours. All samples were
prepared this way, with the exception of SANS samples, where deuterium oxide (D0,
obtained from IFE, Kjeller) was used as the solvent to increase contrast and reduce

background scattering.

3.4 Tube Inverting Method

To construct phase diagrams for the three polymer systems, the tube inverting method was
performed [103]. For each copolymer, several concentrations were prepared. For F127 and
PCL(5), 10, 15, 20, 25, and 30 wt% were tested. For PCL(11), high concentrations were
found to be insoluble. Thus, for this polymer the concentrations of 2.5, 5.0, 7.5, 10, 12.5, and
15 wt% were tested. 1 mL of each solution was transferred into small glass tubes. The tubes
were kept in a water bath and heated from 5 to 85 °C. To save time, the samples were first
heated relatively fast to reveal the approximate phase behaviors. The measurements were then
repeated. However, at temperatures close to the gelation temperature, samples were allowed

to equilibrate with the temperature for 10 min. The sol-gel transition temperature was
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determined by a flow to non-flow criterion over 1 minute. The reproducibility was checked by

heating a second batch of prepared samples.

3.5 Turbidimetry

Turbidity measurements were performed with a NK60-CPA cloud point analyzer from Phase
Technology, Richmond, BC, Canada. With the help of a micropipette, 0.15 mL of sample was
placed on top of a special glass plate. This glass plate has a thin metallic layer coating of very
high reflectivity, making it a mirror. To avoid evaporation of the solvent at elevated
temperatures, the surface of the sample was covered with 0.15 mL of highly transparent
silicon oil. A Peltier plate ensures effective and accurate temperature control, providing a
temperature range of -60 to +60 °C and a fast maximum heating rate of 30 °C /min. For this
study, a temperature interval of 10 to 50 °C was measured, with a heating rate of 0.2 °C /min.
All samples were heated and cooled twice. The turbidity obtained from the second heating
was used in the analysis of the results. To ensure reproducibility, the measurements were

performed at least twice.

For this study, several concentrations were studied. However, due to no CP appearing for
neither F127 nor PCL(5) even at 20 wt%, only 0.5 wt% concentrations are presented.

3.6 Dynamic Light Scattering

DLS measurements were performed with an ALV/CGS-8F multi-detector goniometer system,
with eight fiber-optical detection units, from ALV-GmbH., Langen, Germany. A laser beam
(He-Ne source, A = 632.5 nm) was focused on the sample through a temperature-controlled
cylindrical quartz container, which is filled with a refractive index matching liquid (cis-
decalin). The temperature is controlled with a heating/cooling circulator, providing a
temperature control of £0.01 °C. The intensity of the scattered light was measured
simultaneously at eight scattering angles from 22 to 141°. To avoid dust, the samples were
filtered in an atmosphere of filtered air through a 0.2 um filter into precleaned NMR tubes (10
mm). A series of temperatures from 10 to 50 °C was measured. The samples were allowed to
equilibrate with the temperature for 20 min before measurements. Three measurements were

performed at each temperature, with a measuring time of 2 min.
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3.7 Rheology

Oscillatory shear experiments were performed with an Anton Paar-Physica MCR 301
rheometer. Cone-plate geometry was used, either with a diameter of 75 mm and a cone angle
of 1°, or a diameter of 25 mm and a cone angle of 4°. The smaller cone was used for higher
concentration samples to reduce the amount of sample needed. The instrument is equipped
with a Peltier plate, providing an effective temperature control (+0.05 °C). To avoid
evaporation at elevated temperatures and extended times, a thin layer of low-viscosity silicone
oil was applied on the free surface of the solutions. This low-viscosity oil does not affect the
viscoelastic response of the sample. Before performing any experiments, the rheometer was
calibrated with water and standard high-viscosity oil.

To ensure that the experiments were performed within the LVE regime, amplitude sweeps
were performed. The strain was varied from 0.01 to 100 %, with a constant angular frequency

of 1 rad s, A strain of 0.1 % was chosen for all samples.

To investigate the viscoelastic properties of the polymer systems, frequency sweeps were
performed. These were done at every degree from 10 to 40 °C. The angular frequency was
varied from 0.1 to 100 rad s*, with a constant strain of 0.1 %. The measurements were started
at high temperatures and frequencies to avoid drying of samples. The frequency sweeps were
repeated three times at each degree, with a pause of 2 min in between (found to be sufficient
for the structures to recover). At every degree, the samples were allowed to equilibrate with
the temperature for 20 min. To check reproducibility, new samples were checked for every

concentration.

3.8 Small Angle Neutron Scattering

The SANS experiments were carried out at the Institute for Energy Technology (IFE) in
Kjeller. The data were collected at two different detector distances (1.0 and 3.4 m) as well as

two different wavelengths (5.1 and 10.2 A) in order to obtain the largest possible g-range.

Dilute (0.5 and 2.0 wt%) and semidilute (10 and 20 wt%) concentrations of the three polymer
systems were measured. However, 20 wt% PCL(11) was not measured due to its insolubility.
The solutions were filled in 2 mm Hellma quartz cuvettes. The measurements were performed

at a series of temperatures from 10 to 70 °C. At each temperature, the samples were allowed
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to equilibrate for 2 h. To check the reversibility of the temperature behavior, measurements

were repeated at two selected cooling temperatures (30 and 20 °C) for the 2.0 wt% samples.

Corrections for transmission of each sample as well as for the background were done using

standard procedure.
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4 Results and Discussion

4.1 Dilute Solutions

In this section, the results from the dilute solutions will be presented and discussed.

4.1.1 Turbidity

As already mentioned in the Introduction, Pluronic F127 has a LCST behavior mainly due to
PPO (PEO also dehydrates, but at much higher temperatures). It is expected that when
attaching PCL blocks to F127, the LCST behavior will still be present in the modified
copolymer. However, with the addition of more hydrophobic PCL blocks the LCST should
exist at lower temperatures, since hydrophobic interactions should be more probable in these
systems. In Figure 15, the temperature dependencies of the turbidity at 0.5 wt% polymer

concentrations are shown.
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Figure 15. Calculated turbidity as a function of temperature for 0.5 wt% solutions of F127,
PCL(5), and PCL(11), respectively. Every 60 points have been skipped to better observe each
curve. Inset plot shows the concentration dependence of CP for PCL(11).
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Looking first at the original polymer, F127, no increase in the turbidity is observed. From
previous studies, it is already known that F127 has a high CP close to water’s boiling point
due to PEO’s LCST behavior [104]. Since PEO is hydrophilic at elevated temperatures, the
copolymers remain soluble during the heating. When PPO dehydrates, self-assembly into

micelles occurs.

