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Abstract

This study seeks to develop smart hydrogel formulations for injectable controlled
drug delivery from Pluronics to enhance patients compliance, decrease side

effects, reduce dose and frequency.

A biocompatible copolymer, Pluronic F127 was probed as the main ingredient for
the injectable systems owing its low gelation concentration and ease of
modification the system properties through excipients addition. The matrix
properties were studied through a series of thermal, rheological and structural
(SAXS/SANS) experiments as a function of concentration and shear rate,
covering both static and dynamic environments. It has shown that gelled viscosity
(and structure) can be critically controlled by shear rate and the structures
recorded do not match those predicted for sheared colloids. Two further Pluronics
F68 and F108, were studied showing similar but shifted gelation properties to
F127.

Effects of additives were studied by introducing different Mw PEGs and a model
hydrophobic drug ‘ibuprofen’ to a F127 20% formulation. PEGs addition effects
on the system properties and gelation transition were largely dependent on the
Mw used in the blend, which became more prominent with increasing chain

length.

Ibuprofen’s addition has resulted in reduced gelation temperature and smaller
hard spheres without having a great effect on the system rheological properties
compared to neat gels.



Blends containing both additives PEG and ibuprofen exhibited a synergistic
effect, where comparisons show that Ibuprofen had the largest effect on the
blends lowering gelation boundaries and slightly increasing the size of the hard

spheres indicating the necessity of full characterisation of the formulation with

any API.

Keywords: Thermosensitive, Gel, Thermal properties, Rheological properties,
SAXS, SANS, Drug Release, Pluronic, Colloidal Crystals, Delivery Systems.
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Figure 3-10 Experimental setups at beamline 122. Bottom (a+b) Linkam shear cell in
front of the beam at 1-2 shear plane.(c+d) The mounted syringe and reservoir in front
of the BL. (d) close-up to the Polyimide reservoir. Where 1-, 2-, and 3-directions are the
coordinate indices representing the flow velocity (v), velocity gradient (Av) and vorticity
(w) directions, reSPeCHVELY. ........ccooiiiiiici e 62
Figure 3-11 (Top) Kapton Linkam window and (Bottom) injection reservoir................. 63
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Figure 3-13 Rheo-SANS setup on beamline SANS2D. (a) MCR 501 rheometer
mounted in front of SANS2D. (b) and (c) showing close ups of measuring cell. (d) A
schematic scattering planes inside the Couette cell, where 1-, 2-, and 3-directions are
the coordinate indices representing the flow velocity (v), velocity gradient (Av) and
vorticity (w) directions, respectively...........cccccvviiiiiiii 65
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Chapter 1 Introduction, Objectives and Thesis outline:

1.1. Introduction

Advances in biomedical and material sciences have led to a flourish in developing
and exploring the use of selective Drug Delivery Systems (DDSs) that offer
unprecedented control of the administered drug release rate over a desired
period of time, protection of the delivered therapeutic agent against degradation
and safety from accidental release, therefore reducing the side effects and
enhancing efficacy compared to conventional dosage forms. Global revenue for
DDSs is estimated to be £139.6 billion in 2013 and is expected to grow at a
compound annual growth rate (CAGR) of around 3.2 % to reach £163.32 billion
by 2018 (Barichello et al., 1999, Dewan, 2014).

These DDSs are manufactured in the form of emulsions, liposomes microspheres
and gels. They are self-sustainable systems that work as drug reservoirs or
carriers that can be optimised depending on the application requirements and
release the bioactive molecules when triggered by specific stimuli, offering spatial
and temporal control over the release process. This reactive function to an
endogenous or exogenous stimulus has earned them a place among the “smart”
materials. Examples include; Doxil, ThermoDox and Nanotherm which have
entered their clinical phases (Hatefi and Amsden, 2002, Alvarez-Lorenzo and
Concheiro, 2014).

Gels have been a prominent research topic for on-demand delivery systems in
the past few decades, about 3000 papers on gel DDSs have been published in
PubMed database in the past 5 years. Gels can be incorporated in different
formulations using a wide variety of substrates, that can be tailored to be
minimally invasive and biocompatible polymers that are manufactured based on

the targeted tissue and therapeutic agent properties.

Smart gel systems have tunable porosity allowing controlled loading and release
from the gel network; they work as depots that are injected into the body as
solutions before they undergo a first order transition producing flexible soft

hydrogel matrices in situ at the physiological temperature. They have good



adhesion and low interfacial tension resembling living cell extracellular matrices
(ECMs) and body tissues, which reduces the possibility of auto immune

responses.

From an economic perspective, these DDSs are easy to handle with minimum
training. They can be designed to adjust the release, degradation and clearance
rates, which will reduce dosing frequency, hence improving patients compliance
and potentially reducing health care expenses (Bhattarai et al., 2010, Ebara et
al., 2014).

1.2. Aim:

The scope of this dissertation is to provide a comprehensive study of a smart
injectable polymeric delivery system. By evaluating the gelation, microscopic and
macroscopic structural changes of a readily available polymer (Pluronic F127) as

a model base formulation.

Pluronic F127 polymeric solutions can undergo a phase change at the biological
temperature (37°C) when used in relatively low concentrations. The transition can
be tuned using different excipients or other Pluronics, allowing property

adjustment without disturbing the system dynamics.

A simple injectable formulation containing a thermosensitive polymer (F127) and
a model drug would be loaded into a syringe in solution state. Upon injection, the

temperature change transforms the polymeric solution into a gel. The gel matrix

T1 T2

Y increase

Figure 1-1 Schematic of the syringe during the injection process.



works as a depot entrapping the drug and releases it slowly over a desired time.

Figure (1-1) offers an overview of the injection process.

The injectable system behaviour is governed by the coupled fluid dynamics and
thermal processes and understanding these inseparable rheological and thermal

interactions is critical for the development of a successful product.

These systems are relatively well characterised in the literature due to their
widespread usage across many fields (e.g. cosmetics, pharmaceuticals, cell
culture and biological additive manufacturing). However less attention has been
paid to the intricate strongly coupled influences arising during application and
their implications on performance. Further complications manifest when
compositional alterations are made to the gel systems, whether by changing the
polymer, additives and drug types or their concentrations.

1.3. Thesis outline:

Following this brief introduction, Chapter 2 will be dedicated to the literature
review: discussing the different gel types, ongoing research on these materials
and applications for DDSs. These are followed by sections on the key aspects of
micellisation / gelation thermodynamics. Then finally connect the macro- and
micro-properties through the correlation of gels rheological behaviour to their

internal structure.

Chapter 3 looks at the materials used to prepare the formulations investigated in
this study, along with overviews of the experimental techniques, instrumental
setups and test variables utilised. The last section in this Chapter was designated
for methodological development, which provides insights to pure materials
characterisation and test optimisation processes.

Chapter 4 aims to provide in-depth investigation of the neat Pluronics structural
properties that were studied during and after the completion of the transitional
ordering. Compositional and the environmental changes were examined by a
variety of experimental measurements under both static and dynamic conditions

that were discussed earlier in Chapter 3.



Chapter 5’s main focus is to study polymeric gel blends. A group of varied
molecular weight homopolymers (PEG) was utilised to probe the effects of
introducing a common pharmaceutical ingredient with a range of different
hydrophilicities to aqueous systems of F127 to control the physical properties of
the formulations. The blends thermal, rheological and structural properties were
elevated and compared to the neat systems as a function of PEG’s concentration

and Mw.

Chapter 6 takes the research a step closer toward developing a drug delivery
system. To develop a model DDS an API; Ibuprofen (IBU) was introduced to neat
systems of F127 and PEG-blends with different Mw. The IBU-blends were studied
and compared to the neat and PEG-blends to explore the resultant aspects of the
addition on the formulation’s structure. The DDS properties were evaluated in

comparison to results from Chapter 5.

Chapter 7 concludes the study with a general discussion based on results from

the previous Chapters and suggestions for future work.

Efforts were made to tackle the transitional aspects of these key systems from a
multidisciplinary point of view, aiming to provide a true understanding of the
complex behaviour of these functional materials with wide application fields
including drug delivery. Efforts were made to cover a broad sample pool;
including concentrations and molecular weights to provide a better insight of the
compositional attributes on the product structure. Which were evaluated by
diverse environmental setups and measuring systems to offer a meaningful
comparisons and reduced error. The data acquired in this study will help to predict
the structural trends in similar smart materials allowing their optimal exploitation

in many industries.



Chapter 2 Literature review

Dosage forms is an umbrella term used to describe the physical state or the route
of administration (ROA) used to deliver an active pharmaceutical ingredient (API)
into the body, which depends on the API's properties and the patient. The oral
route is the most popular for its convenience and least adverse effects compared
to the parenteral route. However, the slow onset of action, short circulation times
and the reduced bioavailability (BA) due to incomplete absorption and hepatic
metabolism necessitates for multiple dosing or the use of higher doses. This limits

this route and makes it unsuitable for the delivery of bio-sensitive agents.

A drug delivery system (DDS) refers to any device or formulation that enables the
introduction of the therapeutic agent into a living body to generally improve its
safety and efficacy. The advantages of any DDS can be discussed from three
perspectives:

a) Therapeutically they help to boost the pharmacokinetics/ pharmacodynamics
maintaining constant drug levels and reducing adverse effects by either
controlling the site of release, optimising the duration of action or both.
b) Patient compliance by simplifying administration courses and reducing dosing
frequency.

c) Economically DDS can decrease the cost of overall health care as a result of
dose reduction and patient care resources (Allen and Ansel, 2013).
Moreover, developing a new controlled release DDS with enhanced features is
very rewarding for manufacturers and their supply chains. The US abbreviated
new drug application (ANDA) allows manufacturers to apply for ANDA-exclusivity
(which originated under the orphan drug act) to protect newly developed DDS
containing drugs that have already been approved making it challenging for
generic manufactures to reproduce even after the original drug patents expire
(Ranade and Cannon, 2011).

The first generation of controlled release systems relied on regulating the release
mechanisms including dissolution, diffusion and erosion. Continuous efforts have
been made to produce small-scale DDS to introduce them in to the body in easily
implantable/injectable formats for both intermittent and continuous delivery.

Micro-fabricated devices are often implanted and examples of used implants
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include; a variety of types Mechanical Micro-Devices (MEMS) including
microchips (Sharma et al., 2006), Bimatoprost sustained-release implants (Lewis
et al., 2017) and various commercial subdermal contraceptive implants (e.qg.
Implanon® and Jadelle®) (Ali et al., 2016).

The second generation aimed to control API distribution through activation
modulation. The formulation can contain stimuli responsive excipients that protect
the API until the desired site of release is reached (Yoshida et al., 2013).The third
generation, often regarded as carriers, have the stimuli responsive properties of
the second generation with integrated feedback functionality, making them more
suitable for physiological uses. Stimuli responsive or smart DDS are often used
interchangeably in most cases referring to formulations containing materials of
varied complexity that experience conformational transitions (e.g. solubility,
aggregation, shape, etc.) corresponding to a specific signal: either internal (pH
change, temperature change or hormone levels) or external (ultrasound, light or
radiation) to regulate the drug release. Prepared as liposomes, micelles or
antibodies to occupy nano- and microscales, these DDSs offer ease of parenteral
administration (local or systematic) as solutions, emulsions or nanogels with
targeted specific release profiles. Nonetheless, the use of the term “smart” has
sparked a lot of debates and some references strictly use it when the changes
are reversible and proportional to the strength of the signal (LaVan et al., 2003).

2.1. Gels in drug delivery:

Gel based dosage forms are most commonly known for topical applications,
however gelling agents have been introduced to drug delivery systems in various
formats to enhance manufacturing, properties and control drug release (Troy et
al., 2006). Hydrogels can be incorporated in drug eluting DDSs, either by
incorporating the gel into the bulk of the device or by coating it with gelling agent.
For the first type, the gel is the main carrier matrix releasing a templated API to
target tissues as in injectable gels and soft contact lenses prepared by
molecularly imprinted hydrogels (MIPS). Alternatively, the device surface is
coated by layers of gelling agent or grafted to inhibit biofilm formation (Alvarez-
Lorenzo and Concheiro, 2014). Other examples include integrating hydrogels into
tablets of compressed dispersions containing API and gelling agents have been



used as release modifiers in monolithic matrix tablets (Colombo et al., 2000).
Where they have been introduced to oral DDSs to protect the API, hinder its
dissolution, moderate release from the tablet and therefore and improving BA.
Examples include matrix based tablets, where the drug is dispersed in a
hydrophilic matrices as in polyamide rate-modulated DDS (Hauptmeier and
Becker, 2007) and cross-linked monoolefinic matrices (Mueller and Heiber,
1985).

2.2. Injectable gels for DDS:

Injectable hydrogels are gels that can be formed in situ after being injected into
the body and activated to deliver a huge variety of active biomolecules that
include: drugs, growth factors, chemokines and therapeutic cells to aid with

different tissue regeneration e.g. bone and cardiac tissues.

The precursor ‘solution’ can be introduced in a minimally invasive manner directly
to the area of interest allowing it to reach even hard-to-access areas, where it
gels forming a depot before releasing the cargo over a designed period of time.
The choice of the gelling agents and dependently the underlying performance is
determined by: the material crosslinking, biodegradability and the biochemical
stability. These factors inevitably reflect on the multitude of physical, structural
and mechanical behaviours of the gel matrix during and after injection.

The gel design should focus on the salient features desired for the application.
Key considerations when designing/formulating an injectable gel usually correlate
to the properties discussed above. The therapeutic agents’ transport is
essentially a property of the hydrogel’s internal structure and the encapsulated
active agent. The two structures’ affinity governs the release from the gel matrix,
accomplished by mechanisms such as swelling, diffusion or erosion or a
combination of these. The degradation of the gel structure depends on the
material utilised but usually occurs either by surface or bulk erosion. The former
occurs when the water uptake or enzyme transport is slower than the polymer
chain scission while the majority of biodegradable hydrogels are reported to

degrade by the latter mechanism due to high water content and permeability (Bae



et al., 2013). Ideally the hydrogel degradation can be controlled by modifying the

gelling polymer backbone.

The mechanical behaviour reflects the hydrogel’s structure-property relationship
and conveys the structural transitions the hydrogel DDS undergoes during
administration by passing through different environments (temperature and
shear), which can affect its stability, the loaded material deposition and release
(Aguado et al., 2012, Amer et al., 2017).

Physiochemical compatibility relate to both the tissue adhesiveness and
bioactivity. Which as the rest of the features can be controlled by adding linker
molecules that mediate binding to tissues and stabilise the DDS in the site of

action without attenuating pharmacokinetics (Seliktar, 2012).

2.3. Gels - an overview:

Gels are a collection of soft matter classes that include disparate varieties of
complex polymeric materials with one common feature among them regardless
of their origin; the ability to imbibe large amounts of water or biological fluids
without being dissolved after they undergo a phase transition from the disordered
sol state to an intermediately ordered gel state. A gel has the soft mechanical
properties of a solid yet lacks the solid’s atomic order (quasi-solid). The gel is
formed by the association of colloid particles by the increase of inter-particulate
interactions connecting the sub-units together, leading to the formation of a three-
dimensional network which acts as a self-sustainable container immobilising the
solvent within the network by the forces of surface tension (Araki et al., 1998,
Lee, 2008).



Generally, gels can be classified based on the solvent entrapped within the
network, the building block types or forces bringing them together. When the
continuous phase is an organic solvent the gel is referred to as organogel while
hydrogels are the product of hydrogelator bonding in agueous solutions (Murdan
et al., 2005, Vintiloiu and Leroux, 2008). While the cross-linking mechanisms in
both types are quite similar, in this study we will be referring only to hydrogels. In
this study we will focus on hydrogels that are formed by two different linking
mechanisms; chemical and physical hydrogels - with an emphasis on the latter
type for drug delivery applications. Figure (2-1) show different gel types classified

according to their cellular interaction.

== Chemical interaction
== Physical interaction
== Degradation site

Hydrolysis
degradation site

Protease
degradation site

(o)
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\
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>

Figure 2-1 different gel types based in their interactions with cellular
interface (Seliktar, 2012).

2.4. Chemical hydrogels:

Chemically cross-linked gels display covalent bonding connecting the polymer
chains by adding a cross-linker to activate the polymer or conjugating the chains
directly; the linker can be a group or a small molecule. Chemical cross-linking
complexity ranges from adding simple compounds such as genipin and dextran—
tyramine conjugates — both sourced from natural resources (Chen et al., 2004,
Jin et al., 2007), different types of radical polymerisations (Durand and Hourdet,
1999, Sun et al., 2008, Bearat et al., 2012, Skvarla et al., 2014, Alexander et al.,



2014), ring opening reactions (Jeong et al., 1999a, Fujimoto et al., 2009, Lin et
al., 2012, Ayano et al.,, 2012, Soledad Lencina et al., 2014). And the widely
preferred click reactions Michael addition and Schiff base formation due to their
efficiency to form gels in situ at physiological conditions (Yu et al., 2011)
(Martinez-Sanz et al., 2011) (Peng et al., 2013), (Patenaude et al., 2014).

The main property of these gels is their irreversibility, once the adjacent units are
linked they cannot go back to the original state - as in thermosetting materials, a
preferable function for some applications. The hydrogel characteristics can be
controlled by adjusting the cross-linking agent concentration or via adding stimuli
sensitive physically gelling agents to the matrix such as methacrylic acid (pH-
sensitive) or N-isopropylacrylamide (temperature-sensitive) (Hennink and van
Nostrum, 2002). A schmatic of in situ cross-linked gels is displayed in Figure
(2-2).
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Figure 2-2 Schematic representation of the fabrication of in situ cross-linkable
hydrogels(Park and Park, 2017)

2.5. Physical gels

The gel structure in this type is acquired by joining the units by physical bonds
either by controlling the intramolecular forces balance within the polymer chains

or the environment to form a network without any addition of initiators.
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For a physical hydrogel formation, the polymer-polymer interactions must be
strong enough to form semi-permanent junctions. The network should be able to

absorb and retain water inside the polymer network.

“Smart” hydrogels spontaneously form a network as a response to specific
stimuli, these hydrogels are classified according to their particular triggers e.g.
pH, UV photopolymerization, stereocomplexation, charge interaction, ultrasound,
electromagnetic radiation and temperature (Peppas et al., 2000), (Peppas et al.,
2000, Ruel-Gariépy and Leroux, 2004, Hoare and Kohane, 2008, Domb, 2011,
Matanovic et al., 2014, Priya James et al., 2014).

2.6. Thermosensitive hydrogels:

The self-assembly in these stimuli responsive polymeric hydrogels is
thermodynamically driven, using materials that exhibit a phase separation due to
change in the system’s solubility upon increasing the temperature to reach a
lower critical solution temperature (LCST). Below this LCST the polymeric chains
are completely in the soluble state, taking a random coil conformation. As the
temperature increases, dehydration takes place due to hydrophobic interactions
leading to aggregation. For polymers with a LCST an increase in temperature
results in negative free energy (AG) of the system, leading to increased entropy
(AS) (Ward and Georgiou, 2011). Polymers with upper critical solution
temperature (UCST) are less favoured since they require high temperatures
which can be unsuitable and even destructive for drugs and biomaterials (Priya
James et al., 2014).

Based on the system temperature response, thermosensitive hydrogels can be
subdivided into negatively and positively thermosensitive. Negatively
thermosensitive hydrogels contract upon heating above their LCST while the
positively thermosensitive hydrogels exhibit contraction above UCST. For drug
release applications, negatively thermosensitive systems are more relevant.
Where they control the active ingredient’s release through pulsation mechanism,
with “on” at low temperature and “off” at high temperature (Hoffman, 1995).
Examples of negatively thermosensitive systems include: P(NIPAAm) co-

polymers and Interpenetrating Polymer Networks (IPNs). Sometimes these
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systems are referred to as ‘squeezing hydrogels’ due to their swelling-shrinking
behaviour. Successful on—off release profiles have been utlised in delivering
Bovine Serum Albumin (BSA) (Dinarvand and D'Emanuele, 1995), Indomethacin
and Ketoprofen (Mukae et al., 1990, Katono et al., 1991).

Positively thermosensitive hydrogels work by the same pulsatile squeeze effect
but with an opposite temperature response, these gels trap the drug at low
temperatures and release it at high temperatures. Examples include formulations
of microcapsules with a membrane of nano-sized P(NIPAAm) and IPNs of poly
N-isopropylacrylamide (PNIPAAmM) as well as tailored nano-porous silica
(Ichikawa and Fukumori, 2000, Shin et al., 2001). Even though the
thermoreversiblity in these hydrogels can only be accomplished by physical
cross-linking, chemical bonding can take place in the early stages of
polymerisation, which can improve the hydrogels longevity inside the body and

improve their mechanical properties (Qiu and Park, 2012).

2.7. Gelling agents for thermosensitive hydrogels:

In this section, thermally responsive hydrogels will be discussed in terms of their
gelling agent’s origin, classified into two main categories natural and synthetic
gelators. Providing examples for both types, their gelation limits (concentration,
temperature) and recent applications in the field.

2.7.1. Natural and modified natural polymers

2.7.1.1. Polysaccharide and cellulose derivatives:

Compared to the majority of natural polymers that form gels at low temperatures,
poorly soluble cellulose shows a reverse thermo-gelation property at elevated
temperatures, which can be explained by its water interaction at high
temperatures. Introducing hydrophobic groups to cellulose can increase the
solubility and the temperature response by controlling the Degree of Substitution
(DS) of the cellulose hydroxyl- group.