When attaching short PCL blocks to the copolymer, the turbidity curve of PCL(5) remains on
the baseline in the measured temperature range. This shows that although hydrophobic PCL
has been attached to the copolymer, F127’s hydrophilic nature is maintained. This could be
explained by the PCL blocks being short enough to effectively hide inside the micelle cores,
leading to no increase in hydrophobic interactions and consequently no phase separation.
Higher concentrations of PCL(5) (up to 20 wt%) were measured, with none of these showing
any increase in the turbidity curve. However, from the phase diagram constructed, PCL(5)
was found to phase separate around 80 °C, confirming that the PCL modified polymer has a
lower LCST than F127.

Interestingly, when making the PCL blocks a little longer, a big difference is observed. In
contrast to the other two copolymers, the turbidity curve of PCL(11) rises from the baseline
already at about 30 °C. It continues to increase steadily up to 50 °C. Around this temperature,
a significant dehydration of PCL probably leads to enhanced hydrophobic interactions and
consequent growth of larger aggregates and phase separation. Thus, the effect of modifying

the PCL length is clearly seen.

The concentration dependence of PCL(11) is shown in the inset plot in Figure 15. The CP is
seen to decrease with increasing concentration. This is a known trend for LCST polymers, as
higher concentrations increases the frequency and probability of polymers colliding and

forming aggregates.

Dilute solutions of F127 are known to form individual micelles that are highly temperature
stable. With a hydrophilic corona of PEO and PPO effectively hidden in the core, these
micelles are not sticky and remain individual until PEO significantly dehydrates. PCL(5) most
likely form flower-like micelles, with PCL effectively hidden in the core. However, for
PCL(11) it may be difficult to effectively hide the PCL blocks inside the spherical micelle
core due to their length. It was explained from the packing parameter that increasing the
hydrophobic length can affect the morphology of the micelles. Thus, it could be that instead
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of spherical micelles, PCL(11) forms elongated micelles that grow with temperature and
eventually phase separate due to significant dehydration. However, this will be studied in
more detail by SANS.

4.1.2 DLS

DLS measurements were performed on dilute 0.1 and 0.5 wt% polymer solutions to
investigate the formation of aggregates and their sizes. To check the concentration
dependence of F127 and PCL(5), 2.0 wt% solutions were measured as well. PCL(11) could
not be measured at this concentration due to high turbidity.

In Figure 16, the normalized correlation functions (scattering angle of 90°) for 0.1 wt% F127,
PCL(5), and PCL(11) at the indicated temperatures are presented. To take into account the
trivial changes of solvent viscosity with temperature, the correlation functions have been

plotted against the quantity tT/xo.

A major difference that can be seen for the polymers directly from the correlation functions, is
that for both F127 and PCL(5) correlation functions only appear from 40 °C and higher. Since
the polymers are present in the system already from 10 °C, there should be diffusive processes
present. However, since the solutions are very dilute and the polymers are most likely present
as small individual unimers, the scattering of the light beam is low compared to that of larger
scattering objects. This leads to low count rates and longer measuring times needed to get
significant statistical data. The appearance of correlation functions at 40 °C can thus be
explained by the presence of larger particles, as the measuring time (10 min) was held
constant at all temperatures. At these high temperatures, the hydrophobic parts of the
polymers have significantly dehydrated, leading to self-assembly of the polymers into
micelles. Thus, the CMT behavior of these polymers is clearly displayed.

For PCL(11) correlation functions are present already from the lowest temperature measured
(10 °C). In addition, the solutions only needed to be measured for 2 min in order to get good
correlation functions. This demonstrates the better scattering of PCL(11) solutions, most

likely due to enhanced self-assembly properties.
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Figure 16. The first-order field correlation function (at a scattering angle of 90°) versus the
quantity tT/no for 0.1 wt% solutions of a) F127, b) PCL(5) and ¢) PCL(11) at the temperatures
indicated.

Since the correlation functions are time-dependent, information about the size can be
observed from them. It is seen that for F127 and PCL(5) the correlation functions decay at
approximately the same time, indicating particles of similar sizes. However, for PCL(11) the
decay of the correlation functions are shifted to slightly longer times than F127 and PCL(5).
This shows that PCL(11) has longer relaxation times, indicating that the aggregates present in
this system are larger than those in the other two polymer systems. A slight change with
temperature is also observed for the polymers. However, this will be investigated in more

detailed with model fittings of the correlation functions.

Before moving on to the analysis of the correlation functions, it is also interesting to observe
if there is any concentration dependence for the polymers. Since F127 is known to form
micelles that are effectively shielded from each other by the hydrophilic PEO corona, a
concentration dependence is not expected for this polymer before a significant concentration
increase. However, for the PCL modified polymers, it is interesting to see if a change of
concentration leads to larger particles. This could then be attributed to the stickiness of PCL
leading to enhanced connectivity between the entities.

For PCL(11) a concentration dependence has already been seen from turbidity measurements,
with the formation of large particles occurring at lower temperatures with increasing
concentration. Due to the turbidity of higher concentrations (c > 0.5 wt%) of PCL(11) and the
resulting multiple-scattering problem, only the concentration dependence of F127 and PCL(5)
will be probed by DLS.
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In Figure 17, the concentration dependence of the correlation functions for F127 and PCL(5)
at 40 °C has been plotted in the same graph to illustrate the differences. As expected, the
correlation functions of F127 (black symbols) mostly overlap, indicating no concentration
dependence from 0.1 wt% to 2.0 wt%. However, for PCL(5) (red symbols) it is seen that the
2.0 wt% solution is shifted to slightly longer times. Thus, a concentration dependence for
PCL(5) is observed, with formation of larger aggregates at higher concentration due to the
stickiness of PCL.
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Figure 17. Time dependence of the first-order field correlation function (at a scattering angle
of 90°) for 0.1 and 2.0 wt% of F127 and PCL(5).

Analysis of data

To get a more detailed picture of the population sizes in the polymer systems and their
temperature dependence, the correlation functions have been fitted with the mathematical
expressions described in chapter 2.4.3. Before fitting any data, the polymer systems were
checked to be diffusive by plotting them against t g°. If they collapsed on each other, the
diffusive process was confirmed. Most of the solutions fulfilled this criterion. However, for
2.0 wt% PCL(5) and 0.1 wt% PCL(11), the functions were found to collapse on t g°. For these

systems interparticle interactions and internal motion is present (qRn > 1). However, since it is
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the characteristic growth of the aggregates with temperature that is interesting, the apparent

hydrodynamic radius of these systems can still be investigated.

An illustration of the diffusive system checking and the fitting process is illustrated in Figure

18. The validity of the fittings were checked through residual plots.
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Figure 18. lllustration of the analysis of the correlation functions for 2.0 wt% F127 at the
temperatures indicated. a) Shows the inspection of the collapse of the first-order field
correlation functions against t g°. b) Shows the bimodal exponential fit on the first-order field
correlation function (scattering angle of 90°). Inset plots show the residual plots for the
unimodal and the bimodal fit, respectively.

For 0.1 and 0.5 wt% F127 samples, good correlation functions appeared at 40 and 30 °C,
respectively. These correlation functions were found to be fit with a single stretched
exponential function (equation 8). For the 2.0 wt% sample, good correlation functions were
present already at 10 °C. These functions were found to be expressed by the sum of a single
exponential and a stretched exponential function (equation 9). Above 30 °C, the functions
became unimodal. The transition from a bimodal correlation curve to a unimodal curve has
been observed in other polymer systems [105, 106], and can be explained by a dominance of
large particles in the correlation functions, due to consumption of unimers into micelles at

elevated temperatures.
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For the 0.1 wt% PCL(5), good correlation functions appeared from 40 °C and 50 °C. These
were found to be best fit with a single exponential. For 0.5 wt% PCL(5), the functions were
found to be bimodal from 10 °C up to 30 °C. At higher temperatures, the functions became
unimodal, with a similar explanation as that of 2.0 wt% F127. For the 2.0 wt% PCL(5)
solution, the functions were found to be bimodal throughout the whole temperature range.
This concentration probably contains a mixture of micelles and intermicellar aggregates,
where only a small fraction of the micelles takes part in the formation of intermicellar
aggregates.

For the 0.1 wt% PCL(11) solution, the correlation functions were found to be bimodal below
30 °C and unimodal at higher temperatures. For 0.5 wt% PCL(11) the correlation functions
were bimodal up to 30 °C. Above this temperature, it was not possible to fit the functions due

to multiple scattering.

In Figure 19, the temperature dependencies of the apparent hydrodynamic radii, determined
from the fast relaxation time (Rn ) and the slow relaxation time (Rn;), for the three polymers
and concentrations indicated are shown. In Figure 19 a), Rny is seen to cover a size range from
about 2 nm to 14 nm for the three polymers. It is also seen that the temperature range reaches
only 30 °C before Rnt disappears (with the exception of 2.0 wt% PCL(5)). This is probably
due to consumption of the smaller species (e.g. unimers or micelles) into larger aggregates,

resulting in a dominance of the larger species in the correlation functions.
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Figure 19. Temperature dependencies of a) R and b) Rn s determined from the fast and slow
relaxation time, respectively, for the polymers and concentrations indicated.
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A clear trend that is observed in Figure 19 a) is that the attachment of PCL leads to larger
aggregate sizes. The original F127 polymer (2.0 wt%), displays entities of about 2 nm from
10 to 30 °C. These are most likely individual unimers that float around in the solution.
However, looking at 0.5 wt% PCL(5) (red symbols), entities of about 6 nm are seen. This size
is in the range of micelles, indicating that PCL(5) self-assembles into micelles already at low
temperatures. Thus, an enhanced micelle formation is seen for the PCL modified polymer.
Furthermore, it is seen that a higher concentration of PCL(5) (2.0 wt%) leads to an Rn ¢ of
about 9-10 nm. This indicates a presence of intermicellar aggregates. Thus, it is seen that
attaching a short PCL block to F127 both enhances its micelle formation, as well as its

stickiness.

The largest sizes are seen for the polymer with the longest PCL blocks, PCL(11). For this
polymer, even at very dilute solutions (0.1 wt%), species of about 12 nm are observed. Thus,
it is seen that making the PCL block longer further enhances the self-assembly properties of
the polymer and its stickiness.

It should also be noted that for PCL(11) and the 2.0 wt% PCL(5) systems, Ry is seen to
decrease with temperature. This indicates a compression of the entities with temperature,

probably due to dehydration of the polymers at elevated temperatures.

In Figure 19 b), the apparent hydrodynamic radii determined from the slow relaxation time,
Rns, is presented. Here the same trend of the aggregate sizes increasing with attachment of
PCL is seen, although at a much larger scale. Whereas the species of F127 and ¢ < 0.5 wt%
PCL(5) solutions range from around 20 nm at low temperatures, to around 6-7 nm at high
temperatures, PCL(11) solutions display sizes from around 90-100 nm at low temperatures to
about 80 nm at high temperatures. It is thus clearly seen that PCL(11) indeed is much more

sticky than the original polymer, and tend to gather into large intermicellar clusters.

For F127, the larger entities (2.0 wt%) at low temperatures are most likely highly swelled
intermicellar aggregates, which compress at elevated temperatures due to dehydration of PPO.
At 30 °C, Rns is about 6-7 nm, which corresponds to the size of individual micelles. Similar
sizes have been found by Attwood et al [107]. At these temperatures, a mixture of unimers,
collapsed globular intermicellar aggregates and individual micelles probably exist. However,

the unimers are not present in the correlation curves due to the dominance of the scattering
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from micelles. It should also be noted that the different concentrations of F127 all overlap,

indicating no concentration dependence on the micellar size.

For 0.5 wt% PCL(5), Rns nearly overlaps with that of F127. A similar explanation of loosely
connected intermicellar aggregates at low temperatures, and individual micelles at elevated
temperatures can be given for this as well. At 2.0 wt%, PCL(5) has an Rns of about 60 nm,
which is significantly larger than that of F127. Here large intermicellar aggregates are present.
Similarly to the lower concentration, 2.0 wt% PCL(5) also has an Rn s that decreases with
temperature. Interestingly, it reaches a minimum at 40 °C, before slightly increasing at 50 °C.

This indicates some kind of structural transition around this temperature.

For PCL(11), both 0.1 and 0.5 wt% solutions form large intermicellar aggregates of about 100
nm. The trend of Rns decreasing with temperature is seen here too. However, in contrast to
PCL(5), PCL(11) continues to decrease even above 40 °C.

The trend of F127/PCL systems shrinking with temperature has been observed by Kim et al
[30]. They explained this by the dehydration of PPO at elevated temperatures. At low
temperatures, the micellar corona of F127/PCL systems probably consist of relatively
hydrophilic PPO and PEO. However, as the solution is heated PPO considerably dehydrates.
As a result, the hydrophobic interactions between the PPO blocks and the PCL core increases,
leading to a compression of the hydrophilic shell. It should be noted that although PEO has a
high LCST, it has been found to start the dehydration process at lower temperatures [104].
Thus, the dehydration of PEO could also have an effect in the observed shrinking. However,
since it is the global scale that is probed, it is difficult to draw a conclusion from these data

only.