12



a) Methyl cellulose (MC):

Methyl cellulose is the simplest cellulose derivative and has been used for
decades (Heymann, 1935) — see Figure (2-3). At low concentrations (1-10 wt. %)
MC solutions are known to be liquid at low temperature but able to gel when
heated. Some groups have reported gelation temperatures of 40-50°C
(Kobayashi et al., 1999, Li et al., 2001, Mayol et al., 2014) while others 60-80°C
(Liu et al., 2004, Bain et al., 2012). The degree of substitution has a great effect
on MC’s LCST which may explain the wide range recorded. MC gelation can be
modified to occur at the physiological temperature using mono and divalent salts
or by blending it with other synthetic or natural polymers such as; poly (acrylic
acid), carboxymethyl cellulose (CMC), polyethylene glycol (PEG), hyaluronic acid
(HA) and chitosan. MC has been used to control the release of BSA from low
molecular weight HA hydrogel blends (Mayol et al., 2014) and low viscosity MC
formulations were tested as an injectable scaffold for traumatic brain injury, the
formulation was reported to gel in situ without any toxicity issues (Tate et al.,
2001).
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Figure 2-3 Structure of (a) MC, (b) HPC and (c) HPMC (Sigma-Aldrich, 2018).

b) Hydroxypropyl cellulose (HPC):

HPC is a water—soluble cellulose derivative, prepared by reacting alkali cellulose
which with propylene oxide at elevated temperature and pressure to substitute

the hydroxyl group on the anhydroglucose units of cellulose (Furia, 1973).
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HPC structure is shown in Figure (2-3). The concentrated solutions (40 — 90 %)
form an iridescent cholesteric liquid crystalline phase due to the ordering or worm-
like micelles when heated to approximately 40°C, HPC phase diagram is
displayed in Figure (2-4) (Werbowyj and Gray, 1980). Similar to MC, the gelation
temperature depends on the degree of molar substitution of propylene oxide and
the polymer molecular mass. Wach et al. reported the reduction of the critical
gelation concentration to moderate values (20 - 40%) through irradiating the
solutions with gamma rays (Wach et al., 2002). HPC-L with residual lignin
exhibited gelation at body temperature, where the drug release is regulated by
differences in osmotic pressure rather than gel swelling-shrinkage as for the
original HPC (Uraki et al., 2004, Uraki et al., 2006).
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Figure 2-4 Phase diagram of HPC-water system (Werbowyj and Gray,
1980).

c) Hydroxypropyl methylcellulose (HPMC):

HPMC is widely used in oral controlled release drugs with some applications in
creating tissue scaffolds — see Figure (2-3). The thermal phase transition occurs
between 75 and 90°C but can be lowered to 40°C by reducing the hydroxypropyl
molar substitution (Ruel-Gariépy and Leroux, 2004). Analogous to the other
cellulose derivatives, HPMC solution gelation is driven by hydrophobic
interactions that result in methoxy- substitution (Joshi, 2011). It is mainly
integrated in injectable delivery systems as a micro/nanoparticle carrier. Asius et

al. used HPMC 1 wt. % as an subcutaneous gel carrier of microspheres (Asius et

14



al., 2004), formulations of two polymer-nanoparticle (PNP) containing HPMC
hydrogels that gels at 25°C successfully delivered BSA with no signs side-effects
(Appel et al., 2015). Sustained release of two growth factors (TGF-1 and GDF-
5) was maintained up to 28 days utilising biphasic systems of pullulan microbeads
(PMBs) added to silanized HPMC (Henry et al., 2017).

d) Xyloglucan:

Xyloglucan is a plant polysaccharide existing in seeds that works as a
crosslinking agent of cellulose micro fibrils in the primary cell wall — see Figure
(2-5). The most extensively researched type is extracted from the tamarind seed
and has a backbone consisting of glucose residues, with side groups of xylose
attached through glyosidic linkage. It exhibits thermoreversible behaviour when
partially degraded by [(-galactosidase to remove galactose residues.
Thermosensitive gels can be obtained after accomplishing a minimum galactose
removal ratio (GRR) of 35 %. Xyloglucan solutions of 1-3 wt. % exhibit both LCST
and UCST (Shirakawa et al., 1998, Zhou et al., 2007, Almeida et al., 2014). Gels
containing a low percentage of 3 wt. % exhibited the highest elastic modulus
values ever recorded for any biological or synthetic physical hydrogel -
approximately 100,000 Pa at 20 °C (Nisbet et al., 2006, Brun-Graeppi et al.,
2010).
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Figure 2-5 the structure of the repeating units of xyloglucan (Brun-Graeppi et al., 2010).

e) Alginate (ALG):

Alginates are polyanionic polysaccharides derived from brown sea algae,
composed of 1-4-linked B-D-mannuronic acid (M-blocks) and a-L-guluronic acid
(G-blocks) — see Figure (2-6) (Padot, 2016). They are widely used in food,
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pharmaceutical and medical regeneration fields (Lee and Mooney, 2012, Aguado
et al., 2012). Alginates have the ability to form hydrogels easily in the presence
of multivalent ions (e.g. Ca+?) creating ionic cross-linking which results in gelation
of alginate aqueous solutions (Rowley et al., 1999). Alginate hydrogels alone
exhibit no thermal sensitivity and have poor mechanical strength, but can be
added to other polymeric hydrogels to aid their biocompatibility, biodegradability
and immunogenicity. Physical or chemical modification as in ALG-g-PNIPAAmM
co-polymerisation (Tan et al, 2012), ALG-g-P(NIPAM-co-NtBAM) N-
isopropylacrylamide (NIPAM) and N-tert-butylacrylamide (Matanovi¢ et al.,
2014), formulations containing poly(ethylene glycol)-co-poly(e-caprolactone)
(PEG-co-PCL) are prepared in situ, obtaining injectable thermosensitive
reversible hydrogels (Lee and Mooney, 2012). Alginate containing hydrogels
have been reported to locally sustain the delivery of vascular endothelial growth
factor (VEGF) for 15 days compared to 72 hours after a bolus injection of
ischaemic mouse (Lee and Mooney, 2012) and 10 hours in the case of
ophthalmic drug delivery of pilocarpine (Park and Park, 2017). A myriad of
responsive interpenetrating polymer networks (IPN) and alginate composite gels

have been formulated to provide controlled drug delivery (Dragan, 2014).
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Figure 2-6 structure of alginate. (a) 6-D-mannuronic acid (M), (b) a-L-mannuronic acid and (c) MG-block (Padol,
2016)

f) Chitosan:

Chitosan is a linear amino-polysaccharide composed of B-(1, 4)-linked D-
glucosamine and N-acetyl-D-glucosamine obtained by alkaline deacetylation of

chitin - a predominate component of crustacean and insect shells. Chitosan
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structure is shown in Figure (2-7). Known for its biocompatibility, biodegradability
and low immunogenicity, chitosan is a hydrophilic, pH-dependent polymer that
forms thermo-sensitive hydrogels when neutralised due to reduced electro-static
repulsion and the domination of hydrophobic forces. Hydrogels can be obtained
using small concentrations up to 2 wt. % of chitosan (Ruel-Gariépy and Leroux,
2004, Liu et al., 2004, Matanovic et al., 2014, Ruel-Gariépy et al., 2004). Chitosan
hydrogels have been obtained by the addition of polyol salts such as dibase (3-
glycerophosphate (GP) to chitosan solutions, successfully controlling the release
of Paclitaxel for over a month. This formulation was later commercialised under
the name BST-CarGel® (Ruel-Gariépy et al.,, 2000, Ruel-Gariépy et al.,
2004).Similar chitosan based formulations were used in the delivery of
Camptothecin (Berrada et al., 2005), Doxoubicin (Bhattarai et al., 2010) and
Dipyridamole for 30 days from injection (Liu et al., 2011).
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Figure 2-7 structure of chitosan (Sigma-Aldrich, 2018).

g) Cyclodextrin complexes (CDs):

Cyclodextrins are natural cyclic polysaccharides composed of 6-8 d (+)-glucose
units linked by 1, 4-linkages and have 3 types a-, - and y-CD respectively. They
have a unique hollow torus-like shape and hydrophobic cavity that gives them the
ability to bind with any suitable hydrophilic polymer through non-covalent
interactions to form a physically cross-linked hydrogel that exhibit a necklace-like
supramolecular structure, schematic is shown in Figure (2-8) (Li et al., 2003).
The inclusion complexation has also been used to form a thermo-reversible
hydrogel with 3-CD by physical crosslinking induced between PPO segments and
B-CD. a-CD has proven to aid Pluronic F127 gelation at lower concentrations
while maintaining hydrogel stability and controlling drug release for days — see
Figure (2-8) (Simdes et al., 2012, Simdes et al., 2014). Formulations of various

derivatives B-CD with Pluronic F127 have been investigated as drug carriers
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(Dreiss et al., 2009, Valero et al., 2016). A hydrogel synthesised from PEG
grafted dextran and a-CD showed promising results for injectable delivery
systems (Huh et al., 2001).

Supramolecular
_— hydrogel

a-Cyclodextrin

Figure 2-8 Formation of a supramolecular hydrogel of a-CD and high
molecular weight PEO (Li et al., 2010)

2.7.1.2. Protein-based polymers (PBPs):

Recombinant Protein-based polymers (rPBPs) are high molecular weight
repetitive units of amino acid sequences encoding different polymer
arrangements prepared by recombinant DNA technology. The production
process allows total control over the sequence, molecular weight and
stereochemistry, which reflects the desired product physiochemical properties
including; temperature response and ability to retain water — see Figure (2-9).
(Jeong et al., 2002, Kabasci, 2013). Elastin-Like Polymers (ELPs) contain two
blocks of alternating hydrophobic and charged amino acids exhibit a reversible
thermo-gelling ability. Reportedly, ELPs release drugs by diffusion (Herrero-
Vanrell et al., 2005, Massodi et al., 2009) - but proteolytic release has been
recorded as well in formulations containing Glucagon-like peptides and Curcumin
(Price et al., 2014). Other commonly used PBPs include B-hairpin peptides known
as the MAX peptide family, which include a variety of stimuli responsive proteins
(Yan et al., 2012), including thermosensitive MAX3 which has been designed to

encapsulate varied macromolecules and cells (Pochan et al., 2003).
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Figure 2-9 Generalized schematic of recombinant polymer synthesis (Price et al., 2014).

2.7.2. Synthetic polymers:

2.7.2.1. Poly N-Isopropylacrylamide (NIPAAmM or NIPAmM):

NIPAAm and its derivatives are the most extensively investigated
thermosensitive reversible systems — see Figure (2-10). NIPAAm is a synthetic
non-biodegradable polymer with a sharp sol-gel transition temperature at 32 °C
that is not affected by polymer concentration but strongly dependent upon
additives, which allows the LCST to be easily increased by incorporation of
hydrophobic copolymers or salts making it promising for biomedical applications
(Klouda and Mikos, 2008). Positive results were acquired after introducing
biocompatible and biodegradable linkers into its backbone. Matrices prepared
with PLA-PEG-PLA blocks showed promising results for controlled short term
release of Ofloxacin mediated by diffusion at 37°C (Chen et al., 2012). A
formulation of grafted poly (N-Isopropylacrylamide) with chitosan had an LCST of
38°C, the curcumin loaded hydrogels were effective against prostate cancer cell
line (PC-3) (Sanoj Rejinold et al., 2011). Microgels consisting of PNIPAAmM and
poly(ethylene glycol) diacrylate (PEG-DA) were investigated for improved

porosity and thermal sensitivity (Zhang and Chu, 2005). A novel chemically cross-
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linked hydrogel was synthesised using dextrin and pNIPAm in the presence of
N,N’-methylene bis(acrylamide) (MBA) as a linker, to form (c-Dxt/PNIPAm), the
new matrix was tested in a tablet format to administer Ornidazole and
Ciprofloxacin but according to the published rheological data can also be

promising as an injectable system (Das et al., 2015).
H3C.__CHj
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Figure 2-10 Chemical structure of N-Isopropylacrylamide

(Sigma-Aldrich, 2018).

2.7.2.2. Amphiphilic block copolymers

Amphiphilic block copolymers are made of two or more covalently bonded
polymers with varied hydrophilicity. The blocks’ chain architecture can be
engineered to take any form, from simple linear AB diblocks to complex star
shaped polymers (Zeng et al., 2005, Wei et al., 2007).
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Figure 2-11 examples of block copolymer architectures (Sadeghi and Sayaf, 2014)
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For a specific copolymer, the degree of polymerisation for the whole copolymer
(N) and the polymerisation degree for one of the blocks (Ni) can be controlled to

give practically endless block copolymer types (Larson, 1999), see Figure (2-11).

When in solution, the block copolymer chains, containing both hydrophilic and
hydrophobic moieties exist in a single polymer chain state (unimers). Unimers
associate into spherical micelles in a selective solvent (©-solvent) upon reaching
a specific concentration (critical micelle concentration or CMC). The micelle
structure depends on the building blocks. Traditionally the core of the micelles is
made up of the hydrophobic block and the corona contains the more soluble
hydrophilic blocks, however reversed micelles with a reverse structure can be
formed. Under specific conditions, an increase in concentration (critical gel
concentration CGT) micelles ordering lead to the formation of a gel lattice
(Hamley, 1998). Figure (2-12) shows a simplistic schematic of amphiphiles
micellisation and gelation — that which does not take into consideration the

interactions occurring during these process.
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Figure 2-12 Schematic showing amphiphiles during the micellisation and gelation.

Most of the amphiphilic copolymers used in drug delivery systems are PEO-
based copolymers (PEO-b-polyesters or PEO-b-poly(L-amino acid)s and they
have been used as emulsifiers, dispersants and anti-hemolytic agents before
more recent applications as hydrogel matrices, owing to their low cost and
toxicity, enhanced thermodynamic stability compared to liposomes, increase
passive accumulation in tumours through good permeability and retention
(Hamley, 2005). Depending on the therapeutic agent moiety size and solubility,
the courier micelles can either entrap the agent inside the core or attach it to the

corona.
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a) PEG/PLGA or PLLA blocks:

Poly (ethylene glycol-b- L-lactic acid-co-glycolide b-ethylene glycol) (PEG-
PLGA-PEG) and Poly (ethylene glycol-b-L-lactic acid-b-ethylene glycol) (PEG—
PLLA-PEG) blocks exhibit a reversible phase change. PEG-PLGA-PEG sol-to-
gel transition is believed to be through micellar growth with an increase in
aggregation number Nagg (Nagg is the number of polymer molecules within one
micelle) driven by hydrophobic forces. The transition temperature is controlled by
changing the Molecular weight (Mw) of the block, especially the middle
hydrophobic block. The system has proven to be a good controlled release
reservoir for Ketoprofen and Spironolactone for two months. Figure (2-13) shows
the phase diagram and Spironolactone release profile from PEG-PLGA-PEG gel
matrix (Jeong et al., 1999b, Jeong et al., 2012). PLGA-PEG-PLGA blocks are
commercially available by the name ReGel®, where the PEG has an Mw of 1000
g/mol and the DL-lactide/glycolide molar ratio is 3. The triblock was reported to
encapsulate both drugs and proteins for periods ranging from 1 to 6 weeks (Qiao
et al., 2005).
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Figure 2-13 (Top) Chemical structure of a PEG—PLGA—PEG triblock copolymer. (Bottom-left) phase diagram of
PEG-PLGA-PEG (550-2810-550) in aqueous solution indicating gelation temperatures for each
concentration. (Bottom-right): Spironolactone release in PBS buffer at a load of 0.25% (Jeong et al., 2012)

b) PEG/PCL:

Poly (ethylene glycol)-poly (e-caprolactone)-poly (ethylene glycol) or PEG-PCL-
PEG a biodegradable biocompatible polymer - see Figure (2-14). The
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micellisation is driven by the hydrophobic interactions of PCL blocks to reduce
exposure to water when solubility is reduced. Similar to the previously discussed
copolymers, the gelation transition shows dependence on molecular weight and
concentration (Hwang et al., 2005). PEG-PCL-PEG hydrogels have been studied
after loading of hydrophilic (vitamin B12 and BSA) and hydrophobic (Honokiol)
drugs, the triblock performance and gelation being dependent on the block’s
chain length and the copolymer concentration in the formulation. The effect of the
structural topology was investigated by the same group, where the inner and
outer blocks were inverted to formulate PCL-PEG-PCL. The two copolymers
gelled at the same concentration, although this inverted triblock had a lower
gelation temperature than PEG-PCL-PEG (Gong et al., 2009). Gou et al.
encapsulated Honokiol into PCL-PEG-PCL nanopatrticles which were added into
a Pluronic F127 matrix at concentration of 20 wt.% that controlled drug release

for more than six days after injection (Gou et al., 2008).
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Figure 2-14 The chemical structure of a PEG-PCL-PEG triblock (Gong et al., 2009).

c) PEO/PPO:

Poly (ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) are often known by the commercial names Poloxamer® or Pluronic®
surfactants and are a family of non-ionic amphiphilic triblock copolymers first
synthesised in 1970’s. Pluronics are composed of two units; hydrophilic ethylene
oxide (EO) and hydrophobic propylene oxide (PO) as shown in Figure (2-15). The
physical structure and hydrogen bonding formation ability depends on the
number of repeat units of each block, where longer PEO chains result in smaller

cores and larger shells.
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Figure 2-15 The chemical structure of a PEO-PPOL-PEQ triblock copolymer. Where x=z (Sigma).
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The Pluronics family contains more than 30 different registered triblocks
commonly used in many industries - table (2-1) shows Pluronic block copolymer
specifications from the Official Monograph NF 19 provided by the BASF
corporation and European Pharmacopoeia (BASF, 2004, Europe and
Commission, 2004). The different mesophases appearing in the phase diagrams
depend on the PEO/PPO ratio in the triblocks (i.e. the m/n ratio) with larger ratios
correlating to larger numbers of possible mesophases formed. It has been
suggested that the copolymer CMT can be determined by the PPO concentration
and that the gelling temperature depends on the total copolymer concentration,
where micellisation is facilitated by larger PPO blocks and the overall percentage
of PEO in the polymer (Wanka et al., 1994).

Table 2-1 Properties of commonly used Pluronics (BASF, 2004).

Commercial 124 188 237 338 407

(Pluronic ®

name) LA44ANF F68NF F87NF F108NF F127NF

Physical Form | Liquid Solid Solid Solid Solid

pH, 25% | 5.0-7.5 50-75 50-75 50-75 50-75

agueous

Cloud point, | 71-75 °C >100 °C >100 °C >100 °C >100 °C

10%

Butylated _ 50 - 125 50 - 125 50 - 125 50 - 125

Hydroxytoluene

(BHT), ppm

Molecular 2090 to | 7680 to | 6840 to | 12700 to | 9840 to

Weight 2360 9510 8830 17400 14600

Weight % PEO | 46.7+1.9 81.8+1.9 72.4+19 83.1+17 |73.2+x17

Number of EO | 10-15 75-85 60-68 137-146 95-105

units

Number of PO | 18-23 25-30 35-40 42-47 54-60

units

Heavy Metals 0.002% 0.002% 0.002% 0.002% 0.002%
max. max. max. max. max.

HLB 12-18 >24 >24 >24 18-23
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2.8. Aspects of self-assembly in PEO block copolymers:

2.8.1. Micellisation:

As briefly mentioned, dilute block copolymers can associate to form micelles in
good solvents. The micelles have a relatively compact core and a heavily
solvated corona. Micellisation can be defined as the concentration at which a
sufficient number of micelles are formed as detected by a specific method at the
state of equilibrium. As in surfactants, micellisation in block copolymers obeys the
closed association model. Where unimers A exist in equilibrium with micelles that
contain p molecules. The related equations are given by:

A= (E) Ay Equation 2-1

Where the association constant K:

K =[4,)""14]

Equation 2-2
For the micelles to form at a fractional extent a, K is given by:
B . «a (-1+5)
K = —\1/p[4 D
TG4
Equation 2-3

Where, B=(1- a)+ a/p, for large association numbers larger than 50 (1/p —0) with

no temperature dependency give a K=[A]* and a free energy of:

ApmicG® = —RT InK =~ RT In[A]
Equation 2-4

For solutions above CMC (Attwood and Florence, 1983)

AnicG® =~ RT In[cmc]

Equation 2-5
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This gives an enthalpy of:

d In(cmc)
d(7)

0 _
Amic -

Equation 2-6

A further analysis model has been suggested by Goldstein for blocks forming
spherical micelles that takes in consideration the lengths of the different blocks
and their effect on the core-shell micellar structure (Thompson and Love, 2017).
At isothermal conditions, the micellisation is believed to be due to the dehydration
of the PEO and CMT decreases with increasing polymer concentration
(Alexandridis and Hatton, 1994, Wanka et al., 1994).

Micellisation enthalpy values for Pluronic copolymers are around 170-340 kJ/mol,
considerably larger than their analogue poly(ethylene oxide)-poly(butylene
oxide)- poly(ethylene oxide) (PEO-b-PBO-b-PEO), these endothermic values
being responsible for the negative CMC dependence explained by the
hydrophobic effect. By binding to water molecules the unimers enforce an
entropically unfavoured more ordered structure than water’s ice-like structure.
This disruption is reduced upon the formation of the stable micelles, therefore
they are entropically more favoured compared to the unimers. The solubility of
both PPO and PEO segments decrease with temperature, leading to increased
packing of PPO segments in the core, expulsion of water from the micellar core,
and shrinking of the PEO.