It is also interesting to observe how the stretched exponent g develops with increasing
temperature, since this value describes the width of the size distributions in the solutions. In
Figure 20, the temperature dependence of £ for the three copolymers at the indicated

concentrations are presented.
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Figure 20. Temperature dependencies of the stretched exponent £ for the polymers and
concentrations indicated.

For both 2.0 wt% F127 and 0.5 wt% PCL(5) solutions, S approaches 1 as the samples are
heated, indicating a narrow size distribution at elevated temperatures. This supports the earlier
explanation of unimers being consumed into micelles, until eventually an abundance of
monodisperse micelles are left in the solution. For 0.1 wt% PCL(11), B approaching 1 at
elevated temperatures is also observed. Here the smaller intermicellar aggregates are probably

consumed by the larger intermicellar clusters, due to significant dehydration above 30 °C.

For the 2.0 wt% PCL(5) solution, the trend of g approaching 1 is not observed. This is most
likely due to the presence of a mixture of small species, e.g., unimers and micelles, and larger
species i.e. intermicellar aggregates. The difference between PCL(5) and PCL(11), is that due
to the shorter PCL length of PCL(5), the aggregates of this polymer don’t experience the same
significant dehydration that PCL(11) does. Thus, this mixture of small and large species is
maintained throughout the temperature range. /5 therefore doesn’t approach 1 at higher

temperature.

From the results above, we can conclude that F127 systems consist of unimers and loose
intermicellar aggregates below 30 °C. From 30 °C and higher, PPO is significantly

dehydrated leading to the formation of monodisperse micelles with an Ry of about 6 nm.
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Although the correlation functions reveal only one size population at elevated temperatures, it
is likely that there exist a mixture of unimers and micelles. It is just not seen because of the

domination of large micelles in the correlation functions.

For the PCL(5) system, we can conclude that at very dilute solutions (¢ < 0.5 wt%), a
population of monodisperse individual micelles and intermicellar aggregates (around 20 nm)
exist at low temperatures. The hydrophobic nature of PCL is displayed in the enhanced
micelle formation, with PCL most likely composing the hydrophobic cores. At elevated
temperatures, the loose intermicellar aggregates compress into globules the size of individual
micelles, due to significant dehydration of PPO. At these temperatures, compressed globular
aggregates, individual micelles, and unimers probably coexist. It is also interesting to note the
almost equal sizes of F127 and PCL(5) micelles, indicating similar micelles formed in these

systems.

For higher concentrations of PCL(5) (2.0 wt%) a population of small species (e.g., individual
micelles and small intermicellar aggregates) and larger clusters of intermicellar aggregates are
seen. This clearly displays the enhanced connectivity that the PCL modified polymer
possesses. In contrast to the lower concentration solutions, 2.0 wt% PCL(5) doesn’t become
monodisperse at elevated temperatures. This can be explained by a continuous population of
both small and large species even at elevated temperatures due to the hydrophilic nature that

the polymer maintains.

For PCL(11), the significant role of PCL in micellar and intermicellar aggregation of F127 is
well displayed. For these systems, a population of large intermicellar clusters exist even in
very dilute systems (c < 0.5 wt%). This shows that making the PCL block a little longer

drastically enhances the connectivity of these polymers.

4.1.3 SANS

As we have now seen, these three systems have very interesting self-assembling properties. It
IS now interesting to probe the actual structures of the aggregates formed. For this, SANS
measurements have been performed. 0.5 and 2.0 wt% solutions have been measured for all
three systems. In Figure 21, the SANS scattering patterns for the polymer solutions are
presented.
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Figure 21. SANS patterns vs. temperature (10 °C to 70 °C) for 0.5 wt% and 2.0 wt%
solutions of the polymers indicated. Repeated measurements were performed at 20 °C and 30
°C (open symbols) for the 2.0 wt% solutions.

The results reveal several interesting things. Looking first at the 0.5 wt% solutions, all three
polymers have a plateau behavior in the low-q range. This shows scattering patterns typical of
quite small micelles. Furthermore, a strong temperature dependence is revealed for all
samples. In the case of F127, the micellar pattern appears from 27 °C and higher. The pattern
then becomes systematically stronger with temperature, which indicates that the micelles are
growing in size or that the population of micelles is growing. At 50 °C the pattern stabilizes
and stays put up to 70 °C. This shows that the F127 micelles are highly stable with

temperature, which is in line with previous work on F127 [63].

40



For the PCL modified polymers, micellar patterns are present already from the lowest
temperature measured (10 °C). For PCL(5), a similar growth of the scattering intensity as for
F127 is observed. The micellar pattern remains strong up to 70 °C, showing highly
temperature stable micelles. However, for PCL(11) a drastic change in the scattering pattern
occurs at 50 °C. Here a correlation peak appears, while at the same time the signal drops at
high g. This indicates a strong ordering taking place, possibly due to significant local
dehydration and subsequent aggregation. From the peak position, the ordering distance can be
calculated through d = 27/q. At 50 °C, the ordering distance is about 150 A, while at 70 °C it
is about 140 A, showing increased dehydration with temperature. From turbidity
measurements, a CP was found for PCL(11) at 30 °C. These results thus support each other.

Another difference observed for the two PCL modified polymers, is that the scattering
intensity for PCL(11) at low temperatures is higher than the equivalent ones for PCL(5). This
indicates that a longer PCL block enhances the micelle formation, with more or larger

micelles present.

For the 2.0 wt% solutions, scattering patterns typical of interacting micelles are obtained for
all three solutions. For F127, these patterns appear from 30 °C and remains strong up to 70
°C, showing that these micelles are very temperature stable. For PCL(5), a growth of the
signal at low g with temperature is observed. At 70 °C, a homogenous network seems to be
formed. For PCL(11), an abrupt transition is observed at 50 °C with an appearance of a

second correlation peak indicating strong dehydration. This was also seen for the 0.5 wt%.

Furthermore, upon cooling and reheating of the samples to 20 and 30 °C, it is seen that for
F127 and PCL(5) the scattering patterns completely overlap with the first measurements. For
these polymers, the self-assembly in this temperature range is thus fully thermoreversible.
However, for PCL(11) the intensity of the scattering patterns upon reheating is lower. This
indicates fewer particles in the sample upon reheating, which can be explained by the
formation of macroaggregates at elevated temperatures leading to macroscopic phase
separation. Thus, a long PCL length is shown to destabilize these systems at higher

temperatures.
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These observations correspond well with the turbidity and DLS measurements performed on
the polymer systems. As was seen in DLS, no aggregation was observed for 0.5 wt% F127
before 30 °C. SANS thus confirms the CMT behavior observed for this concentration.
Furthermore, scattering patterns with interacting micellar structures are obtained at 2.0 wt%,
which is in good agreement with DLS data, where both F127 and PCL(5) were found to have
intermicellar aggregates. For PCL(11), a CP of around 30 °C was found. The appearance of
tightly packed clusters at 50 °C supports the theory of PCL(11) forming large intermicellar

aggregates that eventually phase separate.