As suggested by Elias, CMC is not a colligative property and the value obtained
is expected to depend on the measurement method and batch variation, resulting
in different levels of polydispersity and impurities remaining from the
polymerisation reaction (Hamley, 2005). Consequently, this reflects on the final
gel structure in some cases (Ricardo et al., 2012) and the obtained association
parameters, which themselves are model dependent. Thus, this has led to
somewhat inconclusive CMC values in the literature, as in the case of Pluronic
L64. This phenomenon has been referred to as Anomalous Micellisation (Zhou
and Chu, 1988).
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2.8.2.Gelation

A further increase in the micellar volume fraction results in chains overlapping,
leading to further association and when a certain value, the critical gelation
concentration (CGC), is reached the micellar solution is ordered into a lyotropic
liquid crystalline (LLC) phase, a complex liquid phase that exhibits characteristics
of both an anisotropic crystalline solid and an isotropic liquid analogous to those

formed by low molecular weight surfactant solutions.

Pluronics have been shown to have varied mesophasic structures, cubic phase
can be formed from spherical micelles and a hexagonal phase of rod-like
micelles. The micellar association to form ordered mesophases is referred to by
order-disorder transition (ODT). LLCs are highly dependent on the molecular
properties of the polymeric species and their interaction in the system: differences
in the hydrocarbon chain’s weight, temperature and the existence of additives in
the system whether that is a co-solvent or co-solute. It is predicted that Pluronic
mesophases are more diverse than those presented in the literature; the
existence of nematic and bicontinuous phases is speculated but deeper

investigations are required for their proof (Wanka et al., 1990).

The block copolymers can undergo further ordering into different mesophases
with different properties than the first formed phase, following an order-order
transition (OOT). These phases have been induced by controlling the gelation
parameters or by the application of external stimulus — see Figure (2-16) (Wanka
et al., 1994, Mortensen and Pedersen, 1993).
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Figure 2-16 Top row: Schematic illustration of interacting micelles, spherical at
low temperature. Bottom row: Two-dimensional scattering functions as
obtained perpendicular to the shear plane of 25% solution EQ;sPO4EO;s. The
three columns represent P85 at T = 25°C, T =27°C, and T = 68°C (Mortensen
and Pedersen, 1993).

Mortensen was the first to describe the liquid crystal aggregates formed in
Pluronics as hard spheres that usually exist in polymeric suspensions and the
packed micelle state causing the gelation as hard-sphere crystallisation
(Mortensen and Talmon, 1995). In some cases the hard sphere radius (Rus ) is
used as a structural micellar parameter at the gel state since the micellar radius
(Rn) can be difficult to determine accurately due to the micelles
overlapping/interacting after gelation. Rus is not regarded as an absolute physical
value but as an effective interaction parameter to measure the minimum

intermicellar distance in the gel network (Pozzo and Walker, 2007b).

For the ordering transition to initiate, the micellar volume fraction, ¢, needs to
reach @c = 0.74 for face cubic centred (FCC) or hexagonal close packed (HCP)
structures, @c = 0.68 for a body cubic centred (BCC) structure or ¢c = 0.494 for

primitive cubic. The CGC [g/dm3] for a polymer can be predicted using:

10°¢.0q

cgc = 5

Equation 2-7
Where o, is the density of the dry polymer and the expansion factor 9, is given

by:
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0=Vs/Va

Equation 2-8

Where vs is the hard sphere volume and va is the dry volume.
At the hard sphere thermodynamic volume vt , &= &t which in turn is largely
determined by the solvation factor of the coronal block. This depends on the
micellar structure and the solvent’s selectivity. &t is less dependent on the
polymer’s actual composition and more on the solvent quality. This &t value can

be reduced by increasing the temperature, using a poor solvent or by adding salt.

From equation (2.7), the critical gelation concentration is controlled by the
opposing effects caused by reduced solubility of both PEO and PPO blocks.
Elevated temperatures imbalance the equilibrium between unimers and micelles
causing micellar volume fraction reduction due to contraction of the PEO blocks
which is opposed by PPO blocks /water hydrophobic interactions that lead to an

increase in the micellar volume fraction (Hamley, 2005).

Above CMT the volume fraction of micelles increases linearly with temperature
until a plateau value ¢=0.53 is reached, where micelles crystallise onto a cubic
lattice. Thermodynamically, this process is similar to the micellisation. The

gelation free energy and enthalpy can be acquired from:

1

[Bul, 1
Kger = #eqq = m (for large M)

Equation 2-9
[Bleq = [Aleq/p
Equation 2-10
Age1G® = —RTInK ~ RT In([Aleq/p)
Equation 2-11

dIn[Ale;  dlnce

(3 )

Equation 2-12

Where the subtext eq refers to equilibrium state (Hamley, 2005).
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2.8.3. Effects of additives:

The addition of another species to a neat system will introduce new forces. The
interaction of the triblock with the added materials will depend strongly on the
additive’s concentration and structural properties including; chain architecture,
charge and molecular weight. The additives can be the loaded API or excipients
(or both) to improve the formulation properties that can be co-solvents or co-
solutes including: salts, homopolymers and surfactants. The addition can lead to
either synergistic or antagonistic effects, retarding or enhancing attraction forces
in the matrix, thus reflecting on the thermal sensitivity, rheological/mechanical
properties and the formation of different mesophases through the changing
entropy. This gives the advantage of controlling the system functionality through
changing additives types and concentrations. However, this is still a complex
field requiring further research when the excipients involved are surfactants
themselves, whether the resultant micelles and therefore the LLC networks are
structurally formed by mixed micelles or just a blend of the two different types
(Lee, 2008).

The added materials molecular weight and chain configuration are important
factors controlling its interaction with the micelles. For instance PEO
homopolymer, when added in low molecular weights did not cause any changes
in the gel structure or the gelation onset, while higher concentrations of low
molecular weight or low concentrations of high molecular weight PEO was
capable of disturbing the gel dynamics (Malmsten and Lindman, 1993). Similar
molecular weight dependency was observed for systems containing
poly(vinylpyrrolidone) PVP (Ricardo et al., 2012). Homopolymer impurities may
naturally exist as a polymerisation by-product and, depending on their
concentration or type, different mesophases can be formed leading to
discrepancies in the published values, e.g. the different cubic phases reported for
Pluronic F127 in the literature before and post purification (Mortensen et al.,
2008). The addition of a hydrophobic low molecular weight PPO400
homopolymer to F127 systems promoted earlier micellisation by expelling the
remnant water from the micellar core. The resultant gels were reported to show
BCC with smaller radii than the neat FCC systems (de Lima et al., 2015).
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The addition of hydrocarbons is expected to affect hydrophilic-hydrophobic
balance, where attraction between the PO segments dominate over the
repulsions between the PEO segments, leading to reduce micellisation
boundaries, as recorded in results for oils (p-xylene and tert-butylbenzene) and
several drugs (Aspirin, Erythromycin and Ibuprofen) (Malmsten and Lindman,
1993, Basak and Bandyopadhyay, 2013)

According to their effects on gelation, salt can be divided into two groups based
on their interaction with water, salting-in and salting-out effect. The first group
include salts such as NaCl / KCI/ CdCIl2/KF which promote water self-hydration
through hydrogen bonding and compete with the polymer to bind with the free
water molecules leading to reduced solubility of polymer and shifting the CMT to
lower temperatures, leading to earlier gelation (Hamley, 2005). While the second
salts such as NaSCN and KI have the opposite effect by reducing self-hydration,
increasing polymer hydration and therefore delaying micellisation onset (Linse

and Malmsten, 1992, Jgrgensen et al., 1997)

2.9. An overview of viscosity and flow properties:

Rheology is the study of material deformation under flow. Usually the rheological
properties of materials are explored and measured as a function of deformation
rate or frequency. The rheological behaviour of the material can be explained by
using the two-plates model - see schematic in Figure (2-17). The material is
sandwiched between two parallel plates; a moving upper plate and stationary
bottom one. A moving upper plate will generate a shear stress (r = F/A) and
shear rate (y = v/h). The shear rate will depend on the upper plate’s velocity and
the dimensions of the measuring system used. The force exerted on the
measuring system is parallel to the flow direction. Combining these two terms will

give the shear viscosity, n:
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n=rtly

Equation 2-13

>/ h 7

4
7
g 4
v=0

[
Figure 2-17 Calculation of shear stress and shear rate using the two-plates model with shear area A, gap
width h, shear force F, and velocity v (Mezger, 2015).

Based on their behaviour, materials are classified into: (1) elastic (ideal solids
with Hookean behaviour), (2) viscous (ideal liquids exhibiting Newtonian
behaviour) and (3) viscoelastic materials possessing both liquid and solid
characteristics that under applied shear rates may appear as either shear thinning

or shear thickening - see Figure (2-18) (Mezger, 2011).

Newton defined the viscosity of ideally viscous liquids using eq (2-13) as the
resistance to flow, which is proportional to the applied flow velocity. This
behaviour is illustrated by the dashpot model — see Figure (2-19). As long as the
load is applied, the dashpot fluid will move at a constant velocity, at the final
position the fluid will experience the deformation to the full extent. When the
movement is ceased the fluid remains permanently in the same deformed

condition. Examples of Newtonian fluids include water and pure oils.

Figure 2-18 Flow curves (left) and viscosity curves (right) for (1) ideally viscous, (2) shear-thinning, and (3)
shear-thickening flow behaviour (Mezger, 2011).
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Ideally elastic behaviour is described by Hooke’s law and can be illustrated by
the behaviour of a spring — see Figure (2-19). The spring shows an immediate
deflection (or the elastic material deformation) upon the application of force which
Is proportional to the applied force. When the load is removed, the spring reverts
back instantly and completely to its original state. Ideally elastic solids are
dominated by strong molecular/ atomic interactions giving them stiffness and

rigidity, e.g. steel, aluminium.

WW-

-
- Lyt

Figure 2-19 lllustrations of models describing rheological behaviours using springs and dashpots: (1)
Newtonian liquids. (2) Hookean solids. (3) Maxwell’s VE liquids (4) Kelvin/Voigt VE solids.

In ideally elastic solids, the ratio of shear stress to shear strain at a constant

temperature applied is referred to as shear modulus, G modulus:

G=1ly

Equation 2-14

G modulus values remain constant within the linear-elastic range and are material
dependent and due to the material intermolecular structure. Shear modulus

values can be converted to Young’s modulus E values and vice versa from;

E=2G(1+p)

Equation 2-15

Where p is the Poisson’s ratio, the ratio between the lateral and the

corresponding axial deformation. 0 <y <0.5. When y =0, as in the case of ductile

33



materials, E is given by:E = 2G. Whereas y = 0.5 for incompressible and isotropic

materials E = 3G.

Viscoelastic (VE) materials simultaneously show both viscous and elastic
behaviours. The dual properties are best described using a combination of a
spring and a dashpot connected together, representing the elastic and viscous
components, respectively. Dependent on the physical state of the material the

VE behaviour can be expressed using either the Maxwell or Kelvin/Voigt laws.

Maxwell’s model for VE liquids adapts a spring and a dashpot coupled in a series.
After a load cycle, the material experiences two contrasting reactions from its
different parts. An immediate elastic response shown by the recoiling spring and
an unchanged state of the dashpot, that remains fixed with no re-formation that
represents the viscous counterpart. This is an irreversible deformation and fails

to completely return to its pre-load state.

The Kelvin/Voigt model can be illustrated using a spring and dashpot paired in
parallel to a rigid frame. Consequently, the two objects can only be deformed
together and they are limited by each other boundaries. This results in a time-
dependent deformation. After removing the load the material shows a complete
but delayed reformation. This class of materials display a reversible deformation

and are therefore referred to as VE solids.

Yield stress is an important characteristic of VE materials. It is defined as the
lowest shear-stress value above which a material will behave like a fluid, and
below which the material will act like a solid (according to EN 1SO 3219-1). Yield
stress depends on the test and analysis method thus it is an indication of the

material performance and a vital parameter during processing and application.

2.9.1. Dynamic mechanical properties:

The viscoelastic behaviour can be examined by dynamic mechanical tests known
as oscillatory tests. Oscillatory motion can be explained through the two-plates
model in which the upper plate moves back and forth and the bottom plate is
stationary. The application of constant speed corresponds to a constant
oscillation frequency (w) with this frequency being the reciprocal of the period in
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the resultant sinusoidal strain signal and the curve’s amplitude equals the
maximum deflection. For VE materials the recorded signal (with time-dependent
deflection/reformation as established from the spring-dashpot model)
experiences a time lag, known as phase shift angle d, or less widely known as
the loss angle with values always between 0° and 90°. Values of & = 0° and 90°
hold for ideally elastic and viscous materials, whereas the value for VEs can be

anything in between these two limits.

Figure 2-20 (left) VE behaviour as a sinusoidal function versus time. (right) relationship between complex
shear modulus G*, storage modulus G' and loss modulus G" using the phase-shift angle 6 (Mezger, 2015).

Under oscillatory conditions Hooke’s law from eq (2-17) applies in the complex
form, with the sinusoidal functions of shear stress and strain to give the complex
shear modulus G*:

G*=1 (O)ly (t)

Equation 2-16

From trigonometry, adding together the concepts of phase angle, the elastic
response represented by the storage modulus (G’) and viscous response

indicated by the loss modulus (G”) gives:

1G*] =V (G)? + (G")?
Equation 2-17

And the ratio between the dynamic moduli G’ and G” in terms of the phase shift

is referred to as the loss factor or damping factor:

tan 6=G"IG’

Equation 2-18
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Damping factor is considered a vital parameter to determine important transitional

events within the studied material where:

At sol state tand > 1, (G">G’)
At gel or solid state tand <1, (G >G")
At the sol-gel transition crossover tand =1, (G"=G")

Alternatively, the results can be presented as a complex viscosity (n*), not
measured directly but analysed mathematically from the sinusoidal functions of

the time dependent 7 and y values, n* is given by:

nx=7 (6)/y (t)
Equation 2-19
2.9.2.Nonlinear rheology:

The complex fluid’s rheological properties are usually investigated by two classes
of flow; either within the linear viscoelastic (LVE) or the non-linear deformation
regions. The former has been discussed earlier in the text and covers most
common oscillation techniques used, and is useful to understand the
microstructure and the VE rheological behaviour under small strain. However, in
most processing operations the LVE is exceeded thus characterising the only the

linear viscoelastic properties is not sufficient for a full understanding.

In order to probe non-linear response, large amplitude oscillatory shear (LAOS)
is applied to force the material out of the LVE region where microstructural
anisotropy is more pronounced. A schematic showing the limits of the two ranges
is displayed in Figure (2-21).
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Figure 2-21 An lllustration of the strain sweep showing linear and nonlinear
viscoelastic region (Hyun et al., 2011).

Recently research performed in the nonlinear regimen has been proven a
powerful tool to study shear induced structures, their origin and relationship to the
diverse interactions within the material. However, care must be taken in analysing
data generated under large strain oscillations since stress is no longer sinusoidal
due to the presence of higher harmonics. Network theory simulations predict the
existence of four behavioural classes of complex fluid LAOS responses.
Experimental research suggests that in addition to the primary classes,
combinations of several types can be formed (Sim et al., 2003, Hyun et al., 2011).

2.9.3. Shear Heterogeneity:

A polymeric solution is considered a VE liquid if at low frequencies G” > G’ acts
as an ideal liquid and at high w forms a temporary network that exhibiting G’ >
G”. However, the structure is named a VE gel if G’ > G” is maintained throughout
the whole sweep. Micellar systems have been reported to exhibit a more complex
rheological behaviour than normal polymeric solutions, showing both features of
fluids and solid gels. The complexity arises due to micellar polydispersity and
their shear induced structures (SIS). These structures, as mentioned earlier in
this Chapter, can be either short or long term structures depending of the system
and the environmental conditions. The system homogeneity can be changed with

shear application, inducing local phase separation in the flow direction. This either
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creates flowing layers with different concentration, and thus varied rheological
properties or areas with varied orders of self-assembled structures. Either of

these disturb the shear gradient.

Several localised shear instabilities can be present in the shear gap owing to the
material properties, the measuring system flow or a combination of both. Some

of these irregularities identified by Mezger are illustrated in Figure (2-22).
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Figure 2-22 Shear flow in the gap according to the two-plates model; (1) rest state( no shear); (2) homogenous
flow under steady shear; (3) wall-slip as a result of material internal cohesion and lack of wall surface adhesion;
(4) plastic adhesion where only a portion of the sample undergoes homogenous flow;(5) transient behaviour with
a start-up effect ( time dependent ); (6) shear banding with a medium band showing different viscosity; (7) shear

banding with three different viscosities. Reproduced from Mezger (2011).

2.9.3.1. Wall-slip or wall depletion:

Slip can be attributed to the measuring system wall roughness/curvature and the
material properties including; viscoelasticity and solid particle interactions with
the wall. At low stress values a discontinuity in the shear rate is generated at the
material-wall interface, with a layer experiencing higher shear rate (usually low-
viscosity) than the bulk and the particles migrate toward the outer cylinder where

the shear rates are less intense, creating a lubrication effect.
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Common features of wall-slip can manifest as unexpected lower Newtonian
plateaus, low yield stress values and low curve breakage. This slippage effect is
the greatest at low shear rate and in most cases at higher shear rates, its effects
become negligible (Barnes, 1995). The effect of slippage is more pronounced in
high concentrations, where almost all measuring system geometries show wall-
slip but is also prevalent in geometries with narrow gaps and smooth surfaces. It
can be assessed using the Mooney method and reduced by using serrated
geometries (Ahuja and Singh, 2009).

2.9.3.2. Shear banding:

Shear banding, referred to in soft matter as gradient banding, is a product of the
formation of layers or bands with different viscosities after start-up shear en route
to steady state, resulting in non-monotonic flow curves. It can be either a transient
or an ultimate steady state response but can be challenging when dealing with
ergodic materials (Fielding, 2016).

Banding is still controversial in complex fluids, and there is not yet a universal
model to fully understand or predict it. In its most simple from, the imposed shear
during banding is demonstrated by the classical Lever rule: y = (1 — a,)y; + an¥n
, Where a;, is the proportion of the high shear band. Deviances are often recorded,
especially at the low shear rates when the shear banding is in competition with
wall slip, until critical y values are reached and wall slip is concomitantly reduced
(Divoux et al., 2016).

So far, microscopic models based on tube theory have been able to predict
banding in entangled polymeric fluids and worm-like micelles (WLM) (Cates and
Fielding, 2006), but they are not widely used. Phenomenological diffusion based
models as Johnson-Segalman and Giesekus are too coarse to differentiate
micelles from other polymeric forms (Divoux et al., 2016). Extensive work has
been done on WLM, which are used in much lower concentrations than
copolymers and surfactants, raising the complexity factor when considering these
models for copolymer solutions due to flow-concentration coupling (Fielding and
Olmsted, 2003).
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Banding can viewed as a shear induced phase transition, the shear bands are
aligned to form more ordered structures or a nematic material. Although the
semidilute regimen’s shear induced state (SIS) does not exhibit the same
magnitude of order observed at higher concentrations, the state of symmetry is
still evidently present. The macrostructures can be monitored using Rheo-optical
observations (LaFollette and Walker, 2011), and flow-visualisation methods that
use reflecting tracers. Along with the well-established scattering techniques that
can be used for to investigate both micro and macrostructural studies

simultaneously (Manneville et al., 2007, Manneville, 2008).

2.10. Gelsinrheology:

Rheologically a gel is a liquid suspension of colloidal particles capable of ordering
into a quasi-solid state which will not flow under its own weight. Spherical
molecules have positional order but no orientational order, order is being usually
lost upon reversing the parameters (melting) in one step back to the formation of
an isotropic liquid. Rod like molecules have both orientational and positional
orders, even though the latter might only exist partially. This allows the molecules
to align in a common direction while the centres of molecules might take random
positions. Disordered solutions of spherical micelles are not viscoelastic unless a
threshold of volume fraction is reached - similar to suspensions of hard spheres
(Larson, 1999). Similarly, the cylindrical micelles need to exceed their persistence

length to exhibit viscoelastic properties (Cates and Fielding, 2006).

2.10.1.The rheology of blocks:

Rheologically the term gel is used to refer to a substance with a finite yield stress
without any indication of the substance’s physical structure, and classically has
been determined using the simple tube inversion method within a specific time
scale. As mentioned earlier, polymeric triblock gels are formed due to the micellar
association into cubic phases, transforming from Newtonian liquids in the micellar
phase to shear thinning fluids with a crystalline mesophase (Mortensen and
Talmon, 1995). The descriptive terms ‘hard’ and ‘soft’ gels have been introduced
by Hvidt et al. (1994) after experiments on Pluronic P94 solutions. Kelarakis et

al. quantified the hard gel yield stress in diblock polymers (ry = 40 Pa) by
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combining rheology and the Tube Inversion Method (TIM) (Hamley, 2005).
However, according to Eiser, studies on micellar cubic systems show that the
yield stress is specific to FCC gels and no measured values have been recorded
for BCC phases. Thus defining a gel based on the existence or absence of a yield

stress alone might be sufficient (Eiser et al., 2000b).