Modelling of data

Since the 0.5 wt% solutions show scattering patterns similar to individual (non-interacting)

micelles, quantitative information can be extracted from these through model fits.

The F127 system could be well fit with a model of spherical micelles with attached Gaussian
chains from 27 °C and higher. The radius of the core (Rc) was found to be 35.0 A, while the
radius of the shell (Rg) was 29.2 A. At 25 °C, the scattering pattern was best fit with the linear
chain model. These results are in good accordance with the DLS measurements, where
aggregates with an Rn of around 6 nm were present from 30 °C and higher.

For the PCL(5) system, micellar patterns were developed already at low temperatures.
However, the scattering pattern at 10 °C resembled slightly more that of a linear coil than
fully developed micelles. From DLS, aggregates with sizes similar to micelles were observed.
However, DLS is much more sensitive to larger aggregates than SANS, as the latter looks at
the average size of the whole population. The reason why SANS sees only polymer chains,
can then simply be due to the larger presence of unimers over micelles at this low
temperature. From 27 °C and higher, the scattering patterns were nicely fit with the spherical
micelle model. The core was found to be 45.1 A at 30 °C, while the radius of the shell was
found to be 29.4 A. Thus, it is shown that PCL(5) is able to effectively pack the PCL blocks
in the spherical micelle cores, forming flower like micelles that are similar to the ones formed
by F127.

Another interesting feature that these two systems have in common is how the aggregation

number (N) significantly increases with temperature. As more unimers enter the micelles, one
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could expect the micelles to grow or change shape. However, both F127 and PCL(5) remain
spherical micelles, with hardly any increase in the micellar core size. Thus, the hydrophobic

blocks probably pack themselves more effectively with temperature, resulting in a more
compact core.

The fittings done on the PCL(11) system are presented in Figure 22. These fittings reveal
structures much different than those of F127 and PCL(5). At 10 °C, the micellar pattern could
be best fit with a spherical model. Rc was found to be 59 A, while Rq 35 A. This equals a total
radius of about 10 nm. From DLS, aggregates with an Ry of about 12 nm and 100 nm were
found for this solution. However, it should be noted that SANS is not always able to see large
particles/aggregates in the system. In addition, the sizes measured by SANS are usually

smaller than those measured by DLS due to the effect of the hydration layer.
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Figure 22. Left: The data for PCL(11) at 30 °C with fit to a cylinder model. Right: Fit to four
different temperatures, with the system changing from spherical micelles (10 °C) to

cylindrical micelles (27 and 30 °C), and to highly dehydrated micelles with a correlation peak
(50 °C).

At higher temperatures, the pattern of PCL(11) changes to that of an asymmetric structure,
which is revealed by the presence of two different slopes at low/medium g. At 27 °C, the
pattern was best fit with a core-shell cylinder model with an axial rate of about 2.2. At 30 °C a
cylinder with an axial ratio of 2.5 is revealed, showing that the cylinders grow in length with

temperature, which can be explained by increased dehydration with temperature. At 50 °C it
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was necessary to use an apparent volume fraction of 22% to explain the strength of this peak.

This is much higher than the original sample concentraion (0.5%), showing clearly that we

now have some regions that are strongly dehydrated, giving rise to more ordering and strong

correlations, which was explained to be due to significant dehydration and tight packing of

the entities.

The numerical results for the three polymer systems are shown in Table 2.

Table 2. Numerical results from the fitting of SANS data for 0.5 wt% F127, PCL(5), and

PCL(11) solutions.

F127
T (°C) Ry (A) Y Rc (A) Ry (A)? N Model
25 66 Linear coil
27 35.0 29.2 38 Sphere
(core-corona)
30 37.6 " 61 "
50 45.6 " 139 "
PCL(5)
T (°C) Ry (A) Re (A) Ry (A)? N Model
10 115 Linear coil
27 42.4 27.2 49 Sphere
(core-corona)
30 45.1 29.4 60 "
60 46.0 25.6 101 "
PCL(11)
T (°C) Ry (A) Y Re (A) Ry/d (A)? N Model
10 59.3 35.0 7 Sphere
(core-corona)
27 31.6 16.6 - Cylinder
(core-shell)
30 35.4 14.7 - "
50 ~33 ~14 Cylinder
(core-shell) +
S(a)°

Rg Y is the radius of gyration obtained from the linear coil fits, R is the core radius, Rq ? is the
radius of gyration for the shell of the sphere model, d is the shell thickness of the cylinders,

and N is the aggregation number.
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From these model fits, the effect of attaching PCL to F127 and varying its length is clearly
demonstrated. Due to the hydrophobicity of PCL, these chains arrange into the core of the
aggregates, explaining why both PCL(5) and PCL(11) form micelles at low temperatures.
However, in contrast to PCL(5), which forms temperature stable individual spherical flower-
like micelles similar to those of F127, PCL(11) forms micelles that elongates with increasing
temperature. This can be explained by a difficulty of arranging the hydrophobic core into a
spherical shape due to steric hindrances at the core-corona interface. This consequently leads
to a transition into elongated cylinder shapes. Due to the higher hydrophobicity of PCL(11),
these polymers are also much less stable in aqueous solutions, leading to enhanced

hydrophobic associations.

Now that the dilute solutions have been properly investigated, it is interesting to see how

these systems behave in the semidilute region. The next part of the study will focus on this.
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4.2 Semidilute Solutions

In this section, the results from the semidilute regime are presented and discussed.

4.2.1 Phase Diagram

The phase diagrams constructed for the three polymer systems are displayed in Figure 23.

For F127 a reversible sol-gel transition behavior is observed from ¢ > 20 wt%. Below this
concentration, the solutions are transparent, free-flowing liquids at all temperatures, with no
observed phase separation. In the semidilute region (¢ > 20 wt%), the solutions go from being
free-flowing liquids at low temperatures, to solid gels above the CGT. No phase separation is
observed in the semidilute region either.

For PCL(5), a behavior similar to that of F127 is observed. It has a sol-gel transition from ¢ >
20 wt%, and is a clear liquid below this temperature. However, there are some differences
between F127 and PCL(5). The first difference is that the gel region of PCL(5) is smaller than
that of F127. It is already known that the gelation of F127 is due to hydrophobic associations
of PPO, which creates hydrophobic microdomains that form the gel network. However, in
gels where hydrophobic associations are the main force behind the gelation, a delicate balance
between network connectivity and swelling must be fulfilled. If swelling is dominant, a
transient network may be formed, but no gel. If the hydrophobic forces on the other hand are

dominating, the enhanced connectivity may lead to phase separation and no gel.
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Figure 23. Phase diagrams for aqueous solutions of a) F127, b) PCL(5), and c) PCL(11).

Lines have been added to better illustrate the different phases.
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In light of this, the smaller gel region for PCL(5) may be explained by its higher
hydrophobicity and the consequent domination of hydrophobic associations at elevated
temperatures. In contrast to F127, where no phase observation is observed, PCL(5) solutions
phase separate around 70-80 °C. At these elevated temperatures it may be difficult to keep
PCL solubilized due to its increased hydrophobicity, in addition to the gradual dehydration of
PEO.

Before moving on to the longer PCL modified F127, it should also be mentioned that opposed
to semidilute F127 solutions, which were free-flowing liquids below the gel-transition
temperature, PCL(5) display much more viscous solutions even in refrigerator temperature
(around 4 °C). Its gel transition is much more gradual, becoming more and more viscous with
increasing temperature until finally becoming a gel. This can be explained by the hydrophobic
nature of the PCL blocks inhibiting free movement, as opposed to PPO which is only slightly

hydrophobic allowing the chains to flow easily.

For PCL(11) a drastic difference in the phase behavior is observed. 20 wt% PCL(11) was
found to be insoluble. The polymer needed to be diluted to 10 wt% to become a homogenous
solution. Furthermore, it is seen that the solutions are turbid down to 2.5 wt%, indicating
formation of large aggregates already at low concentrations, which has been confirmed by the
dilute experiments (Turbidity, DLS, SANS). Similarly to PCL(5), the sol-gel transition for
PCL(11) is not clear. In the refrigerator, 10 wt% PCL(11) is a solid gel. However, as it is
slowly heated it becomes less and less viscous. Around 19 °C, it reaches its lowest viscosity,
before turning into a solid gel as it is heated above 20 °C. A possible explanation for this
behavior is that since gelation occurs through hydrogen bonding, as the sample is heated these
bonds start to break leading to less viscosity. At even higher temperatures, gelation occurs
through hydrophobic interactions. Around 44 °C, liquid exudes out of the gel and

macroscopic phase separation occurs.

It was explained previously that a balance between swelling and connectivity is important for
the gelation of F127. The smaller gel region for PCL(5) was explained due to its higher
hydrophobicity. Similarly it is expected that PCL(11) forms gels with even smaller gel
regions and at lower concentrations. These assumptions have been confirmed by the phase

diagram.
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4.2.2 Rheology

Rheology measurements were performed to see how PCL changes the viscoelastic properties
of F127. To properly compare the three polymers, 10 wt% concentrations were first
measured, as this was the highest concentration where PCL(11) showed a sol-gel transition.
The temperature dependence of the complex viscosity, #*, for the three different polymers are

shown in Figure 24.
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Figure 24. Temperature dependencies of the complex viscosity for the three polymer systems
at a concentration of 10 wt% and a constant angular frequency of 10 rad s.

For F127 and PCL(5) a low value of »* (around 0.1 Pa s) is observed, which slightly
decreases with increasing temperature. In these solutions no gel network is formed, and they
consist of individual micelles or intermicellar aggregates that easily flow around. The slight
decrease with temperature can probably be explained by a compaction of the micelles at
elevated temperatures, subsequently making it easier to flow due to more space between the
micelles. For PCL(11), however, higher »* values (‘around 100 Pa s) are measured and a clear
temperature dependence is observed. PCL(11) is seen to have a high »* value at 10 °C, which
decreases as the sample is heated. Around 19 °C it reaches a minimum. As it is further heated,
it starts to increase up until 30 °C (due to phase separation above 30 °C, higher temperatures

are not included). This indicates the formation of a network already at this low concentration,
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which can be explained by its hydrophobic nature and subsequent promotion of hydrophobic

associations.

It is now seen that a long PCL length drastically changes the viscoelastic properties of F127.
However, it is also interesting to see how the shorter PCL length affects the gelation of F127.
To do this, higher concentrations need to be measured. In Figure 25, the temperature
dependence of * of semidilute PCL(5) and F127 solutions are presented.

For F127 a trend of »* abruptly rising above a certain temperature is seen. This is associated
with its sol-gel transition. With increasing concentration, the abrupt rise of #* shifts to lower
temperatures; from around 20 °C for 20 wt% to 10 °C for 30 wt%. This is expected as gel
formation is enhanced at higher concentrations. Interestingly, the temperatures at which #*
rises, occur at lower temperatures than the gel point temperatures measured in the phase
diagram. This have been observed earlier for Pluronic F68 by Bo Nystrém et al [108], and
was explained to be due to a gradual gelation that expands several degrees. The gelation point
measured by the tube inverting method is not accurate, it just shows the trends of the polymer

systems.
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Figure 25. Temperature dependencies of the complex viscosity for a) F127 and b) PCL(5) at
the concentrations indicated and a constant angular frequency of 1 rad s.
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For PCL(5) an increase of n* with temperature is observed. However, in contrast to 20 wt%
F127, which abruptly rose around 20 °C and reached a plateau around 10* Pa s, 20 wt%
PCL(5) reaches a maximum at around 30 °C (about 100 Pa s), before slightly decreasing at
higher temperatures. Here it seems that PCL(5) forms a weaker gel network than F127. A
possible explanation to this could be that the short PCL chains are hidden inside the micelles.
Upon heating, a contraction of the micelles occur due to PCL’s hydrophobicity. Instead of a
better network connectivity, this leads to the formation of a fragmented network and
subsequent decrease of n* at higher temperatures. A similar behavior has been seen in a gel
forming PBO-PEO-PBO system by Castello et al [109]. They observed that the solid response
of the system increased rapidly upon heating, but then decreased at even higher temperatures.

They attributed this to a worsening in the solvent environment compressing the micellar core.

When increasing the concentration to 25 wt%, an abrupt increase of # * around 10 °C is

observed for PCL(5). In contrast to the 20 wt% solution, »* reaches a plateau at around 20 °C
and remains stable with temperature up until 35 °C. After this, a slight decrease of the curve is
seen. At this concentration, there are probably enough polymers to form a proper gel network.
It is interesting that the plateau of 25 wt% PCL(5) is almost equal to 25 wt% F127, indicating

that these systems have gels of similar strength.

Further increasing the concentration to 30 wt%, it is seen that the sol-gel transition
temperature for PCL(5) is gone, probably shifted to lower temperatures than measured. #* is
already at its plateau at 10 °C, and remains stable upon heating. A slight decrease above 35
°C, is observed for this concentration as well, possibly due to significant dehydration and
contraction of the micelles. The reason for the disappearance of the sol-gel transition at this
concentration is probably due to the stickiness of PCL. Here the polymer chains are
significantly overlapping, enabling the PCL chains to stick together and form a gel network
already at low temperatures. It should also be noted that the plateau of PCL(5) at this
concentration is slightly higher than that of F127. This indicates a better connected network
for PCL(5).