It is widely believed that the dynamic shear moduli values after gelation are
frequency independent, where the storage modulus always dominates over the
loss modulus but expanding the previously experimental range has proven
otherwise to reveal that that only applies on the storage modulus and while the
loss modulus passes through a frequency dependent minimum (G”~ w?). Some
reports use the gel storage modulus as an arbitrary classification parameter to
differentiate the soft and hard gels, where G'=10° Pa for soft gels and G’=10*

Pa for hard gels (Habas et al., 2004).

The flow behaviour of the semidilute and concentrated block copolymer solutions
that forms gels is often mapped onto copolymer melts, where the compositional
(chain structure and concentration) and environmental (e.g. temperature and
shear) fluctuations have pronounced effects on the rheological response. The
intimate connection between gels and melts is reflected by the usage of the same
terms for both systems even though the events they correspond to may not be

closely related.

The rheological response is a macroscopic manifestation of the internal structural
changes from micellar disorder to ordered gel state driven by temperature and/or
under the applied shear field (Higgins et al., 1988) that appears as an abrupt
increase in viscosity or shear moduli. This close relationship will be highlighted in
the text with a focus on polymeric blocks forming cubic phases.

Thermal gelation of Pluronic L64 was observed to follow that of the gelation
percolation transition, which when applied to complex fluids predicts a universal
scaling for structural and rheological parameters at the transition point. The
predicted scaling of G’=G"= Aw was proven using neutron scattering data. The

shape of PEO-PBO diblocks phase diagrams led to the suggestion that a similar
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process led to the gelation, even though the dynamic shear moduli have not been

examined (Hamley, 2005).

Under shear application, the colloidal paracrystal lattice layers to minimise the
flow resistance undergo a structural transition that results in the formation of
aligned hexagonal packed layers parallel to the flow direction. Loose and
Ackerson (1994), in their layers stacking model predicted that under lower shear
rates a zig-zag ordering is expected, which with increasing shear rate,
degenerates to a straight line of sliding layers, with both mechanisms exhibiting
distinctive scattering patterns evident by x-ray or neutron scattering, as shown in
Figure (2-23).
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Figure 2-23 A schematic of scattering predicted in the
radial geometry based on the sliding layers model (Pozzo
and Walker, 2007a).

LaFollette and Walker have compared the static phase diagrams of Pluronic F123
reported to pack into different crystal lattices dependent on temperature and
concentration (FCC and HCP) to the shear induced changes using a couette
geometry. The OOT to mixed random phase of hexagonal and cubic crystals was
probed by Rheo-SANS — a combination of rheological and small angle neutron
scattering (LaFollette and Walker, 2011).

Scattering experiments performed on two different concentrations Pluronic P85,

which exhibit BCC structure, confirmed the shear induced hexagonal crystals
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formation rather than simple alignment in flow direction. The authors reported that
the application of steady and oscillatory shear resulted in different structures,
stabilities and relaxations but no rheological data was published (Slawecki et al.,
1998). Higher levels of structural organisation were accomplished after oscillatory
shear on Pluronic F127 gels and the final gel structure was retained throughout

the test period of one month after shear (Pozzo and Walker, 2007a).

The rheological block copolymer behaviour is hugely dependent on the block’s
structure and the test conditions applied. Solutions of Pluronic P84 of 4% at 42°C
experienced shear melting at 136 s under capillary flow as demonstrated by
isotropic scattering in simultaneous SAXS measurements (Castelletto et al.,
2007) while Rheo-SANS show that PEOsgsPBO1o in 0.2M K2SOa4 gel retained its
shear induced structures even after high shear values of 250,000 s without any
melting (Hamley et al., 1998a).

Dao et al. used two Pluronics, P123 and P103 that approximately share the same
structure, dimensions, ODT around room temperature and OOT around 30°C.
Both form the cubic phase at ODT albeit with unexpectedly different paracrystals,
FCC was indexed in P123 and BCC in P103, and the two triblocks have an HCP
structure at OOT. The difference between the two triblocks was amplified after
the OOT with the addition of BSA to the gel matrices, resulting in a Random close
packed (RCP) structure after alignment of P123 while changes were observed in
P103 (Dao et al., 2017).
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Chapter 3 Materials and methods

3.1. Materials and preparation:
3.1.1 Materials:

Three types of Pluronics were investigated in the study; Pluronic® F127, F68 and
F108. The respective commercial names being Kolliphor® 407, Kolliphor® P-188
and 338. Technical information about these Pluronics were provided in the
introduction, and a summary of their properties are provided in table (3-1) below.
For the gel blends Polyethylene glycol (PEG) with different Mw = 1,000, 2,000,
20,000, 200,000 and 2,000,000 g/mol were added. Ibuprofen was used for the
drug loaded systems (Mw = 206.29 g/mol). Deionized water was used in all cases
as a solvent except for SANS and when it was replaced by deuterium oxide. All
the materials used were purchased from Sigma-Aldrich (St. Louis, MO) and used
as received without further purification. The MSDS for all the materials are readily

available on the manufacturer’s (Sigma-Aldrich) website.

Table 3-1 Properties of commonly used Pluronics (BASF, 2004). CMC data obtained from references a:

(Sigma-Aldrich, 2018): and b (Alexandridis and Hatton, 1994 ).

Commercial 188 338 407

(Pluronic ® name) F68NF F108NF F127NF

Physical Form Solid Solid Solid

pH, 2.5% aqueous 50-7.5 50-7.5 50-7.5

Cloud point, 10% >100 °C >100 °C >100 °C

Butylated 50-125 50-125 50-125

Hydroxytoluene

(BHT), ppm

Molecular Weight 7680 to 12700 to 9840 to
9510 17400 14600

Weight % PEO 81.8+1.9 83.1+17 |73.2+x1.7

Number of EO units 75-85 137-146 95-105

Number of PO units 25-30 42-47 54-60

Heavy Metals 0.002% 0.002% 0.002%
max. max. max.

HLB >24 >24 18-23

CMC at 25°C (w/v %) 0.0332 4.5b 0.72-0.1°
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3.1.2 Neat gels preparation:

The samples were prepared by the cold method described by Schmolka (1972).
Water was chilled to 4°C and the Pluronic was slowly added with light stirring until
complete dissolution was achieved. For high concentrations, the preparation
temperature was lowered down to zero °C if required during the preparation. The
final clear solutions were refrigerated overnight allowing the solutions to rest.
After 24 hours clear Pluronic solutions were kept chilled under 4°C in labelled

containers.
3.1.3 Gel blends preparation:

The same protocol from 3.1.2 was adopted. After the Pluronics dissolution,
excipients were added to the clear solutions, except for those with high molecular
weights of 200,000 and 2,000,000 g/mol which were dissolved in water first prior
to Pluronics addition. For Ibuprofen blends, the APl was added to the formulation
in the last step after complete dissolution of polymers. Table (3-2) show all the

formulations prepared in the study.
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Table 3-2 Formulation combinations prepared in the study.

PEG Mw
NO. |F127 F68 F108 g/mol (19%) | 'BY (1%)
1 0.10% - - - -
2 1% - - - -
3 5% - - - -
4 10% - - - -
5 15% - - - -
6 20% - - - -
7 22.50% | - - - -
8 25% - - - -
9 30% - - - -
10 35% - - - -
11 - 20% - - -
12 - 25% - - -
13 - 30% - - -
14 - 35% - - -
15 - 40% - - -
16 - 45% - - -
17 - - 20% - -
18 - - 25% - -
19 - - 30% - -
20 - - 35% - -
21 - - 40% - -
22 20% - - 1000 -
23 20% - - 2000 -
24 20% - - 20000 -
25 20% - - 200000 -
26 20% - - 2000000 | -
27 20% - - - Y
28 20% - - 1000 Y
29 20% - - 2000 Y
30 20% - - 20000 Y
31 20% - - 200000 Y
32 20% - - 2000000 | Y
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3.2. Experimental methods:

3.2.1. Thermal analysis:
3.2.1.1. Thermogravimetric Analysis (TGA):

a) The method

Thermogravimetric Analysis is a thermal quantitative technique, where the
substance mass is monitored continuously as a function of temperature or time
in a controlled atmosphere - see Figure (3-1). TGA relies on a high degree of
precision for three measurements: mass change, temperature and temperature
change. The thermogravimetric curves provide information on: (1) decomposition
temperatures, (2) thermal stability in inert and oxidising atmospheres and (3)
compositional analysis of polymers and their purity. The mass change is usually
associated with the evaporation of residual solvents when degradation takes
place, or when thermal reactions occur (Crompton, 2010). TGA can be coupled
with Fourier transform IR (FT-IR) and Mass spectrometry (MS) to offer more

accurate compositional analysis (Barnett, 1997).

(] T T T

50 .

Weight loss, mg

100 = ! L !
300 350 400 450 487

Temperature (°C)
Figure 3-1 Thermogravimetric curve for the degradation of polyethylene (Crompton et
al., 2005).
b) Experimental procedures:

TA Discovery TGA (New Castle, USA) was used for all the experiments.

Platinum-HT pans were burned clean by butane torch, tared then loaded with
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samples via calibrated pipette. The materials were subjected to a temperature
ramp of 5° C/min applied from 25 to 400° C with nitrogen as a purge gas to
determine the formulations’ weight accuracy and compare their stability over the

runtime.

LLLLLL

Figure 3-2 (left) TA Discovery TGA and (right) TA Discovery DSC.

3.2.1.2. Differential scanning calorimetry (DSC)

a) The method

Calorimetry is a method investigating material structure changes associated with
any thermal event during heating, cooling or with time at isothermal conditions,
making it useful to investigate phase transitions such as micellisation and
gelation. The technique measures the difference in heat flow rate (heat capacity)
of a sample compared to a reference as a function of time and temperature. The
sample and reference are subjected to controlled identical temperature
conditions. DSC is the most widely used thermal analysis technique to provide
qualitative and quantitative measurements for many physical transitions and
chemical reactions associated with production or consumption of heat as
indicated by sharp peaks (Gill et al., 1993, Hohne et al., 2003). The furnace
contains a diffusion-bonded type E thermocouple made of chromel and
constantan alloys that provides continuous heat transfer measurements for both
sample and reference. Purge gas is used for heating/cooling the sample and the
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reference and enters through an orifice in the heating block wall between the

raised platforms.

Conventional DSC applies linear heating and/or cooling rates to both the sample
and reference, which can be adjusted up to 200°C/min.

Modulated DSC (MDSC) applies different heating rates simultaneously and
measures the effect on the heat flow. The underlying heating rate provides the
Total Heat Flow (supplied by normal DSC), while the modulated heating rate
measures the heating flow corresponding to heating rate (or Reversing Heat
Flow) and the Non-Reversing Heat Flow that responds to absolute time /

temperature - see Figure (3-3).

Heat Flow (Normalized) (W/g)
L

it it e o e
-100 -50 0 50 100 150 200 250 300
Exo Up Temperature T (°C)

0.0+
0.1 el
-02-

034

Total Heat Flow (Normalized) (Wig)

044

Reversing Heat Flow (Nomalized) (Wig)
Non-Reversing Heat Flow (Normalized) (Wig)

054
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EXO Up Temperature | (°C)
Figure 3-3 (right) A pure Pluronic F127 DSC thermogram using standard pans. (left) A typical MDSC run for PEO
N10°.
MDSC doesn’'t measure the reversibility or the irreversibility of transitions.

However the changes detected in Heat Capacity (Cp) can give an idea on the
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transition’s reversibility. Thermally driven events such as crystallisation,
evaporation and molecular relaxations appear in the Non-Reversing signal while

melting is shown in the Reversing signals (Thomas, 2005).

b) Experimental procedures:

TA Discovery DSC connected to a RCS-90 cooling system was used to carry out
the DSC runs (New Castle, USA) - see Figure (3-2).The samples were loaded to
pre-weighed pans that were crimped with their respective dies and finally loaded
into the instrument. Standard aluminium pans were used for testing pure
polymers and aluminium T-zero pans were used for the gel systems. According
to the preliminary results, T-zero hermetic pans performed better than the
conventional T-zero as larger gel volumes can be loaded and the hermetic seal
prevents any evaporation, jeopardizing the runs integrity. Two ramping runs were
performed. The run starting temperatures were aimed to be close to the solutions
freezing temperatures between 0 and -20°C and heating tests run to 75°C.
Heating rates ranging between 1 and 20 °C/min were used for test optimisation.
For all runs nitrogen was used as a purge gas at 25 ml/min flow rate. The software
TA TRIOS ver. 3.3.1 was used to compute the results. Runs were repeated a

minimum of three times to ensure repeatability.
3.2.2. Rheometry:

a) The method

As mentioned in the introduction, flow properties of injectable systems are of
great importance, relating to both processing and application. The rheological
behaviour is measured in terms related to the material viscosity by controlling the
parameters applied to the material, whether that be stress or strain. Rheometers
are categorized according to the probed flow properties: simple shear and
extensional flow. Dependent on the flow generated, shear rheometers are

classified into rotational and capillary rheometers. Figure (3-4) shows the two

types.

50



Motor

Mator

Air Bearing

- Piston

Measuring
Systems

sample Barrel —

Sample

Pressure —
transducer

Temperature AP Capillary LR

Controller

Figure 3-4 Schematic diagram of Rheometers: (Left) drag flow rheometer (Right) Capillary rheometer.

Most commercially available instruments are shear rheometers, in which are
either based on drag flow or pressure. In the former, the material is sheared
against a solid surface with basic design that combines a controller unit with
position sensor (displacement transducer) and motor that can accommodate
different flow geometries namely; parallel plate, cone and plate and concentric
cylinders (Couette flow). Some different measuring systems are shown in Figure
(3-5). The motor and transducer are usually integrated into single unit. Modern
rheometers offer controlled stress and controlled strain within the same
instrument. The data acquired from each measuring system may vary, due to the
inherited geometric differences, the sample properties and the secondary flow
effects rising during the measurement. For further information regarding the
different flow geometries please refer to Chapter 5 of ‘Macosko’s : Rheology:
Principles, Measurements, and Applications’ and Chapter 10 of ‘Mezger’s: The

Rheology Handbook’.
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Figure 3-5 Measuring systems (MS) with different geometries: (a) concentric
cylinder system MS CC ( Searle type), (c) cone-plate system MS CP, (b) parallel
plate system MS PP- edited from the original reference ((Mezger, 2011) .

Capillary rheometers are driven by pressure flow, where a piston drives the
material flow at a constant flow rate through a die of known dimensions - see
schematic in Figure (3-4). They are mainly used to monitor and control polymer
melts during industrial processes, providing information about the viscosity over
different processing conditions at relatively high shear rates. Capillary rheometry
is an interest of this study since it mimics the injection process when a solution
or a gel inside a syringe is displaced by a piston through a barrel. For an
incompressible sample with Newtonian, laminar and steady flow with a parabolic
velocity profile, when using a circular capillary with a radius r the flow will follow

the Hagen-Poiseuille equation:

_ 8nlQ
"ot

Ap
Equation 3-1

Where,

Q: flow rate

I: length of the capillary die
r: radius of the capillary die

n: the viscosity at the shear rate applied
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The wall shear stress t,, and the apparent shear rate at the wall y,,,can be

calculated according to:

rAp
Ty = =
woo2L
Equation 3-2
. 40Q
Vaw - 7TT'3
Equation 3-3

For non-Newtonian fluids with non-parabolic velocity profile the Weissenberg-
Rabinowitsch correction should be applied:

1 1

Yw = Z)’aw[3 + ;]

Equation 3-4

Where n is the exponent of power law constitutive equation. For a Newtonian fluid
n=1 and y,, = y,» (Macosko, 1994).

For a syringe injection, the pressure drop is mainly generated by the needle, since
the barrel has considerably larger radius and shorter length than of the needle its
pressure drop is taken to be negligible. The viscous force applied on the plunger

E, (syringeability) can be estimated from:

2
Tp
E, =8nl,Q <_4>

rTl
Equation 3-5

Where subscripts n and b refer to the needle and barrel, respectively.
The total injection force will combine F, and the piston friction Fp between the
stopper and the syringe barrel, which can vary between different manufacturers

and materials used (Allmendinger et al., 2014).
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Injection force = F, + Fp
Equation 3-6

b) Experimental procedures:

Rheometry experiments were conducted on Anton-Paar Physica MCR 301 and
501 rheometers (Graz, Austria) - see Figure (3-6). A Peltier plate (P-PTD200)
accompanied with A Peltier plate -controlled hood (H-PTD200) were used for
preliminary studies with measuring systems CP and PP (R=12.5mm). A Peltier
Couette cylinder C- PTD200 was used with a measuring system CC27 (Ri=26.66
mm, Re=28.92 mm, Vsample=19.4 ml).

Physica F

Figure 3-6 Anton-Paar Physica MCR 301
with CC27 and C- PTD200 in use the
sample cover.
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iv.

An overview of tests utilised in this study:
1-Rotational tests:

These are usually preformed under two regimens; either by pre-setting the
velocity (by adjusting speed/shear rate) or the driving force (by adjusting torque
or shear stress). The first simulates flow a dependent application, while the latter
is useful for force-dependent application. Both are essential for our formulation’s
response when syringed and injected. Different tests were performed by fixing

either the shear rate or temperature constant and ramping the other variable.

Constant shear rate tests: were performed to determine the temperature

dependency, correlation with concentration and effect of additive.

Shear rate ramps: to determine flow behaviour at ramping shear rate and
constant temperatures 5 and 37°C. The results were analysed to determine

the yield stress values.

Stress relaxation tests: Sometimes referred to as step strain tests; there are
used to analyse the viscoelastic through behaviour performing one
deformation step (y should be within the LVE range) followed by a relaxation
phase. The relaxation extent depends largely on the material’s viscous / elastic
components and the wait period after the test. Additionally in the case of the

gels under study temperature.

Stain rate frequency sweep (SRFS): This test is used to measure the
viscoelastic properties (relaxation behaviour) by keeping the strain rate
constant. This gives access to long relaxation times that not accessible with

regular frequency sweeps (Lauger, 2014).
2-Oscillatory tests:

Oscillatory tests help to examine the viscoelastic structural arrangements in

material that allows to separate the material elastic (G’) and viscous (G”)
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components. The setup parameters required for the tests include applied strain

value y and w, is the oscillation frequency.
Amplitude sweeps:

Small amplitude oscillatory shear (SAOS): The first test to be performed to
define the limits (y.) for linear the viscoelastic region (LVE), where the
samples show no deformation or irreversible destruction, important for both

frequency and temperature sweeps.

Large amplitude oscillatory shear (LAOS): With application of large strain
values the LVE is exceeded and the sample is within the non-linear
viscoelastic region (NL range) similar to the application of extensional load or
compression. These tests are performed to study the complex rheological
behaviour which occurs in multiple regions within one sweep. Both SAOS

and LAOS were performed at constant temperatures and frequencies.

Frequency sweeps: As the name implies the sample is subjected to variable
frequencies while maintaining fixed amplitude and temperature. These tests
provide information about the material stabilisation/ particle interactions,
phase separation and additionally the material relaxation through
determination of cross-over point(s) in G’ and G”. The subsequent frequency

dependency confirms the material structure.

Temperature sweeps: This test is similar to the constant shear temperature
ramp but performed in oscillatory mode with fixed strain and frequency values,
offering detailed information about the changes in the dynamic moduli values

with temperature.

A schematic showing the MS movements for the rotational and oscillatory modes
is displayed in Figure (3-7) and a summary of the tests performed is presented in
table (3-3).
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Figure 3-7 Measuring system movements

corresponding to the test modes. Right showing

oscillation and left rotational test modes.

Table 3-3 A summary of rheological tests and parameters used in the study.

Test type Test Temperature [°C] Set variable(s)
Const. shear rates | Ramp: 0 to 45 v 1(_)1, 20,50 and
Rotational 100 s
Shear rate ramp. 5 and 37 y =0.01 to 1500 s
Stain rate frequency )
=0.1,0.5,1,5,10 s?
sweep (SRFS) 37 y =0.1,0.5,1,5,10 s
Stress relaxation 5 and 37 y=0.2%
Amplitude sweep 5 and 37 w =10 rad/sec
Oscillation | Frequency sweep 5 and 37 y=0.2%
Temperature sweep | Ramp 0 to 100 w =10 rad/sec

3.2.3. Small angle x-ray and neutron scattering:

a) The method

Small angle X-ray and neutron scattering are utilised regularly in condensed

matter structural studies due to the similar magnitude of their electromagnetic

wavelength (around 1 A) to most interatomic distances of interest. These

methods involve measuring the scattered beam intensity of the material as a

function of the scattering vector or the angle of incidence (6) which for small angle

measurements is about 5°, making the techniques ideal for systems like Pluronics
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with particle sizes in the order of 10-100 nm (10-1000 A). The scattering vector
(q) is the difference between the incident (ki) and diffracted wave vectors (ks), q

= ks-ki. For elastic scattering |k¢|=|k;| and the wave vector magnitude is:

Equation 3-7
where 1 is the wave length of x-rays or neutrons.