It is now seen that there are big differences between the short PCL length and the original
F127 polymer as well. Higher concentrations are needed to form a proper network. In

addition, the gelation property of PCL(5) is much more sensitive to concentration than F127.
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From the temperature sweeps of #* a general picture of the gel transition for these polymers
have been seen. However, it is also interesting to see the frequency sweeps of # * degree by
degree. In Figure 26, frequency sweeps of 25 wt% F127 and PCL(5), and 10 wt% PCL(11) at

selected temperatures are presented.
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Figure 26. Frequency sweeps of #* from 10 °C to 40 °C for the polymers, concentrations, and
temperatures indicated. The plots have been given the same y-scales to better compare the
systems.

For 25 wt% F127 at the lowest temperature, 10 °C, n* is seen to increase with frequency. This
is a characteristic of a liquid polymer solution where the chains become entangled at higher
frequencies. This can be explained by a stretching of the chains at higher shear rates leading
to an exposure of the hydrophobic parts and thus connectivity. From 11 °C and higher, * is
seen to decrease with frequency. A power law n* ~@™ can describe the curves, where m-
values close to -1 indicate a solid-response. It is thus seen that between 10 and 11 °C, F127
goes from having a liquid-like response to a solid-like response. At higher temperatures, the

m-value becomes steeper, indicating a stronger solid-like response.

For PCL(5), a much more solid-like response is seen already at 10 °C. With increasing
temperature,  * becomes steeper further enhancing its solid-like response. It is thus seen that

this polymer has enhanced connectivity in the system compared to F127.

For PCL(11), n* is nearly independent of the frequency below 15 °C, indicating a liquid-like
behavior. The value of n* is seen to decrease with temperature, indicating that the system is
becoming less viscous. Between 19 and 20 °C, a solid-like response appears and becomes
stronger with temperature. Despite the much lower concentration of PCL(11), this system also
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possess solid-like features at elevated temperatures, clearly displaying the increased

connectivity that a long PCL length provides.

Gel Point

Winter and Chambon’s method of gel point determination has been carried out to investigate
the gel point of the three polymers. In Figure 27, tan 6 from different low frequencies have
been plotted against temperature for 25 wt% F127 and PCL(5), and 10 wt% PCL(11). For
F127 it is seen that tan 6 decreases with temperature, indicating the transition from liquid-like
to solid-like. Tan 6 seems to become frequency independent at 12 °C, indicating a gel point
around this temperature. Other studies has found a gel point at 14 °C for 25 wt% F127 [82].
For PCL(5), a gel point is found at approximately 13-14 °C, which is very similar to F127.

Frequency sweeps of at these temperatures reveal parallel G" and G”, indicating gel formation.

For PCL(11), tan & begins at much higher values (around 10-25) than F127 and PCL(5). This
indicates that PCL(11) is more liquid like than the two other polymers at low temperature.
Tan & seems to become frequency independent around 19-20 °C. However, when looking at
G’ and G”, they are not parallel at these temperatures. It could possibly be explained by the
gelation of this system being more gradual than the two other systems.
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Figure 27. Multi-frequency tan & versus temperature for the polymers and concentrations
indicated. Inset plots show frequency sweeps of G’ and G” at the indicated temperatures.

52



4.2.3 SANS

To see the details of what happens with the mesoscopic structures in the semidilute region,
SANS measurements have been performed on 10 wt% polymer solutions and additional 20
wit% of F127 and PCL(5). In Figure 28, SANS data for 20 wt% solutions of F127 and PCL(5)

are presented.

A trend that can immediately be seen for all three polymers is the presence of a correlation
peak. This shows quite strong ordering of the systems already at 10 wt%. The peak lies at
around g = 0.035 A1, which indicates a characteristic length of 180 A. For F127 the peak is
absent at 10 and 15 °C, indicating no ordering at these temperatures. This is most likely due to
PPO’s hydrophilic nature in this temperature range, resulting in the polymer chains being well
solved. However, as the solution is heated a gradual appearance of the peak comes at 20 °C.
This becomes increasingly stronger with temperature. The peak can also be seen to shift

slightly towards higher g-values, indicating a tightening of the ordered micelles with

temperature. It was seen in the dilute solutions, that the micelle formation of F127 becomes
more effective with temperature. At elevated temperatures there are thus more micelles,
which results in less intermicellar space. Another interesting note is that the peaks move

towards lower g-values above 30 °C. Some structural transition may occur between these

temperatures.

F127

100 o

Intensity (em™)

PCL(5)

PCL(11)

013 T T T I
0.01 1 0.1
q (A7)

. '.l::::t:::%’::hh\
H H

—TTTTTT
5 6789
0

q (A"

Figure 28. SANS patterns vs. temperature (10 °C to 70 °C) for 10 wt% samples.




For PCL(5) the correlation peak is present already at the lowest temperatures (10 and 15 °C).
From the dilute solutions it was found that PCL(5) forms micelles already at low temperatures
due to PCL’s hydrophobic nature. Thus, it seems an ordering of these micelles occurs already
at low temperatures. At 70 °C the peak seems to disappear, with a simultaneous increase of
scattering signal at low g. This indicates a more homogenous network, which is possibly due
to dehydration of the polymer. From the phase diagram, macroscopic phase separation was
observed at 80 °C for 10 wt% PCL(5).

For PCL(11) the correlation peak is present at the lowest temperatures and up to the highest.
It is seen that with increasing temperature, the peak continuously shifts to higher g-values,
indicating a tighter ordering with temperature. From 50 °C and higher, the scattering at low g
drops along with a more defined correlation peak, indicating the formation of smaller

intermicellar clusters. The same behavior was seen for the dilute solutions (0.5 and 2 wt%).

In Figure 29, SANS data for 20 wt% solutions of F127 and PCL(5) are presented. Both
systems show a clear correlation peak followed by a second correlation peak at slightly higher
g. This indicates very strong ordering of the micelles in these systems. For F127, the peak is
absent at 10 °C, but appears from 15 °C and above. For PCL(5), it is present at all

temperatures.
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Figure 29. SANS patterns vs. temperature (10 °C to 70 °C) for 20 wt% samples.
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The main differences between the two polymer systems is the higher intensity of the signal
for F127, as well as its peaks being at slightly lower g than PCL(5). These differences show
that the F127 system scatters more than PCL(5). In addition it is also less tightly packed than
PCL(5).