Small angle neutron scattering (SANS) and Small angle x-ray scattering (SAXS)
differ in the radiation nature of the electro-magnetic radiation (EMR) for x-rays
compared to neutrons being a neutral atomic particle. These techniques have be
used to determine micellar system dimensions and the collected data can be
fitted to provide information about the inter-micellar / intra-micellar interactions.
The analysed detractions data can used to determine the morphology or the
orientation in the system before and after gelation. The in-phase detractions
(peaks) g values correspond to the particles arrangement in the crystal lattice,
commonly known in crystallography as Bragg peaks. The position of the
maximum (first peak = g*) indicating the distance between the individual particles

can be determined using Bragg’s law:

dBragg = Zn/CIpeak
Equation 3-8

In our experiments we are only going to focus on elastic-in phase scattering that
changes direction but the magnitude of the wave vector-gives rise to small angle
scattering (SAS) even though inelastic scattering is growing popular in similar

systems to those under study.

X-ray and neutrons interact differently with matter because they interact with
different parts of material but the results of these interactions can be viewed
complementary with the same analysis applicable to both techniques. The
strength of the x-ray interactions with matter depend on the material’s electron

count, namely the electron density which increases with increasing atomic
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number. Neutrons, unlike x-ray photons are not charged and have higher
penetration allowing them to interact with the atomic nuclei. The nuclei’s ability to
scatter neutrons is determined by its scattering length density (SLD), which is
independent of atomic number, thus different isotopes of the same element can
have different SLDs as in the case of Hydrogen (H') and Deuterium (H?). For
hydrogen rich organic materials, scattering results are optimised through
adjusting SLD values by selective deuteration of one or several species in the
medium. A technique known by contrast matching or Babinet’s principle, a
common practice in studying micellar systems to provide further morphological
information of the core-shell structures. However due to time/resources
limitations and backed by data from previous studies that have obtained good
quality data by only substituting the solvent, we settled to use to deuterium oxide

without deuterating the triblock two components (Hamley, 2000, Roe, 2000)

SANS is disadvantaged over SAXS by the intrinsically low flux of neutron sources
(nuclear reactors or spallation sources using cold source moderators) compared
to the order of magnitude higher fluxes for x-ray sources that allows real time

measurements (rotating anode or synchrotrons).

Small angle scattering methods have been utilised to study the structure of the
polymeric system phase transitions. SAXS offered higher flux and better
resolution (higher number of measurement points), making it perfect for time
resolved studies. SANS presented the possibility of distinguishing the system
components due to the contrast differences between the two blocks and the
deuterated solvent used which provides more information about the system,
enhancing the quality of the data collected. The scattering length densities (SLD)
were calculated to be preo = 6.79x10° cm2, prro = 3.43x10° cm? and pibu =
9.23x10° cm2 with contrast values of 3.21x10%%, 3.60 x10%! and 2.94x10%! cm?

for each one respectively.

Both techniques were utilised to perform static and under shear scattering

measurements.
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b) Experimental procedures:

3.2.3.1. Small Angle X-Ray Scattering (SAXS):

SAXS measurements were carried out at two facilities, the University of Bradford
IRC laboratories and STFC - Diamond synchrotron (Rutherford Appleton
Facilities-Didcot, UK). The different experimental setups are shown in Figures (3-
8,9, 10).

The first set of static experiments were performed on all samples using Anton-
Paar's SAXSpace (Graz, Austria) with A = 0.154 A generated using a Cu Ka
source (Xenocs, France). A Peltier temperature control stage (TC150) and a
sample-to-detector distance (SDD) of 308 mm were used for all runs. Samples
where loaded to quartz 1 ml capillaries in the solution state and left to stabilise at
temperatures lower than the transition temperature before the tests. Temperature
ranges explored were dependent on the samples (-2 to 100 °C). Additional runs
of background and dark current were performed under the same conditions.
Reductions and background subtraction were completed using SAXSquant

software (Graz, Austria).

Figure 3-8 Anton Paar SAXSpace.
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Figure 3-9 Right the capillary holder used for static SAXS measurements on
122. Left: TC 150 stage used for SAXSpace with quartz 1 ml capillaries.

The second set of static SAXS measurements was performed using beamline 122
at Diamond light source (Rutherford Appleton Facilities-Didcot, UK) equipped
with x and y stages and a Pilatus P3-2M detector. Samples were loaded into Mark
glass capillaries dimensions (L= 80mm, wall thickness = 0.01 mm, outer diameter
= 1.5 mm) and mounted in front of the beam on a 3D printed ladder. Each sample
was run twice; at room temperature and again after refrigeration overnight.

Measurements were made in the range of 0.001 < q < 0.18 [A1].

Dynamic SAXS was performed using the same 122 beamline, with x-ray
wavelength fixed 0.88 A and SDD of 1.9 m permitting of measurements range
0.007 < q < 0.524 [AY]. Data was collected from two experimental setups; a)
Constant shear with temperature ramps using Linkam optical Shearing System
CSS450 (Tadworth, UK) with modified x-ray transparent Polyimide (Kapton)
windows and a gap that was maintained at 500 uym for all runs. b) Injection of
chilled formulations into in-house designed Polyimide reservoir mounted on an
Aladdin remotely controlled syringe pump (World Precision Instruments, USA).
During the experiments temperature control was maintained by a Lauda Eco-
Re415 chiller. The Linkam’s temperature distribution across the measurement
window has been tested to ensure a homogenous cooling and heating profile with

the shear application - see following Methodological Development.
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Solidworks drawings for the Kapton Linkam windows and injection reservoir are
provided in Figure (3-11).

I22 data reduction and processing was carried out using Diamond’s in-house built
software Dawn ver. 2.5.

Detector
shutter

aperture

.
X-ray direction

Figure 3-10 Experimental setups at beamline 122. Bottom (a+b) Linkam shear cell in front of the beam at 1-2
shear plane.(c+d) The mounted syringe and reservoir in front of the BL. (d) close-up to the Polyimide reservoir.
Where 1-, 2-, and 3-directions are the coordinate indices representing the flow velocity (v), velocity gradient (Av)
and vorticity (w) directions, respectively.
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Figure 3-11 (Top) Kapton Linkam window and (Bottom) injection reservoir.
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3.2.3.2. Small Angle Neutron Scattering (SANS):

SANS measurements were carried out using two large scale structure
instruments at STFC -ISIS spallation neutron source (Rutherford Appleton
Facilities-Didcot, UK).

a) Static measurements:

Static measurements were performed to observe the structural changes at two
different temperatures; low temperature of 5°C (below CGT) and high
temperature 37°C using the LOQ instrument at sample-to-detector distance of 4
m covering a range of 0.007 < q < 1.5 [A'1]. Samples were loaded in the sol state
into Hellma rectangular quartz cuvettes (110-QS) with path-lengths of 1 mm.
Additionally two runs of pure deuterium oxide and the empty beam were
conducted. Temperature was maintained throughout the tests by a circulating

fluid. Figure (3-12) show the loaded samples in front of the neutron beam.
b) Rheo-SANS measurements:

Two sets of Rheo-SANS experiments were performed using a stress-controlled
Anton Paar Physica MCR 501 rheometer (Graz, Austria) mounted in the SANS2D
instrument: a) steady rheo-SANS and b) LAOS Rheo-SANS. The experiments
used Anton Paar’'s SANS customised measuring cell CTD 200/GL connected to
an Evaporation Unit (EVU-10), temperature controller (TC-30) and a quartz glass
Couette measuring system (ME48) with an inner diameter of 50 mm and bob with
outer diameter of 48 mm (Graz, Austria), where the neutron beam was directed
in the radial direction perpendicular to the 1-3 flow direction. The sample-to-
detector distance was fixed at 4 m covering a q range between 0.004 < q < 1.5[A
1. The sample size used was limited to 10 ml and between each run the samples
were cooled below their respective gelation temperature. Figure (3-13) shows the

experimental setup of Rheo-SANS experiments.

Softwares: SANS data reduction was performed using Mantid v.3.12.1 and
Sasview v.4.1.2 was used for further analysis. Schematics of the two beamlines

instruments are shown in Figure (3-14).
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| 1*6\ Sample

holder

Figure 3-12 Static SANS performed using LOQ with samples loaded into the holder before
measurements.

Neutrons

Figure 3-13 Rheo-SANS setup on beamline SANS2D. (a) MCR 501 rheometer mounted in front of SANS2D. (b) and
(c) showing close ups of measuring cell. (d) A schematic scattering planes inside the Couette cell, where 1-, 2-, and
3-directions are the coordinate indices representing the flow velocity (v), velocity gradient (Av) and vorticity (w)
directions, respectively.
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Figure 3-14 Schematics of the two beamlines instrument used in the study: LOQ and SANS2D at ISIS-RAL.




3.3. Methodological development:

3.3.1.Pure polymers thermal characterisation

The polymers were tested using aluminium standard pans from -90 to 100°C at
a heating rate of 10°C/min.

a- Pluronics:
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Figure 3-15 The DSC thermograms of the three Pluronics used in this study.
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The triblock demonstrated a shift in melting temperature according to the polymer
molecular weight where Tm (F108) > Tm (F127) > Tm (Fe8) - @s seen in Figure (3-15).
However, neither the glass transition nor crystallisation temperatures displayed
the same trend as can be seen in the thermograms. This discrepancy possibly
occurred due to the copolymers polydispersity, which can be confirmed by gel
permeation chromatography (GPC). Results summary are displayed in table (3-
4):

Table 3-4 The Tg Tm and Tcacquired from the Pluronics thermograms.

Pluronic ® F68 F108 F127
Molecular Weight 7680 to 9510 | 12700 to 9840 to
[g/mol] 17400 14600
Weight % PEO 81.8+1.9 83.1+1.7 73.2+1.7
Number of EO units 75-85 137-146 95-105
Number of PO units 25-30 42-47 54-60

Tg [°C] -63.66 -62.679 -66.91

Tm [°C] 53.216 58.168 56.057

Tc [°C] 34.283 33.634 31.577
b- PEGs:

Figure (3-16) shows an overlay of the pure PEGs in the range of -90 to 100°C.
The homopolymers melting temperatures increased with increasing the

molecular weight.
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Figure 3-16 Pure PEGs thermograms with endothermic peaks corresponding enthalpy values, onset and peak

temperatures.
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3.3.2.Gel systems:

Choosing the pan type used for DSC runs is critical to ensure accurate and
reproducible measurements. For our samples the intricate transitions sought
justifies using Tzero pans, which to be more sensitive due to the pan flatness
compared to a standard pan and the ability to accommodate liquid and gel
samples easily with capacities ranging from 20 to 40 ul depending on the lid they

are paired with (TRIOS manual).

Two combinations were compared; one of Tzero pans and lids and another with
Tzero pans with Hermetic lids that allow an airtight seal. The latter were notably
better to contain the samples with lower possibility of leakage and to minimise
evaporation risk (which can alter the samples weigh thus results in affecting the
runs accuracy). Additionally, Hermetic lids offered more freedom to control the

sample size (up to 40 pl).

Thermograms of experiments with the two lid types are displayed in Figure (3-17,
top). At low temperatures no difference was noticed between using the two lids
in the transition region of interest but at higher temperatures the Hermetic lids
show a more consistent and reproducible results owing to their sealing
mechanism. Hermetic lids were opted for the due to the previously stated reasons

concerning leakage and evaporation risks.
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Figure 3-17 (Top) The effect of different pan lids on Pluronic F127 20% sample. (Bottom) an overlay of different
heating rates on the same Pluronic F127 20% sample .

Heating rates have an important role in enhancing the signal’'s detection and
using higher heating rates provide larger heat flow signals, however these should
be appropriately modified according to the expected range of transition (Thomas,
2001). The results of five different heating rates for the material are shown in
Figure (3-17, bottom). The thermograms show a heat flow increase and peaks
shift to the right with increasing the applied heating rate. In this case it was found
that the difference between the highest 20°C/min and the lowest heating rate 1
°C/min peak temperatures was about 4°C. Heating rates of 20°C/min were

considered too large for the small range of interest and the difference between
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rates 2-10 °C/min was less than 0.5°C. A heating rate of 10°C/min was chosen

for this study due to the signal robustness and the moderate measuring time.
3.3.3.Rheological measurements:

A shear ramp test on F127 20% at 37°C from 0.001 to 1500 s was used to
explore the differences arising from using different measuring systems. Each test
lasted for 17 minutes and a cover was used for all experiments to prevent
evaporation. The three measuring systems (MS) depicted in Figure (3-5) were
used: CC27, CP25 and PP25 with a gap of 0.102 mm. The recorded shear stress/
viscosity values were different according to the geometry used as demonstrated
in Figure (3-18). The two plate based MS recorded higher values of stress and
viscosity than the ones recorded for the Couette cylinder. This variation arises
from the inherited difference in sample size (0.1 ml was used for plates to fill the
gap plus trimming compared to 19.4 ml in CC27) and the exposure to the gel-air
interface; which is larger for the former systems, causing quicker drying and thus
increased viscosity. Unlike CP and CC, the shear rate values for PP and therefore
the recorded viscosities, are highly dependent on the gap dimensions. However,
the plate based MS showed higher stability than CC at shear rates up to 300 s
evident by the appearance of stress plateau. The multiple plateaus in stress plot
obtained from CC confirms the MS ability to amplify shear inhomogeneities
between the middle of the gap and the bob surface which according to Mezger,

can create a shear rate difference of up to approximately 18%.

All the plots show the system’s shear heterogeneity. CC was chosen as the MS
to conduct the rest of the rheological measurements since it decreases the risk

of sample evaporation by utilising larger sample volume (Mezger, 2014).
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Figure 3-18 Shear ramps using the same samples and test parameters with different MS.

3.3.4.Scattering:

a- indexing

[s'ed] Ausoasin

——(CCt
——(CPt
——PP1
——(CCn
——CPn

PPn

Table (3-5) was used in indexing peak positions from scattering experiments.

Where the ratio is calculated based on peak n position to the first peak (gn/q*).

Table 3-5 The peak position ratios for BCC and FCC.

FCC Peak Ratio BCC Peak Ratio
Plane Position Plane Position

111 q* 1.00 |110 q* 1.00
200 (\4/3)q* | 1.15 | 200 (\V2)q* 1.41
220 (V8/3)q* |1.63 |211 (\3)qg* 1.73
311 (V11/3)gq* | 1.91 | 220 (V4)qg* 2.00
222 (\12/3)q* | 2.00 | 310 (V5)q* 2.24
400 (\V16/3)q* | 2.31 | 222 (\6)*q 2.45
331 (\19/3)q* | 2.52 | 321 (7)g* 2.65
420 (\20/3)q* | 2.58 | 400 (\8)q* 2.83
422 (\24/3)q* | 2.83 | 411 (V9)*q 3.00
333 (\N27/3)q* | 3.00 | 420 (\V10)*q 3.16
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b- Linkam temperature distribution:

The Linkam was set up to perform a ramp at 2°C/min from 5°C to 50°C, followed
by a hold time for 5 minutes. A modified black sapphire window with emissivity of
0.95 was used. FLIR X6540SC IR Thermal Camera (Wilsonville, USA) with
integration of 1 frame/sec — see Figure (3-19). Two experiments were conducted
on F127 20% sample while ramping temperature and recording the thermal

profile: a static measurement and one under a constant shear rate of 20 s.

The results demonstrated that although the two profiles were very similar, the
shear enhanced the heat distribution within the measurement gap slightly. The
thermal images for the first and last frames are shown in Figure (3-20), while the

mapped profiles are plotted in Figure (3-21).

Figure 3-19 FLIR X6540SC IR Thermal Camera with the Linkam shear cell prior to
measurement.
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Figure 3-20 Thermal imaging profiles for top row for measurements at first frame (left)
no shear (right) shear. Bottom row for measurements at last frame, where (left) no

shear (right) shear.
50.00
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Figure 3-21Temperature distribution inside the Linkam window recorded by the thermal
camera.
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Chapter 4 Neat formulations

This Chapter aims to provide in-depth investigation of the neat Pluronic’s
structural properties studied during and after the completion of the transitional
ordering. Compositional and environmental changes were examined by a variety
of experimental measurements under both the static and dynamic conditions that

were discussed earlier in Chapter 3.

4.1. Thermal Analysis of neat F127:
4.1.1 Thermogravimetric Analysis (TGA):

As mentioned before TGA is used to obtain information about the sample’s
stability and to determine the weight loss percentage with temperature. The
results of 5°C/min ramp to 400°C are displayed in Figure (4-1). The weight loss
appears to be a two-step transition in higher concentrations of which the first
stage represents the weight loss% caused by losing water from the system and

the second is due to Pluronic degradation.

100
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— 1127 30%

127 35%

40 ]

Weight (%)

20

20 +—+V———7—————T7 T
0 50 100 150 200 250 300 350 400

Temperature T (°C)
Figure 4-1 TGA heating ramp from room temperature to 400°C.

Most of the samples exhibited a monotonic first step of weight loss process as
demonstrated in Figure (4-2). TGA transition (1) temperatures as function of F127

concentration.
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Figure 4-2 TGA transition (1) temperatures as function of F127 concentration.

From the previous results, the TGA data were normalised according to their
respective transition temperature and time to reach the transition temperature in
Figure (4-3), albeit marginal it was found that the mass loss gradient was
negatively proportional to the copolymer concentration- where the its values

increased slightly with increasing polymer percentage.

0.9
0.8

0.7

306 —35%

[
= —30%

8
g 05 25%
2 20%

"
4 —15%
= 04 15%
—10%

1%
0.3

0.2

0.1

0 5 10 15 20 25 30 35 40
Conc.[%]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time 10 Tyonqy)

Figure 4-3 Normalised TGA data according to the formulations respective transition temperatures.
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Figure (4-4) show the results of weight loss measurements for 300 min at
isothermal conditions (25°C). Naturally, the higher concentration gels entrap
water within their network for longer times due to their higher density of hydrogen
bonding. Figure (a) embodies the weight-concentration relationship as a function
of the total remaining weight and (b) the calculated remaining percentage of water
(for each formulation). It can be observed that higher concentrations at the end
of the test still contain a considerable amount of water. However, these
assumptions were made without taking the experimental error that might have

risen during the gel preparation process.
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Figure 4-4 Percentage of water retained after TGA runs at isothermal conditions (25°C) for 300 minute.

4.1.2 Differential Scanning Calorimetry (DSC):

Calorimetry was used to detect the endothermic/exothermic transitions
associated with the micellisation, gelation and structure melting by subjecting the
prepared solution to continuous heating and cooling ramps. In DSC
measurements the peaks correspond to the progressive formation or breakage
of micelles/gel structure, where the onset temperatures correspond to initiation of
micellisation or CMT and Tendset t0 the transition completion which in our case
refers to gelation. Another critical point is the peak temperature, that should be
proportional to number of the micelles formed in the solution (Pham Trong et al.,
2008).

4.1.2.1 Static sample measurements:

At the beginning of the heating ramp, the thermograms start off flat until a decay

appears that progresses into an endothermic peak signifying the micellisation /
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crystallisation before the heat flow signal returns to its zero gradient. Mirrored
heat signals are displayed in the opposite direction when the cooling ramp is
performed, with only one distinctive exothermic peak disturbing the constant heat
in almost the exact region of the endothermic peak in the heating ramp denoting
the complete reversibility of the thermal transition and melting of the structure
formed in the heating step. It can also be seen that conducting a second heat

ramp which overlays the first ramp almost completely confirms this reversibility.

An example of a complete thermogram is displayed in Figure (4-5) and Figure

(4-6) show a series of overlaid thermograms for samples from 15 to 35%.
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Figure 4-5 schematic of a thermogram showing Heat-Cool-Heat test on F127 20%.
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Figure 4-6 Normalised DSC thermograms for samples 15 to 35% separated vertically for clarity.

Based on the heating ramps results, four main parameters for sample
concentrations of 1 to 35% are plotted in Figure (4-7). Onset and peak
temperatures display linear trends, where both temperatures were reduced with
the block copolymer concentration increase, as demonstrated by the 35% sample
exhibiting the lowest onset compared to the highest recorded for 1%, highlighting
the natural proportionally of concentration and micellisation. Similar behaviour
was recorded in the cooling ramp. Upon repeating the tests, the recorded peaks
standard deviation shared an average of 0.27°C indicating excellent
repeatability of experimental procedure.
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Figure 4-7 variables obtained from the different F127 concentrations thermograms, indicating onset, peak and
endset temperatures. In addition to the endothermic peak enthalpies for each respective concentration.

A linear trend appears in the opposite direction for the enthalpy signal, the
samples transition enthalpy increasing with the concentration in a similar trend to
that observed by Pham Trong et al. (2008) and Zhang et al. (2013). Similar trends

were registered for the calculated entropy values.
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4.1.2.2 Modulated Differential Scanning Calorimetry (MDSC):

Standard conditions of 60 s modulation period, £1.5°C modulation amplitude and
a linear ramp of 1°C/min were used for the tests. No extra peaks other the specific
micellisation peaks were detected in the MDSC thermograms - see Figure (4-8).
The thermograms demonstrated that the transitional peak detected by the total
signal (DSC standard) is composed of two underlying signals; Reversing and
Non-Reversing heat flow. The reversing signifies changes in the system heat
capacity due to the second signal of Non-Reversing heat flow symbolising the
ordering (followed by crystallisation) event (Thomas, 2005).
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Figure 4-8 MDSC thermogram for F127 25% .