From rheology it was seen that 20 wt% PCL(5) was poorer at forming a gel than F127. It was
hypothesized that it could be because of compression of the micelle cores at elevated
temperatures, which lead to a fragmented network. The lower scattering intensity and tighter

packing of the PCL(5) system supports the suspicion of micellar compression.

To get a more exact picture of how the intermicellar distances differ for the three polymer

systems, the characteristic length from each correlation peak has been calculated and plotted

in Figure 30.
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Figure 30. The intermicellar distance as extracted from the position of the correlation peak

(d= 2n/q) for all samples and temperatures where a correlation peak could be identified.
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From Figure 30, several interesting things can be observed. For all three 10 wt% polymer
systems, the intermicellar distance is seen to decrease with temperature. This indicates a
tighter ordering with temperature, which is probably due to dehydration of the polymers.
Furthermore, it is seen that attaching PCL to F127 leads to a smaller intermicellar distance,
where a longer PCL length gives the smallest distance. It is also seen that increasing the
concentration of F127 and PCL(5) leads to less space between the micelles which is to be

expected.

However, an interesting difference between the F127 and PCL(5) solutions compared to
PCL(11), is the different trends these display with temperature. For F127 and PCL(5), a trend
of the intermicellar distance decreasing with temperature before slightly increasing at even
higher temperatures is seen. This indicates some structural transition for these polymers with
temperature. In the case of 10 wt% F127, the intermicellar distance is seen to reach a
minimum distance of 210 A at 25 °C. This distance is kept up to 30 °C. At 40 °C, the distance
increases to 216 A, and continues to further increase up to 225 A at 70 °C. For 10 wt%
PCL(5), a minimum distance of 185 A is reached at 20 °C. Interestingly, this increases to 195
A at 27 °C, before reaching a maximum of 210 A at 70 °C.

The intermicellar distance of 10 wt% PCL(11), however, continuously decreases with
temperature. It starts with having a distance of about 196 A at 10 °C. Then, as it is heated to
25 °C, it reaches an intermicellar distance of 165 A. Upon further heating, it eventually
compresses into a distance of 140 A at 70 °C. The intermicellar distance of 0.5 wt% PCL(11)
was also calculated and is seen to be almost equal to the 10 wt% PCL(11). Thus, it is shown
that at elevated temperatures the intermicellar distance is independent of concentration. Here,
significant local dehydration dominates leading to formation of tightly packed intermicellar

clusters.
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5 Conclusion

The main objective of this study was to investigate the different structural and dynamic
properties of an amphiphilic PCL-F127-PCL pentablock copolymer, with the original F127
triblock copolymer as a reference. The influence of PCL was examined by having two
different lengths of PCL covalently bound to F127.

From the investigation of the dilute region, both the PCL groups and the length of the PCL
block were found to have a pronounced impact on both the self-assembly and structural
properties of the polymer systems. Turbidity measurements revealed that a long PCL block
drastically lowered the CP of the system. From DLS measurements, it was found that PCL
greatly enhanced the micelle formation and intermicellar connectivity of these systems. SANS
measurements disclosed that the micellar structures depended greatly on the length of the
PCL block.

From the investigation of the semidilute region, a long PCL length was seen to drastically
change both the macroscopic and mesoscopic behavior of the systems. The constructed phase
diagram exposed a more gradual gel formation for the PCL modified polymers. Furthermore,
the gel phase was shifted to significantly lower concentrations for the polymer with a long
PCL length, which demonstrated the importance of the hydrophobic end-groups. From
rheology experiments, it was found that a short PCL length lead to the formation of a poorer
gel network. Higher concentrations were needed to form proper gels, while no significant
increase in mechanical strength was observed. SANS measurements revealed a tighter

ordering in the PCL modified systems.

In this study it has been shown that PCL-F127-PCL copolymers possess great tuning ability
through the PCL blocks. Furthermore, these systems have a lower CMC and CMT than the

original F127 copolymer, making them good candidates for drug delivery.
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Appendix A: Theoretical Model for
Spherical Core-Shell Micelles

According to Pedersen & Gerstenberg [110], the form factor of a micelle can be written as a
sum of four different terms: the self- correlation term of the core, the self-correlation term of
the chains, the cross-term between the core and chains, and the cross term between different

chains.

Fuie(q) = N’B2F(q) + NB2F.(q)

+2NBeBeSuc(q) + N(N — 1)52Sce(q) (21)

For diblock copolymers N is the aggregation number of the micelle and 3s and 3¢ are the total
excess scattering lengths of a block in the core and in the corona, respectively. They can be
calculated as Bs = Vs (ps - psoiv) and Be = Ve (pc - psolv), respectively, where Vs and Vc are the
total volumes of a block in the core and in the corona. ps and pc are the corresponding

scattering length densities and psolv is the scattering length density of the solvent. Here Fs(q)

Fy(q) = ®*(qR) 22

where ¢ (qR) is the form factor of a sphere given by

3[sin(gR) — gR cos(qR)]

®(gR) = GR)’ 3

The chains in the corona have a radius of gyration Rg and the self-correlation term of the

Gaussian chains is, with x = (qRg)?, given by

_ 2exp(—x) = 1+

Fe(q) =
(24)
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Furthermore, the interference cross term between the core and the chains is given by

sin(g[R + dRy))
glR + dR,] (25)

Sic(q) = P(qR)1(qRg)

where the parameter d has been introduced to mimic non-penetration of the Gaussian chains
into the core. They are therefore taken as starting a distance d times Rqg away from the surface
of the core, where d is close to unity. The function W(x)=[1-exp(-x)]/x is the form factor

amplitude of the chain.
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Appendix B: Core-shell cylinder model

The form factor is in this case calculated as [111]:

e w2 (26)
P(q) = scale ffz(q,a)sina da
Vshe[l 0 (27)
; J (grsina
f(q,a) = 2('0(‘0?’8 - pshefi )v'mre.]() (CIHCOS a)—l(q - )
(grsincx)
: J[q(r +t)sina
+2( Psnett — Psotvent )‘/sheltjo[ q(H O [) COSOC] E{E( P I) sin a]]

jo(x)=sin(x)/x V, =mL V=7 +1)°L,

core and otal

where r is the radius of the core of the cylinder, t the thickness of the shell. L is the length of
the cylinder and H is the half-length. J1(x) is the first order Bessel function. a is the angle
between the cylinder axis and the scattering vector, q. Vshen is the volume of the cylinder shell
and Vcore that of the core. The integral over alpha averages the form factor over all possible

orientations of the cylinder.
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Appendix C: Polymer chain model

The form factor is in this case given by the Debye function representing a linear chain [112]:
D(x)=2(e " +x-1)/x’ (28)
where with x = (qRg)>.

In this case Ry is the only parameter fitted considering that q is given.
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