81



4.1.3 Thermomechanical measurements:
4.1.3.1 DSC-rheology correlation

To examine the correspondence of the data collected by dynamic rheological
measurements to the static DSC ones, tests using each technique were
performed using the same heating rate of 2°C/min with a shear rate of 10 s for
the rheology tests. The correlation is demonstrated in Figure (4-9) for both
datasets. As per prediction, the shear viscosity experienced a reduction due to
temperature response. The viscosity downward slope was getting predominate
around 10°C which, parallel to the DSC detected peak’s onset temperature. Both
curves exhibit minimum values at 15°C before an abrupt increase in viscosity is
matched by the endothermic peak Tendset, marking the end of transition at 25°C.
This correlation held for the different concentrations tested, which validates the

accurate equivalence of results acquired by two the different methods.
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Figure 4-9 DSC and rheological tests correlation for F127 20% sample at the same heating
rate of 2° C/min.
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4.1.3.2 Sheared sample measurements:

To investigate the sheared structures stability after shear cessation, DSC runs of
the sheared gels were conducted. The samples were sheared at constant rates
and temperature ramping from O to 40°C. Following the rheological test
termination the gels were held at 40°C allowing enough time to collect and run
DSC tests on multiple specimens of the sample. For these measurements the
temperature ramps were modified to start from 40 to -20°C before starting the
heating and another cooling cycle. Only samples with defined structural
transitions were tested for a minimum of three times, the range included 15-35%
F127 concentrations. Figure (4-10) shows two DSC runs of two sheared and

static samples of the same concentration.
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Figure 4-10 DSC thermograms for two different samples, blue static and green after the application of shear
at 100 s-1.

During the cooling step the sheared samples displayed an extra small peak
contained within the usual exothermic peak which disappeared after heating the
gel and didn’t reappear in the second cooling step. This is marked with a red
circle on the Figure. No correlation was found between the shear rate and the
peak size or enthalpy - see Figure (4-11). However, multiple factors could have
affected the results accuracy i.e. either during the specimens’ collection from
sampling site within the concentric cylinder, waiting/loading time and very low
enthalpy values bordering the DSC limits of detection. Samples containing 15%

were difficult to load since they revert back to the sol state rapidly at room
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temperature and when the tests were conducted the characteristic peak detected

in higher concentrations was absent.
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Figure 4-11 Enthalpy values of the shear exothermic peak recorded after
applying different shear rates (10-100 s1), multiple points indicate the test
repetitions.

The appearance of the peak implies that a structural change was introduced by
the imposed shear — though small it may be enough to disturb the natural packing
order of the micelles in the gel matrix as observed in non-sheared samples. The
absence of the peak in the 15% concentration samples and its disappearance in
higher concentrations in the second cycle confirms its temporal nature and the
reversibility of the shear imposed change, therefore confirms the detectability of

shear induced structures in F127 gels.

Complementary MDSC runs were performed but the signals recorded looked
similar to the DSC thermograms and didn’t unveil extra information as seen in
Figure (4-12).
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4.2.Rheology Results of Neat F127:

4.2.1 Steady Shear
4.2.1.1 F127 Temperature ramps at constant shear:

Samples were subjected to four tests with constant shear rate values of 10, 20,
50 and 100s™* while ramping the temperature from below the gelation transition
range to 40°C. These results are plotted in Figures from (4-13) to (4-15) as

functions of shear rate and the neat gel’s concentration.

Figure (4-13) shows concentrations from O (pure water) up to 10% F127. The
formulations tested are clearly in solution state, showing viscosities relatively
comparable to water's viscosity with generally unchanging behaviour under
different shear rates applied. The sample of 0.1 % concentration appeared to
exhibit a lower viscosity than water indicating drag reducing properties of the

polymeric solution, with a notable increase in viscosity with increasing the applied
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Figure 4-13 F127 Temperature ramps at constant shear rates on sample concentration 0 to 10%.
Pure water’s no shear viscosity values are the standard values recorded at different temperatures
(Anton-Paar, 2018).
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shear rate across the temperature range but this correlation was lost when the

copolymer concentration was increased to 1%.

The viscosity of solutions containing 1 to 5% is reduced with temperature but lack
any shear response, therefore can be considered Newtonian fluids. As F127
concentration was increased further to 10%, the standard viscosity reduced to a
global minimum around 22°C, followed by a recovery to the initial viscosity range
around 31°C.

As shown in Figure (4-14), with concentration increase the flow curves separate
into three regions based on viscosity values; low, transitional and high. Sample
15% exhibits Newtonian behaviour at low temperatures, indifferent to the applied
shear rate. Until a similar but sharper temperature response to the one observed
in 10% at 20°C is then recorded demonstrated by viscosity reduction, followed by
a tenfold viscosity increase. At 28°C the formulation undergoes an abrupt
increase in viscosity followed by multiple bifurcation at 29°C indicating that a

rheological transition is taking place correlating with the applied shear rate values.
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Figure 4-14 F127 Temperature ramps at constant shear rates on samples concentration 0, 10 and 15%.
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Up to this concentration, all the different applied shear rates resulted in identical

viscous responses.

However after 29°C, the sample exhibits a shear rate dependency that is
maintained through the rest of the ramp, with lower viscosity values

corresponding to higher shear rates.

The final viscosity differences between the highest and lowest shear rates are
quantified by a whole decade, confirming the shear thinning behaviour of the
system. From this stage the viscosity values remain constant within the same
applied shear rate run until the end of the ramp, indicating that a final stable state
has been reached, which is slightly temperature dependent as evidenced by a

slight upward slope.

Figure (4-15) shows the viscosity measurements for concentrations from 15 to
35%. The same temperature and shear rate dependency for sample 15% persists

across the rest of the formulations in respect to the concentration gradient, where
10 15% 10s-1
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Figure 4-15 F127 Temperature ramps at constant shear rates on sample concentrations 15 to 35%.

88



the solutions undergo a minimum followed by an increase in viscosity as the
ramps continue to reach a pivotal point where the system viscosity depends on
the shear rate applied. The concentration was found to determine; a) the initial
and final viscosity values, b) the shift in the transition ‘onset’ leading to the phase

change in the polymeric matrices.

Naturally, the samples containing higher copolymer fractions have higher
viscosities in both the low and high temperature regimes and experience earlier
transitions than their lower counterparts. Additionally, the transition in the higher
concentrations flow curves is smoother and occurs over two stages rather than

three as noted for the 15% sample.

Two prominent thermal events can be elucidated from the flow diagrams of 15 to
35% concentration samples: those responses correspond to the micellar
association taking place in the system, which is due to the increasing attraction
forces bringing micelles together that grow promptly to form the new gel structure.
The phase change is confirmed by the different rheological properties of the
starting micellar fluid and the final matrix displaying higher viscosity values (three
decades difference) and clear shear dependency demonstrated by the shear
thinning behaviour with increasing the shear rate at identical thermal conditions,

where nios*> n2os* > Nsos*> N1oos™.

The critical points marking the transitions for each concentration are plotted in
Figure (4-16), both plots quantifying the temperature and shear dependency of

the systems and their proportionality to concentration.

For all the these tests, the samples were run in cycles of shear rates starting from
the lowest shear values (10 s), followed by cooling to erase the imposed shear
history for 15 minutes allowing the formulation to revert back to the sol state and
guaranteeing homogenised cooling inside the cylinder, before running the sample

again at a higher shear rate and so forth.
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Figure 4-16 The critical points marking the transitions for temperature ramp results under
constant shear plotted as function of temperature (top) and viscosity (bottom).

4.2.1.2 Shear rate ramps:

This is a complementary test to the one presented earlier to investigate the
rheological behaviour at ramping shear rates and constant temperature. The
formulations were tested at two temperatures; below gelation (0°C for high
concentrations 30 and 35% and 5°C for rest of formulations) and above gelation
(37°C) to study the material’s responses at extreme conditions of sol and gel.
Concentrations of interest were chosen based on the results from the previous
tests, where the formulations chosen exhibited both shear and temperature

responses with variable mechanical strength.

In Figure (4-17) samples were sheared at rates from 0.001 to 1500 s? at
temperatures below their gelation onset - based on the data from Figure (4-15).

All concentrations tested appear unstable in both plots of shear stress and

90



viscosity at shear rates below 1 s*. According to their response to shear rate,
the formulations are divided into two groups; from 15 to 22.5% and 25 to 35%.
Within the two groups we notice two distinctive behaviours; at low shear and high

shear rates, from 0.00<1 y s1 stand 1s y <1500 s, respectively.
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Figure 4-17 F127 shear ramps at 5°C on sample concentrations 15 to 35%.

Below 1 s the results show clear instabilities that disappear above a critical
shear; these shear instabilities observed can arise from multiple processes
interplaying within the system’s internal structure, applied shear and interactions

at the measuring system interface.

At low shear rates, the lower concentrations experience breaks in flow curves
and show contrasting flow behaviour to the higher concentration behaviour.
Based on the complete curve recorded for sample 20%, the low concentration
group exhibits low yield stresses at shear start-up, followed by shear thinning that
stabilises above a critical value. The recorded data continued to fluctuate and
break until the viscosity plateaued at around 1 s™. This confirms the appearance
of localised shear heterogeneity in the gap. According to Barnes (1995) these
concentrations are experiencing wall-slip before exceeding a critical shear rate

and reaching steady state.

On the other hand, the high concentration group (25-35%) flow curves show
higher stability and considerably enhanced yield stress values at low shear rates
until the stress reaches a constant value and plateaus (25% is slightly off the
trend at start-up but exhibits the same overall behaviour). After the critical shear

rate, the three concentrations viscosities decrease with shear rate indicating
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shear thinning in a similar fashion to lower concentrations, showing the behaviour

of a yield stress fluid (Barnes, 1995).

When a complex fluid is sheared inside a smooth Couette cylinder,
inhomogeneous flow at low shear rates will appear resulting in wall-slip. The slip
layers are formed near the inside of the MS near the inner cylinder, where the
shear rate is at its highest value and the shear gradient is moving toward the
outer cylinder. In our case, for a yield stress fluid, as the shear rate increases the
two regions of sheared (inner cylinder) and un-sheared bulk (outer cylinder) are

homogenised and the observed viscosity decreases.

The second set of runs were carried out at 37°C. Figure (4-18) shows plotted
results. The same concentration factor is evident as before. The viscosity graph
shows clear shear thinning from the beginning until the end of the test. A further
look at the stress strain graph confirms the thinning behaviour and reveals that

the materials undergo several transitions during the ramp.

The shear stress values overshoot to reach an inflection point at shear stress t,,

followed by a transient plateau around mid-range shear rates, before the
recorded shear stress values start rising at higher shear values ending in upward
slopes.
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Figure 4-18 F127 shear ramps at 37°C on sample concentrations 15 to 35%.

All the samples can be described as yield stress-shear thinning materials and can
be generally described in the terms of the Herschel-Bulkley model t = Ky™ + 1,,.
However, in practice neither this model nor its extension with added infinite
viscosity termn,, , 7 = Ky™ + ny" + 7, provides a good fit to the non-monotonic
curves for multiple reasons (Madlener et al., 2009). Herschel-Bulkley does not
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take into consideration the shear heterogeneities causing behavioural changes
due to shear banding with the characteristic two critical shear bands at low and
high rates. Pictures after the test showed the formation of white rings around the
rotating bob that remained stable until the sample was cooled again. These are
macroscopic manifestations of shear bands migrating from high shear to low
shear regions and can be observed in Figure (4-19). This transient behaviour has
been recorded in many complex fluid systems of liquid crystals (Larson, 1998)
and Pluronics (Manneville et al., 2007).

In Figure (4-20) a schematic shows the two types of shear heterogeneities the

system undergoes.

Figure 4-19 A photo of the Couette after the application of the shear
ramps at 37°Con F127 20%.

[2] [¢]

Figure 4-20 schematic showing two different shear heterogeneities rising inside a Couette
cylinder with smooth walls during the application of shear rate; a) wall-slip and b) shear
banding.
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The data collected using the shear ramps is essential for both processing and
formulation administration. The wall slip is strongly material dependent, it appears
in both capillary and Couette geometries and correlates to the geometry’s gap
and roughness. More detailed information is required about the underlying origin
of the slippage, which is usually performed using multiple cylinders following
Mooney’s method. In our case, slippage only appears in the sol state, but our
description of the sol state is in truth very simplistic that does not take into
consideration the micelle’s state in the solution. However, in this study, higher

shear rates will be applied than those expected for the appearance of slippage.
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4.2.2 Oscillatory shear
4.2.2.1 Amplitude sweeps:

The first set of these tests was performed at 5 and 37°C to determine the LVE
range limits to ensure that no irreversible destruction would be applied to the
samples in the rest of the oscillation tests. The LVE limit was determined by the
dynamic moduli from their LVE plateau values. Plots in Figures (1-21) show the
same trends where the LVE is pushed to higher strains as Pluronic concentration
and temperature increase.
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Figure 4-21 F127 amplitude sweeps result at: 5 (top) and 37°C (bottom).

95



The y. value was chosen to be 0.2% to allow extra freedom limits when

temperature sweeps were performed.
4.2.2.2 Temperature Sweeps

Using the same heating rate as for the rotational mode temperature ramp tests
the oscillation tests were conducted to further understand the material behaviour

and to confirm the gelation transition point.

Two temperature ramps were performed at fixed strain and frequency (y = 0.2%,
w = 10 rad/sec), one from 0 to 40°C and an extra set of tests with extended
temperature range 0 to 100°C to determine the gel boundaries.

T- Sweep to 45°C

The dynamic shear moduli results for the first set are plotted in Figure (4-22)
showing samples with concentrations from 10 to 35%. The results affirm the
constant shear ramp results regarding the 10% sample’s lack of phase change
during the ramp as demonstrated by the moduli’s parallel behaviour across the
temperature range investigated. Interestingly throughout the whole ramp G’

dominates albeit with a very small margin.
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Figure 4-22 F127 temperature ramps under oscillatory shear from 0 to 45°C.

The early measuring points of dynamic moduli values from F127 25 to 35% show
that G” have values higher than G’, both moduli values increasing gradually until

a critical temperature, where G’ and G” cross. This is followed by a G’ build-up
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to exceed G” and stabilize in a plateau for the rest of the test. Plotting the results
in damping factor, tan § (tan §=G"/G’) format allows the accurate determination

of the crossover point where tan § =1.

Values of tan § are plotted as a function of F127 fraction in Figure (4-23). Initially,
the gels damping factor exhibits a concentration dependent trend, until a maxima
is reached that plummets to reach unity. A further drop follows to a concentration
related low value that remains constant until the test is finished, indicating
unchanging behaviour after gelation when the elastic modulus dominates. The
critical temperatures where tan § =1 were determined from the plots, except for
10% which did not show any signs of gelation and 35% where the transition was
so abrupt (between 5.7 and 6.1°C) it wasn’t possible to precisely determine the

actual point under this experimental conditions.
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Figure 4-23 tan d'values during the temperature ramp under oscillatory shear.

Ramp to 100°C

The complex viscosity results of higher temperature runs (up to 10°C) are plotted
in Figure (4-24). The first half of the ramp up to 50°C is similar to those what have
been acquired for sweeps up to 45°C (n* data not shown) as expected. Further
increases in temperature leads to complex viscosity reduction - indicating that a
structural weakening. These results correlate to published data by the BASF
technical paper on Pluronic F127 concentrations from 15-25% in Figure (4-25),
which was performed in the rotational mode, though no recorded final viscosity

data were published.
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Figure 4-25 F127 complex viscosity values during the oscillatory shear ramps.
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Figure 4-24 F127 viscosity as function of temperature and concentration (BASF, 2004).

The same trend can be seen in the dynamic moduli graphs in Figure (4-26). Here
the storage modulus dominates over the loss modulus until 50°C, then both
moduli drop approximately two decades. For 15% the dynamic moduli values fall
to reach a small plateau (where G’ still dominates) indicating structural softening
and continue decrease to reach the same initial values recorded at the beginning
of the test at 0°C, where G"> G’ indicating that the formulation is regaining the
solution state. However, this complete drop was not reciprocated by the rest of

the gels.
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The rest of the formulation’s moduli decreased with increasing temperature to
exhibit the same plateau stage 15% showed where G’ is still higher than G”, the
samples moduli values showed a negative slope indicating a possible fall below
the plateau values at higher temperatures. The width of plateau (representing the
gel boundaries) was observed to depend on the F127 content, where higher
concentrations had a broader range starting at the gelation transition as
represented by the shear moduli surge and ending with their fall, demonstrating
softening or melting.
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Figure 4-26 F127 10-35% dynamic moduli values during temperature ramp.
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4.4.2.3 Frequency sweeps:

The sample frequency sweeps were run at 37 °C from 0.001 to 100 rad/sec. The
gels showed overall dominance of G’ across the tested frequency range as seen
in Figure (4-27). The loss modulus for the sample increases toward the low
frequencies, where the difference between the moduli is at its lowest. However,
only the sample containing 15% showed a cross-over point at w = 0.0056 rad/sec.
It was clear that if the relaxation frequency existed it will appear in the lower
spectrum than that accessible by standard tests, indicating a long relaxation time.
As suggested in the literature the gels show weak frequency dependency if only
the higher frequencies were inspected. Taking measurements has proven very
difficult even with optimised tests and long measurement times at the lower end
as instrumental noise continues to appear around the crossover’'s predicted
range. The sample’s complex viscosity showed power law shear thinning
behaviour regardless of the running time across all concentrations. The elastic
response of concentrations higher than 15% was found to follow G'~ wP, where
the exponent B was 0.05 and G”/G’~ 0 (0.1), two predominate features common
in soft glassy materials (SGM) (Chen et al, 2013).
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4.2.2.4 Relaxation tests:

The relaxation modulus was acquired using a strain step value of 0.2% at 37°C.
The results in Figure (4-28) showed an overall trend of exponential decay -
although with increasing concentration the decay is flattened to plateaus with no
indication of complete relaxation within the experimental conditions, proving
relaxation to be a long and slow process within the linear viscoelastic range. The
15% sample shows a clear decay that flattens as the test proceeds. A similar
system demonstrated analogous behaviour for results in the LVE region (Hamley,
2005).
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Figure 4-28 F127 relaxation modulus values after step-strain test at 37°C.
For viscoelastic liquids Relaxation time A Maxwell model is reached if the initial
stress T (T = tmax at A = 0 [S]) has decreased to 36.8% after the step strain test.
Based on the acquired results, all the formulations have reached this percentage
except for 35%, where relaxation time increased a function of concentration as

seen in Figure (4-29).

102



12

10

T (A) [min]

0
0 10 20 30 40
Conc. [%]
Figure 4-29 F127 relaxation time values acquired form step strain tests
as a function of concentration at 37°C.
Attempts to obtain crossovers point have led to apply a reverse analysis on the
relaxation data by calculating the dynamic moduli values from the relaxation
modulus using two different methods. The first method utilised the Anton Paar’s
Rheoplus analysis method and the other using ‘I-Rheo’ based on Fourier

transform (Tassieri et al., 2016) - shown in Figure (4-30).
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Figure 4-30 Screenshot of I-Rheo dynamic moduli output for F127 gel sample.

Plots in Figure (4-31) show the three frequency sweep results for 15% and 30%
using the two methods; measured and the two sets generated from relaxation
data using I-Rheo and Rheoplus. The moduli values generated from I-Rheo were
noisy especially at low concentrations but when the analysis showed crossover
points, they were within the experimental range tested by frequency sweeps
which showed no crossovers. The dynamic moduli values calculated by Rheoplus

where closer to the values measured from the frequency sweeps. For sample
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15%, the terminal G’ values for the different methods were close. The results from
Rheoplus predicted two crossover points at mid- and low range, compared to just
one value from I-Rheo. As For 30% only I-rheo indicated the existence of a
crossover at about w = 0.005 rad/sec. A new version of I-Rheo is under
development to reduce the produced noise levels, however it was not released

within the time frame to be tested in this project. Since none of softwares

10000

1000

G(t) G'15%
G(t) G"15%
—i-rheo G' 15%
—i-rheo G" 15%
—+ FSG'15%
—-FS G" 15%

G', G" [Pa]

100

10
0.0001 0.001 0.01 0.1 1 10 100

w [rad/sec]

100000

10000

b * G(t) G'30%
G(t) G" 30%
—i-rheo G' 30%
—i-rheo G" 30%
FS G'30%
1000 —=—FS G"30%

G', G" [Pa]

100
0.0001 0.001 0.01 0.1 1 10 100

w [rad/sec]

Figure 4-31 F127 dynamic shear moduli values acquired for 15 and 30% at 37°C using frequency sweeps and
relaxation data processed by I-Rheo and Rheolpus.
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generated data match with experimental values, their results should be disscused

with caution and used for comparison purposes only.
4.2.2.5 Strain rate frequency sweep (SRFS):

Based on the previous attempts to acquire the relaxation frequency SRFS was
used as a third method to determine cross-over point of the systems. A master
curve was constructed from multiple shear rates in oscillation mode. The principle
of these tests relates to the Temperature-Time Superposition (TTS) principle and
temperature-concentration superposition tests commonly applied to study
polymer melts, which cannot be applied due to the Pluronic system’s temperature
and concentration dependency. Soft glassy materials are known to experience
relaxation time reduction with increasing shear rate — analogous to the injection
process where the applied strain drives the relaxation to higher frequencies that
would be otherwise accessible by standard methods (Wyss et al., 2007). SRFS
is still a fairly a new and controversial method since it overestimates the terminal

relaxation time (Li et al., 2017).

Technically, SRFS results are in the nonlinear regime but are still treated as linear
rheological experiments. No special analysis packages or nonlinear instrument
adjustments are required making it very attractive even as a comparative tool.
Shear rates tested were 0.001, 0.005, 0.01, 0.05, 0.1, 0.2, 1 and 10 s* at 37°C.
The extended master curve for 20% reveals a crossover point at 0.02 rad/sec
and the slopes for G’ and G” were calculated as 0.8 and 1.4, respectively. The
moduli from the SRFS method were compared to the values recorded from

frequency sweep measurements in Figure (4-32).
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Figure 4-32 Dynamic shear moduli values acquired for F127 20% at 37°C using frequency sweeps, SRFS and
relaxation data processed by I-Rheo and Rheolpus.

4.2.2.6 LAOS:

The nonlinear viscoelastic response of F127 samples was investigated in the
strain amplitude range from 0.1 to 1500 % at fixed frequency of a 10 rad/sec and
temperature of 37°C. The sweeps results are shown in Figure (4-34). The range
covers both the small amplitude region (SAOS) and LAOS. Within the first region
the moduli remain unchanged, similar to the results acquired in Figure (4-21)
showing G’ dominance. But as the strain exceeded the linear limit, the moduli
exhibit a weak overshoot, where G’ starts to decrease and G” increased until a
crossover is reached before decreasing again. This drop in G” indicates that the
lattice structure is broken, allowing a liquid like behaviour. The moduli decrease

for the rest of the tests representing the alignment in the flow direction.
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The corresponding Lissajous curves of the recorded stress-strain signal in Figure
(4-33) show that different microstructures exist in the varying concentrations
across the applied strain regions. For all samples, at the start-up strain, the
pattern is almost a single value indicating a pure elastic behavior that progresses
to an elliptic curve at y = 1%. Increasing the strain further results in a lozenge
like shape correlating to the macroscopic orientation of the sample during the
moduli crossover between y = 6-10% for the tested concentrations with a shift to
the higher strains with higher concentrations (Hamley et al., 1998a). The pattern
becomes rectangular with rounded corners which correlates to a saw-toothed
stress-time signal. When strain is increased to 1000% the rectangular shape was

maintained with symmetrical features appearing at higher concentrations.
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Figure 4-33 F127 LAOS Lissajous curves as function of concentration and strain. Where the y-axis of the
individual plots represents the stress signal.
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Loss and storage modulus [Pa]

1.E+05

00000000000, ‘OO...........
¢ [ ]
¢ °
ooooooooooo..
: [
1.E+04 .
ooooooooo.... ° . - ;
° °® e o
] . ’ d 0, n
. ’ : i * ©15%G
L . :
. ] . ’ I © 15% G'
° L] .. . [ L
HE3 .. . - ¢ .o b °® L ®20% G"
0004%,0° ‘e o ° o %eccee . .
0o " 0g0 ] ) ° ° [] L LT PO .. . . 20% G
°
: ...... ... ¢ 22.5% G"
) ) Ce ¢ ] °
. * ©22.5%G'
[ ] ° 4 N .
: ¢ ®25% G"
[ ] ° . . |
1.E+02 . . . s
o @ o ® =
*® 30% G"
° . |
. ‘ ’ i ©30%G"
® 35%G'
e o .
35% G"
1.E+01 .
[}
L ]
1.E+00
1.E-08 1.E-06 1.E-04 1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10 1.E+12 1.E+14 1.E+16 1.E+18 1.E+20 1.E+22

a*y [%]

Figure 4-34 F127 dynamic moduli values during LAOS from y=0.001-1500 % at 37°C.
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4.3.Structural results of Neat F127:

4.3.1 Static measurements:
4.3.1.1 SAXS:

Samples were tested using the Anton Paar SAXSpace at Bradford after loading
into a 1 ml quartz capillary mounted on a temperature controlled stage.
Temperature ramps were started from a low temperatures of -2°C to erase shear
history and measurements were performed from O to 40°C. Figures (4-35) and
(4-36) show the tested concentrations 1D and 2D scattering profiles, respectively.
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Figure 4-35 SAXSpace 1D scattering profile for samples 1-35% at two different temperatures: (left) 5°C
and (right) 40°C, the profiles have been shifted vertically for clarity.

Within the tested temperature range, no scattering occurred from the lowest
concentration of 0.1%. A similar lack of scattering was present in almost all of the
samples at low temperatures. Structural changes started to appear above the
corresponding CMT for each concentration, starting at 20°C for 10% and shifted
to lower temperatures as the copolymer concentration increased in the solutions.
The 2D structural changes were accompanied by a broad peak in the low g range
observed in the 1D profiles. As the ramp proceeded to higher temperatures the
scattering patterns started spreading and shifted to the higher g values, indicating
an increasing order. Above CMT, attraction forces started to dominate and the
amorphous micellar liquids were arranged onto periodic structures as
temperatures gradually increased, as demonstrated by the double peak that
developed to three distinctive peaks with either increasing concentration or
temperature. The plotted 1D profiles for all formulations at 5 and 40°C in Figure

(4-35) demonstrate the structural development as a function of concentration.
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Figure 4-36 SAXSpace 2D scattering profiles for different concentrations of F127 as a function of temperature, where red frames represent the
predicted transition temperatures from DSC measurements. The blackened out boxes were used in place of missing data.
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The 2D scattering patterns are shown in Figure (4-36) for temperatures from 0 to
40°C and offer a more detailed picture of the structural ordering as a function

temperatures and triblock fraction in the systems.

The lattice parameters can be approximated using from first peak position (g*)
and assuming an FCC structure, the unit cell size (a) and the hard sphere radius

(Dns) can be estimated using, (Pozzo and Walker, 2007b):

2T 2T
az?\/h2+k2+lz :?\E

Equation 4-1

/6

Dys = ——

*

Equation 4-2

where h, k, £, (hk?) are the three Miller indices planes orthogonal to the reciprocal
lattice vector q. The calculated results show a trend in size reduction as the

concentration increased, see Figure (4-37).
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Figure 4-37 Calculated values of F127 hard sphere radii (with the respective errors) using
equation 4-2 where the g* values were fitted using Gaussian function.
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4.3.1.2 SANS:

For the SANS experiments, aqueous formulations were substituted with
deuterated ones, and the loaded quartz cuvettes were mounted onto the LOQ
instrument temperature controlled sample rack for testing. Sample
concentrations of 10 to 30% F127 were tested at two temperatures; below

gelation at sol state (5°C) and above gelation (37°C).

Figure (4-38) shows the plotted scattering results at 5°C. The scattering intensity
can be seen to be proportional to the polymer concentration with all
concentrations showing a broad micellar peak around q = 0.1 [A"1] which shifts to
higher q values with increasing concentration. Peaks exhibited at higher
concentrations were more defined albeit still broad. For 25% another peak
appeared at q = 0.03 [A] indicating a structural transition was commencing. The
sample containing 30% was exhibiting a prominent peak at q = 0.036 [A?], in
addition to the common broad peak in the lower concentrations. All samples can
be described as monodisperse systems, except for 30% which already started to

show some ordering.

1000 o

- 10%

Intensity (cm’ ‘)

a(’) q(a")

Figure 4-38 F127 static SANS profiles for samples 10-30% at two different temperatures: (left) 5°C and (right) 37° C.
The profiles have been shifted vertically for clarity.

The results from the second experiment performed at 37°C were showing more
defined scattering profiles and long range order evident by the defined peaks.
The formulations here are better described as a gel with paracrystal structure.
Peak sharpness and intensity were proportional to the concentration. The peaks
of higher concentration samples were shifted to the lower q values compared to
the lower concentrations, which correlates to a decrease in the lattice spacing

and therefore increased packing density. In agreement with the literature, the
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structure was FCC, identified based on the peak ratio to the first peak (gn/q*). For
the different ratios and their respective lattices see table (4-1). The corresponding
ratios for the highest concentration tested (30%) were 1, ¥4/3 and V8/3 for peak
positions of 0.0462, 0.06532 and 0.0766 [A1].

Two points need to be addressed regarding the presented dimensional values.
Dns is the hard sphere diameter representing the distance between two micelle
centers thus Rus = Drs/2. And the total micellar radius calculated is a crude
estimate based on the cubic unit cell value where the particles are spherical and
the radius of the micelle Rm= av3/4 (a is the unit cell size calculated from the first
peak position). This approximation does not take into consideration the lattice
distortion or the volume fraction and thus the values are most likely higher than
values calculated by multivariable models. Similar approaches have been
implemented to acquire the sphere dimensions in Hamley et al. (1998b) and
Pozzo and Walker (2007a). The calculated parameters are tabulated in table (4-

1) along with the fitted particle radius from FCC fitting.

Table 4-1 FCC fit parameters used in SASview:

sample (4] | i i) o e
10 0.028 | 38.38 T 7.63x10% | 13.74 | 6.29 F 1.17 x10%%
15 0.034 | 32.46F 2.58x10%% | 11.32 | 5.14 F 1.21 x10%3
20 0.036 | 30.72F 2.05x109% | 10.69 | 5.27 F 0.82 x10-%3
25 0.038 29.34F 1.54x1003 10.13 4.92 F 0.85 x1003
30 0.046 27.98F 1.54x1003 8.33 6.00 ¥ 1.17 x1093

The general trend can be observed is that the unit cell is reduced as function of
concentration, suggesting that hard spheres are getting closer to each other and
reduced radii values indicate that the spheres are getting smaller.
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4.3.2 Dynamic Scattering

4.3.2.1 SAXS:

Two setups were utilised to investigate the shear induced structural changes
using ; a) Linkam shear cell and b) a bespoke syringe pump - reservoir rig
mounted on an xy-stage in front of beamline 122 at Diamond (see 3.2.3).

(@) Linkam shear cell:

These measurements were performed using different rotational continuous shear
rates of 0, 10 and 20 s at temperature ramps starting from 10 (below gelation
transition) to 50°C at 2°C/min. Frames were acquired every 30 seconds with a

total of 40 frames starting from 10°C at frame 0 (FO0).

The static runs surprisingly did not show the distinctive scattering pattern
recorded in previous scattering experiments. Two tested samples 20 and 25%
had similar scattering behaviour, demonstrated by broad peaks at 0.043 and
0.048 [A1], respectively. Ramping the temperatures led to an increased intensity
and peak shift to 0.041 and 0.049 [A1]. The recorded results can be attributed to
the multiple experimental errors that might have occurred, including insufficient
coverage of the gap due to a possible sample leaking when positioning the shear
cell and in-homogeneous heat distribution across the sample gap, which
according to another experiment, is improved by shear application (- see Chapter
3), or the disruption of the measurement due to the formation of air bubbles upon
closing the shear cell leading to scattering flares that overshadow the gel
scattering. Although the latest explanation is the weakest since the flare
scattering is too strong to pass unnoticed and few tests had to be repeated when

this occurred.

The investigated 10 s shear effect on 25% during the ramp is presented in 1D
and 2D formats in Figure (4-39). The formulation starts with weak twofold
scattering increasing almost instantly in F1 (11 °C), showing first order Bragg
peaks in 2D patterns before developing another ring at F10 (18°C) with notably
higher intensity of the top and bottom spots in the first ring and two side spots of
the second ring. The peaks experienced various intensity fluctuations with the
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constant shear application throughout the test, correlating to peak positions of
0.04, 0.06 and 0.07 [A-] in the 1D plots. The alternating intensity nature recorded
between the top and bottom spots of the first order and the two side spots of the
second can indicate the shear’s role in moving the layers causing this
phenomenon that can be equally seen in 2D with q1 having higher intensity than
g*. Azimuthal representation of the peaks in F26 (35°C) to F28 (37°C) shows a
symmetry of the spots in both rings, broken by a top/bottom asymmetry in the first
order ring for the next two frames before resuming again to grow into near
symmetry accompanied by the fading of the second order ring from F34 (40°C)
onwards with having a slightly higher intensity. The 2D patterns show rings with
higher intensity registered for the four side spots, which keep increasing to reach
their maxima by the end of the test at 49°C, with one individual peak at 0.049 and
a wide shoulder at 0.079 [A1] in the corresponding 1D profile. The fading in the
top/bottom Bragg peaks matches with the sliding layers zigzag mechanism of the

sliding layers model Loose and Ackerson (1994).
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Figure 4-39 SAXS recorded for F127 25% at 10 s with ramping temperature from 10 to 49°C.

Similar scattering development was recorded with the application of higher shear
rate (20 s1) on the same sample. However the higher shear rate resulted in the

appearance of sixfold spots in a hexagon from as early as 11°C with slightly
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higher intensity in the top/bottom spots, which persisted with a weak second order
ring until 21°C. The second ring disappeared afterwards and the sixfold peaks of

the first order had equally increasing intensity through the test (data not shown).

Repeating the same experiment (under 20 s*) on 20% yielded more subtle
transitions than 25% with the same distinguishable two ring structures at 22°C,
and the lack of a final four sided spot structure recorded in 25% even under higher

shear rates - see Figure (4-40).
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Figure 4-40 SAXS recorded for F127 20% sheared at 20 s with ramping temperatures from 10 to 49°C.

This may suggest that higher temperatures or shear rates are needed to reach
the similar symmetry levels withessed in 25%. A comparison between the results

acquired for the two samples is shown in Figure (4-41).
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20% 25%
Figure 4-41 SAXS 2D scattering profiles of sheared samples, 20% at 20 s and 25% at 10 s, a) 20% at
22°C, b) 25% at 18°C, c) 20% at 49°C and d) 25% at 49°C.

(b) Syringe pump:

In this setup, the samples were loaded into a syringe at 5°C to be injected under
different shear rates into an x-ray transparent channel at room temperature
(23°C), the injection procedure to fill the channel took about 1 minute followed by
X-ray measurements in the 1-2 plane. Frames were acquired every 60 seconds
after cessation of shear. Tests were performed on two samples 25 and 30%.

Sample 25% was tested at four shear rates 1, 10, 20 and 50 s™.

For 25% at 10 s the sample 1D plot in Figure (4-42) shows three peaks at
positions of 0.0536, 0.064 and 0.0726 [A] that merge forming a predominate
peak at 0.063 with a nudging feature at 0.07 [A-1] by the end of the test. This slight
shift indicates a loosening of the structure and reduced order. The corresponding
2D profiles show speckled patterns with matching three order rings to 1D at the
beginning that morphed into one ring at the end. Two strong spikes appeared in
the parallel position where Bragg peaks might be expected, which were

accompanied by more growth in the positions of the four side peaks prior to
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spreading in all directions in the first order ring resulting in noisy plots and

preventing any meaningful azimuthal analysis.
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Figure 4-42 SAXS profiles for F127 25% tested using syringe pump injected at 10 s where the legend represents the
time.

At shear rate 20 s? (data not shown), the sample 2D profile exhibited an
anisotropy with spikes of higher intensity at the four side peaks in the first ring,
which grew in intensity with time. One peak appears across all 1D profile frames
at 0.065 [A1] and this sharpens and shifts slightly right to 0.066 [A] by the end
of the measurement. The measurements taken after the application of 50 s and
1 s were very similar to 20 s in both 1 and 2D profiles. The single peak shifted
from 0.066 at the beginning to 0.063 [A1] after the application of 50 s and from
0.065 to 0.066 [A1] after shearing at 1 s™.

The exact same experiment was replicated using 30% and injection shear rates
of 1, 10, 50 and 90 s™.
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After the injection at 1 s, the scattering was completely isotropic until the 6%
frame, in which twofold anisotropy appeared in the first order ring which reached
its maximum in the last frame; this trend being observed in all three orders as
seen in Figure (4-43). The 1D profiles reflect a structural ordering with highly
defined peaks in the first half of the measurement with main peaks located at
0.04, 0.066 and 0.077 [A?] indicating an FCC structure. In the next half of the
measurement the peaks got weaker but maintained a more or less defined
structure at 0.046, 0.065 and 0.074 [A1].
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Figure 4-43 SAXS scattering profiles for F127 30% tested using syringe pump injected at 1 s1 where the legend
represents the time in minutes.

The 1 s run was repeated. At the measurement start-up after injection, the 1D
profile showed a complex peak concealing three weak peaks, as can be seen in
Figure (4-44) with g values of 0.0416, 0.0587 and 0.071 [A]. The individual
peak’s intensity was overshadowed by the broad peak, which kept shifting to the
right. In the last frame, traces of the previously mentioned peaks can be seen in
shoulders at 0.035 and 0.075 with the total peak q value at 0.062 [A1]. The frames
second run had notably higher intensity than recorded in the first run, which
increased gradually. Spikes appeared from the first frame giving the scattering a
grainy appearance as they grew in numbers covering the first order ring. Another
notable feature in this dataset is the overall 2D scattering shape, where the
sample has lost the annular scattering shape replaced by an elliptical shape

which had not been recorded in the previous samples. Plotting the frames
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azimuthal profile revealed that this shape is actually due to sixfold symmetry with
higher intensity in the meridional peaks.
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Figure 4-44 SAXS scattering profiles for the second run of F127 30% injected at 1s* where the
legend represents the time in minutes.

The same experimental procedure was followed for the two runs — with the same
measuring time for each frame, 60 seconds. Although the second run was
performed after running multiple higher shear rates using the same

concentration, this should not have any effect on the runs since the channel was
cleaned after each measurement.
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Similar FCC structuring to the first 1 s order was registered in 1D profiles after
shearing at 10 s - see Figure (4-45). The peak merger was of larger extent than
that observed for 1 s, resulting in one single peak at 0.059 [A1]. The 2D profiles
were covered with high intensity spikes making it difficult to extract any definite
information regarding orientation. Nonetheless, the scattering displayed a

lozenge like Figure similar to the one recorded in the 1 s rerun.
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Figure 4-45 SAXS scattering profiles for F127 30% tested using syringe pump injected at 10 s™.

Similar results were observed upon repeating 10 s, with a little shift in peak
numbers from 0.0655 to 0.069 [A1] with a common feature at 0.041 [A] that
persisted until the end of the measurement. One distinctive peak was observed
in the early frames after the application of 50 s, located at 0.061 and a shoulder
around 0.04 [A1], the main peak shifted to 0.068 [A1] by the time the last frame
was taken. The 2D frames displayed a speckled ring with equal intensity sixfold

peaks that grew larger as the measurement proceeded (data not shown).
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90 st was the highest shear rate applied on the samples. The 1D plots are
showing highly ordered structure at the measurements beginning with defined
peaks at 0.041, 0.046, 0.071 and 0.08 [A}]. The peaks fused into one main peak
with a g value of 0.06 [A1] with an intensity almost twice higher than the g* as
shown in Figure (4-46).
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Figure 4-46 SAXS scattering profiles for F127 30% tested using syringe pump injected at 90 s™.
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4.3.2.2 Rheo-SANS:

Rheo-SANS experiments were acquired by performing simultaneous rheological
measurement using a rheometer mounted in front of SANS2D at ISIS-RAL. The
samples were subjected to constant shear rates (10 and 100 s) at three different

temperatures representing the sol, gelation transition and gelation fixed at 37°C.

Under the two tested shear rates samples at low temperatures below gelation
lacked organisational structure, demonstrated by D20 scattering in 20% and the
characteristic disordered micellar fluid broad peak seen in 1D profiles of 25 and
30%. However this does not apply for sample 35%, which even at 2°C showed
an isotropic scattering pattern. The recorded intensity of the peaks was
proportional to the temperature and concentration of the copolymer as
demonstrated by the 1D plots in Figure (4-47). Similar disorder state was seen in

the 2D profiles displayed in Figure (4-48).
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Figure 4-47 Rheo-SANS 1D scattering profiles pre-gelation of F127 formulations, profiles have been shifted
vertically for clarity.
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Figure 4-48 Rheo-SANS 2D scattering profiles for two shear rates at different temperatures; pre, during and post gelation as function of the F127 concentration.
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(a) Low shear rates 10 s

As the temperatures increased to the sample’s respective gelation transition
temperatures, strong Bragg peaks appeared with sixfold symmetry that persisted
over three orders, indicating the formation of close packed structures. Fitting
quality is dependent on the reduction binning. Efforts were made to ensure the
application of the finest binning settings to acquire the most accurate results.
Based on the region of interest, linear binning at a step of 0.002 was applied,
however this doesn’t guarantee elimination of total error in indexing which can
arise from peak shifts leading to slightly different structures. 2D profiles are

displayed in Figure (4-48) and1D scattering results are plotted in Figure (4-49).

Intensity [cm-1]

cattering vector Q [A-1] cattering vector Q [A-1]

Figure 4-49 Rheo-SANS 1D scattering profiles for F127 samples sheared at 10 s; (left) transition gelation and

(right) at 37°C — profiles have been shifted vertically for clarity.
From the 1D profiles, sample’s 20% and 25% first peak positions remained
constant with the temperature change from transition to gelation. In 20% the
recorded q values at both temperatures were 0.0350, 0.059, 0.069, 0.09 and
0.127 [A-}], which correspond to positions in both FCC and HCP structures 3
(FCC), V4 (FCC/HCP), \20/3 (FCC), V12 (FCC). 25% was found to fit FCC and
HCP with peaks 0.0370, 0.061, 0.073 (FCC/HCP) and 0.129 [A-1] (HCP) matching
positions at V8/3, V4 and V12.

However, the situation becomes more complicated with increasing concentration,
making the structure determination inconclusive. Based on q values of 30%, the
positions match V8/3, V12/3 and V27/3 in FCC, and V3, V4 and V12 in HCP at the
transition temperature 13°C. As for 35%, at lower the temperature, two peaks
were observed at 0.0388 and 0.066 [A1]. The last peak shifted with temperature
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where it was at 0.1139 for 2°C and 0.1328 [A}] at 5°C, corresponding to V3, V7
at 2°C and V9 for 5°C which can indicate either BCC or HCP structures.

After gelation, the first peak g* shifted to the right to 0.0418 and the rest were
positioned at 0.066 and 0.1054 [A}] leading to FCC indexing of \8/3, V19/3.

The 2D azimuthal angle averaging at the transition temperatures showed sixfold
symmetry for all concentrations from 20 to 30% with meridional peaks in top and
bottom positions having slightly higher intensity. The difference between top and
bottom peaks and the other peaks grow as a function of temperature, as

represented by Figure (4-50).
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Figure 4-50 Rheo-SANS azimuthal profile for sample 25% at 10s..

The sample containing 35% exhibited a higher intensity at 37°C and the azimuthal
plots in Figure (4-51) looked very similar to the 2D profile showing almost isotropic
scattering in the first hexagon. Various degrees of weak diffused intensity peaks

were seen in all samples, a typical feature of block copolymers.
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Figure 4-51 Rheo-SANS Azimuthal profile for sample 35% at 10s1.

126



(b) High shear rates 100 s

The F127 systems under high shear rates show behavioural similarity to low
shear with strong Bragg peaks appearing across all concentrations1D and 2D
scattering profiles— see Figures (4-48, 52).
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Figure 4-52 Rheo-SANS 1D scattering profiles for F127 samples sheared at 100 s°; (left) transition gelation and
(right) at 37°C -— profiles have been shifted vertically for clarity .
The azimuthal profiles in Figure (4-53) revealed distinctive anisotropic patterns
for 20 and 25% at the transition temperatures, clearly seen in of their first and
second order hexagons, where highest scattering intensities were recorded at the
four-sided peaks. Above reaching gelation, the same sample’s four parallel side
peaks were stronger than the meridional peaks of the 1St hexagon and the
equatorial ones in the 2" hexagon. This fits with Loose and Ackerson’s model
predictions of hexagonal layers stacking by zig-zag motion, although this

movement was predicted to occur under low shear (Loose and Ackerson, 1994).
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Figure 4-53 Rheo-SANS Azimuthal profile for sample 25% at 100 s, similar results were
recorded for 20%.
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However, this motion did not appear in 30% which for both temperatures, the two
meridional peaks were stronger in both orders with a new column like feature

connecting the two orders with the faint 3" order — see Figure (4-54).
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Figure 4-54 Rheo-SANS Azimuthal profile for sample 30% at 100 s
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4.3.3 Size correlation:

For the static samples assigning a fit was not complicated, however with
complexity arising from the imposed shear the task was challenging when the
lattice is described in mixed crystal terms with no suitable descriptive model. The
system originally exhibits a spherical packing, which according to Jiang et al.
(2007) was maintained to 600 s,

Above gelation temperature (37°C) the 15t and 2" order scattering patterns were
symmetrical with meridional and equatorial peaks having the higher intensities
than their neighbouring peaks for each order respectively. The peak positions
recorded were identical under both 10 and 100 s™*.

Like the static measurements, there are clear g* shifts to higher g-values with
increasing the triblock concentration, this correlates to an increase in the number
of micelles available to associate and reduction in the domain sizes, leading to
the growth of the attraction forces that drives hard sphere crystallisation.

Based on SANS results from both sets, globally across the samples, the particle
size (micelles) increased upon forming the crystals (hard spheres) with increasing
temperatures for the same concentration, and between different formulations
higher copolymer content led to the formation of compact particles with smaller
radii. At the low temperatures the micelles are susceptible to shear, as observed
from the Rg values acquired from the gel-fit model which decreased at higher
shear rates. However this trend was not evident for higher temperatures and the
crystallite’s Rus values were almost identical, which can be attributed either to the
sphere’s resistance to deformation causing unchanging size or the reduction
method applied, since the shifts registered can be a result of the binning quality
during data reduction. Ergo, hard sphere Rns estimates during and after the
gelation transition are approximately the same for both imposed shear
experiments as seen in table (4-2) and the only notable changes were as a

function of concentration.
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Table 4-2 Rheo-SANS main parameters resulted from Sasview gel-fit (solution) or FCC (gel) model fits:

Shear rate | Conc. T q* a Rg or Rus
[s] [%] [°C] [A] [Al [nm]
20 5 - - 6.86
25 5 - - 5.46
= 30 5 - - 3.52
35 5 - - 4.47
20 22 0.0350 | 308.10+0.05 |6.70+ 0.002
25 18 0.0370 | 295.36+0.05 | 6.66+ 0.002
3 30 13 0.0370 |286.27+0.02 | 8.94+ 0.002
35 5 0.0388 | 283.94+0.05 |4.53+0.001
20 37 0.0350 |295.62+0.04 |9.07+ 0.002
25 37 0.0370 | 293.86+0.02 | 8.68F 0.003
3 30 37 0.0390 |283.97+0.02 |5.14+0.001
35 37 0.0419 |276.84+0.01 |5.06+ 0.001
20 5 - - 5.42
S 25 5 - - 3.87
—i
30 5 - - 3.45
20 22 0.0350 | 312.84+0.05 |6.78+ 0.002
= 25 18 0.0370 |295.42+0.05 |6.81+0.002
- 30 13 0.0390 | 270.80+0.04 |6.65+ 0.002
20 37 0.0350 |295.62+0.04 |9.07+ 0.002
= 25 37 0.0370 |288.78+0.02 |8.53+ 0.003
- 30 37 0.0390 |276.08+0.01 |7.93+ 0.002
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The Rus values at 37°C are compared to the static SANS measurements in
Figure (4-55):
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Figure 4-55 F127 radii values acquired from different SANS experiments static and
under imposed shear —error values are too small to appear within the chosen scale .
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4.4. Thermal properties of F108 and F68:

Similar to the recorded thermal transition recorded in F127 the prepared
formulations show analogous endothermic peaks correlating to thermal
transitions attributed to micellisation and gelation. The dependence of the thermal
properties on the F108 and F68 concentration is shown in monotonic correlations
across the different recorded variables in Figures (4-56,57), where the onset,
endset and peak temperatures shifted to lower values with increasing the

copolymer percentage in the formulations.
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Figure 4-56 variables obtained from the different F108 concentrations thermograms, indicating onset, peak
and endset temperatures. In addition to the endothermic peak enthalpies for each respective concentration.
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Figure 4-57 variables obtained from the different F108 concentrations thermograms, indicating onset and
peak temperatures. In addition to the endothermic peak enthalpies for each respective concentration.

4.5.Rheological properties of F108 and F68:

45.1 Steady Shear

4.5.1.1 Temperature ramps at constant shear:

The same tests in section (4.2.1) were performed on the two other Pluronics; F68
and F108 to study the shear and thermal dependency. The samples were
subjected to four tests with constant shear rate values of 10 , 20, 50 and 100 s
while ramping the temperature at 2°C/min within the same range as F127 from 5
to 40°C, the results are plotted in Figures (4-58) and (4-58) as functions of shear
rate and concentrations.

a) F108

Figure (4-58) shows different concentrations of F108 ranging from 15 to 39%.
The same trend is observed across the different sample concentrations. All
samples exhibit Newtonian behaviour at low temperatures. The viscosity of the
lowest concentration prepared 15% was experiencing a minimum at 22.6°C

followed by a continuous increase. The sample flow curves can be divided into
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three distinctive regions of different rheological behaviours; the low viscosity
region described as Newtonian, a transition region followed by abrupt increase in
viscosity marking the beginning of new region at 35.5°C, marked by the
bifurcation of the curves corresponding to the of the different shear rates applied,
where the lowest viscosity recorded was for highest shear rate 100 s* and a
decade difference separating it from the viscosity under the lowest shear rate,

confirming the shear thinning properties.

Identical behavioural properties were observed for the higher concentrations,
where the increasing F108 concentration drove the thermal transition and shear
dependency critical points to the lower temperature as demonstrated in Figure
(4-59).
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Figure 4-58 F108 Temperature ramps at constant shear rates on sample concentration from 15 to 39%.
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Figure 4-59 F108 critical points marking the transitions for temperature ramp results
under constant shear plotted as a function of temperature (top) and viscosity (bottom.)

b) F68

The same experiments were conducted on a series of F68 containing 15 to 40%
of the copolymer. The rheological responses are shown in Figure (4-60).
Concentrations 15 and 20% have relatively similar responses to water with about
a decade higher viscosity, reducing with temperature. As the temperature
increases, the formulation containing 25% exhibited the same trend as lower
concentrations. However, upon reaching 34°C the viscosity was observed to
increase finishing the test with an upward slope although the initial viscosity value
hasn’t been recovered. The temperature response becomes stronger with
increasing copolymer concentration to reach the initial viscosity value in 30% and
exceed it in 40% which ended the test with a viscosity almost decade higher than

its initial viscosity value. Based on the viscosity values measured, the
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formulations are in the solution state across the tested temperature range. They
exhibit two different (though rather weak) trends as a function of the increased
temperature. The lower concentrations displayed viscosity decreases only (15
and 20%) while the higher concentrations showed a minima followed by an
increase (25 to 40%). The viscosity values recorded were shear independent and
correlated to the copolymer percentage present in the formulation. Among the
concentrations prepared and across the ramp’s experimental temperature range

no gelation was detected in F68.
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Figure 4-60 F68 Temperature ramps at constant shear rates on sample concentration from 0 to 40%.

4.5.1.2 Shear rate ramps at constant temperature:

In Figures (4-61, 62) the different concentrations of F108 and F68 were sheared

at rates from 0.001 to 1500 s* at two temperatures 5 and 37°C.
a) F108

As seen in Figure (4-61) all concentrations tested at 5°C appear unstable in both
plots of shear stress and viscosity at shear rates below 1 s, except for the highly
concentrated formulation 39% which shows a high yield stress at the shear start
up. The viscosity of 39% drops after reaching 0.1 s allowing it to show the same

trend as the rest of the concentrations once they overcome wall-slip effect and
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act like a viscous fluid. A different trend was observed in the shear ramps at 37°C,
which is above the critical gelation temperature for all the concentrations in this
series as previously demonstrated from the temperature ramps at constant shear
in Figure (4-58). All samples displayed similar tendencies; a shear thinning
behavior through the whole ramp, yield stress and non-monotonic stress
response, demonstrated by the formation of stress plateau between two critical
stress values that ends with an upward slope, indicating a transient behavior or
the formation of shear bands in the vicinity of shear gap.

The sample containing 20% exhibited slightly higher viscosity values than 25% -
a discrepancy that might have arisen from phase separation due to long storage

time and insufficient homogenisation before the test or preparation inaccuracy.
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Figure 4-61 F108 shear ramps at 5 ad 37°C on sample concentrations 15 -39%.

b) F68:

Figure (4-62) shows the shear ramp results for F68 15 to 40% at 5 and 37°C. At
these two temperatures the formulation would be still in the solution state. The
viscosity values recorded at the two temperatures look fairly similar with slightly

higher values at 37°C. Wall-slip is predominant at shear rates below 1 s evident
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by the data recording breakage. Samples containing 15 and 20% experienced
unexpected increases in viscosity at values of 731 s that persisted until the end
of the test at 1500 s™.
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Figure 4-62 F68 shear ramps at 5 ad 37°C on sample concentrations 25-40%.

45.2 Oscillation:
a) F108

Oscillatory shear of 10 rad/sec was applied on the series of F108 concentrations
while ramping the temperature by 2 °C/min, the dynamic shear moduli values are
plotted in Figure (4-63). At low temperatures, G” > G’ indicating the viscous
dominance in this region until a critical temperature is reached where the moduli
undergo an abrupt increase as G” = G’, followed by G” < G’ signifying the gel
formation. The CGT was determined by the elastic modulus increase by at least
three decades. It was observed that as concentration increases CGT is shifted to
lower temperatures and higher dynamic moduli values are recorded. After
gelation has been reached, the dynamic moduli values plateau until a critical
temperature where the structure starts softening and the dynamic moduli
gradually decrease. However, none of the tested systems experienced a

complete fall back to the initial values as was observed for some F127
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concentrations. The same rheological behavior is apparent in the complex

viscosity curves, similar to what was previously reported in F127.
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Figure 4-63 F108 temperature ramp under oscillatory shear from 0 to 100°C. Top: the dynamic moduli and bottom
the complex viscosity values as a function of the applied temperature

139



b) F68

The same experiment was repeated on a series of F68 concentrations ranging
from 20 to 40%. The results displayed in Figure (4-64) show dynamic moduli
increase in all concentrations above a critical temperature indicating a structural

change with the G’ dominant over the G”, as previously seen in F108 and F127.
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and bottom the complex viscosity values as a function of the applied temperature
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However the corresponding complex viscosity graph demonstrates that the
transition only caused gelation in concentrations above 25% with the lower
content samples had almost constant complex viscosity values across the tested
ramp range until approximately 75°C where the complex viscosity exhibited some

increase.
4.6.Structural analysis -SAXS:

As for previous static SAXS experiments, the samples were loaded into quartz
capillaries and tested across a range of temperatures to monitor their structural
development.

a) F108:

Figures (4-65) and (4-66) show the 2D SAXS profiles from the different F108
concentration from zero to 40°C and the 1D profile at 40°C, respectively. The 2D
patterns demonstrated the gradual ordering as a function of temperature and
concentration, which was of low scattering intensity for concentrations below 30%
with a broad peak at 0.034 [A1] for 15%, 0.037 [A"] for both 20 and 25% at 40°C.
The formulations became more ordered with increasing the copolymer
percentage giving a defined structure at 40% that is indexed as FCC, matching
the reported structure in the literature with peak positions at V8/3, ¥11/3 and
V12/3.
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Figure 4-65 SAXSpace 2D scattering profiles for F108 samples as a function of temperature, where red frames
represent the predicted transition temperatures from DSC measurements. The blackened out boxes were used in
place of missing data.
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Applying same analysis from the F127 section (equation 4-2) on the structurally
defined formulations at 40°C would give hard sphere radii of 8.5, 8.6, 8.1 nm for
30, 35 and 40%.
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Figure 4-66 SAXSpace 1D scattering profile for F108 samples 15-39% at 40°C, profiles have been shifted
vertically for clarity.

b) F68:

Figure (4-67) shows the scattering 2D profile of F68 concentrations from 20 to
40%. The majority of the profiles are dominated by water scattering across most
of the temperature range tested. At the highest temperature tested (40°C) 30%
was showing a faint halo indicating the start of micellar ordering. A similar halo
can be identified in 35 and 40% at lower temperatures starting from 25°C which
grow to develop ordered ring(s) by the end of the test. The corresponding 1D
plots in Figure (4-68) at 40°C reflect the same result, where no defined peaks
were recorded for concentrations below 35%. The most clear peak positions for
40% and 35% were at 0.067 and 0.064 [A] respectively, with a common second
peak at 0.106 [A1] for both concentrations though the data resolution made it
difficult allocate extra peaks confidently. The copolymer is known to form BCC
crystals which means that for 40% the position recorded at 0.096 [A] is a real
peak rather than a noise signal. Using the first peak to calculate the approximate
hard sphere radius gives; 6 and 5.7 nm for 35 and 40% at 40°C.
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Figure 4-67 SAXSpace 2D scattering profile for F68 samples as a function of temperature, where red frames
represent the predicted transition temperatures from DSC measurements. The blackened out boxes were used
in place of missing data.
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Figure 4-68 SAXSpace 1D scattering profile for F108 samples 20-40% at 40°C, profiles have been shifted
vertically for clarity.
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4.7.Results discussion

4.7.1 Neat PL F127 systems:

The properties of the F127 neat gels have been probed by different methods to
elucidate the structural and behavioural characteristics under controlled static

and dynamic conditions.
4.7.1.1 Equilibrium measurements:

Thermogravimetric inspections revealed a correlation between stability / water
retention and the polymer concentration in the formulated systems, where the
gels containing higher percentages were able to conserve the water for longer
periods. Calorimetry emphasised the thermal events the system undergoes to
reach the gel structure, starting with CMT that progresses to reach gelation. The
spontaneous phase change attributes were demonstrated in Figure (4-7),
showing omnipresent linear responses to thermal stimuli as a function of
concentration, inversely proportional in the case of transitional temperatures
(onset, peak and endset), where thermograms shifted to lower temperatures with
increasing copolymer percentage while directly proportional for enthalpy. A linear
correlation was found between the transition period represented by AT (the
difference between the onset and onset temperatures) in Figure (4-69) and the
formulation concentrations, which lasted between one and half to two minutes for

all transitions to complete.
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Figure 4-69 The difference between onset and endset temperatures based on
the samples thermal data.

Several groups have recorded the appearance of a secondary peak within the
main endothermic peak at higher concentrations that reportedly indicates gelation
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Pham Trong et al. (2008), Meznarich (2012), Liu and Li (2015), however this peak
was not detected in the current study, which expands over a wider range than
most of these papers who reported it. DSC is informative to determine the phase
change limits as reported in the results, yet for the systems in the study it cannot
distinguish the different structures growing or breaking within the thermal cycles

applied.

Scattering techniques (SAXS and SANS) were utilised to monitor the structural
development as a function of temperature and concentration, allowing the

interlinking of the thermal and structural results.

At low temperatures, the sample’s x-ray scattering was faint showing wide
featureless peaks, as expected for samples in the solution state below CMT.
When CMT is reached, a scattering halo develops, representing gradual micellar
growth in intensity seen across all samples above 10%. As the temperature
increases further, the scattering intensifies to indicate the micellar association
into ordered domains. The onset of structural changes were observed in almost
identical temperatures to the ones registered by the DSC onset temperatures.
These periodic structures, as demonstrated by peaks in the 1D and 2D spots
build up to isotropic high intensity scattering peaks (1D) or rings (2D) in each
respective profile with either increasing the concentration or elevating the
temperature, correlating to what has been reported in the literature. Above room
temperature, formulations higher than 15% experienced high levels of packing

that can be traced to a cubic paracrystalline structure.

SANS scattering profiles performed on concentrations 10-30% confirmed the
previous SAXS findings, although it revealed that 10% at 5°C was in the micellar
stage rather than the unimeric solution state with a broad peak similar to that of
higher concentration. The application of gel-fit model demonstrated that micellar
size decrease was proportional to the concentration of the triblock copolymer. At
37°C, the concentration dependency is signified by the appearance of three
distinctive peaks in 1D plots for all samples, that shift in chronological order from
the lower to higher g values with increasing concentration, where g* values for
10 and 30% are 0.028 and 0.046 [Al], respectively. Based on the nearest-
neighbour distance and hard sphere radius calculation, the hard spheres became
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closer and smaller in size with increasing concentration, indicating higher packing
order. This is expected since increasing the copolymer concentration introduces
higher numbers of polymeric chains capable of forming more micelles and
therefore higher number of self-associated micelles into hard spheres
constructing the cubic lattice. Based on the reciprocal positions of the peaks the
structure was confirmed as FCC, in agreement with reports in literature of
systems formed from unpurified F127 (Jiang et al., 2007, Jiang et al., 2008,
Meznarich, 2012).

4.7.1.2 Nonequilibrium measurements:

a) T-ramps const. shear

Rheological measurements offered the ability to perform in-depth macroscopic
behaviour investigations that directly correlate to the microstructures formed in
the system during processing and application. Constant shear cycles with
temperature ramps demonstrated a shear and temperature dependency as

summarised in Figure (4-70).
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Figure 4-70 F127 viscosity values plotted as function of concentration according to the applied
Shear.

The accuracy has been validated in Figure (4-9) by showing that the overlapping
temporal shear viscosity decreases with the DSC thermal transition signal before
the viscosity increases declaring the loss of Newtonian behaviour. Once gelation

has initiated, the system starts responding to the shear stimulus, confirming clear
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shear dependency across different shear rates both of which have been proven

to be directly proportional to concentration.

The concentration dependency - discussed previously in the thermodynamic
aspects of CMT and CMC can be quantified here in viscosity terms. For polymeric
solutions the value of no can only be obtained above a critical concertation Ceri,
required for the formation of entanglements (Mezger, 2011). As demonstrated in
Figures (4-13, 15) there was no rheological response for concentrations of 10%
and below where these systems shared ideally viscous flow behaviour. The
respective no values for all concentrations under low shear rate (10 s*) are plotted
in Figure (4-71). The results point to different plateaus after two critical
concentrations 10 and 25% within three different regions. The first region is
occupied by low concentrations, where the viscosity is a function of temperature.
A plateau is reached above the critical concentration to exhibit a rheological
response, this is demonstrated by the abrupt no increase presented at two
temperatures of 5 and 40°C. The plot shows a significant three decade difference
between no values caused by the temperature. The second plateau represents a
different regime of highly concentrated systems with different shear response
than the first, this behavioural distinction being highlighted in different tests. This
plot can be utilised to predict the yield stress of the different regions based on

initial viscosity values.
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Figure 4-71 critical concentration for different temperatures at low shear rate 10s™.

The behavioural complexity was indicated by the formation of non-equilibrium
microstructure in the presence of hydrodynamic shear fields - see Figures (4-17,

18). In correlation with the temperature/ physical state, one behaviour was
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observed at each temperature. At the low temperature of 5°C, when the solution
overcame wall-slip at low shear rates, it was predominantly a Newtonian fluid. In
contrast, the gel at 40°C can described as a shear thinning Herschel-Bulkley fluid,
with a transient behaviour across the shear ramp demonstrated by plateaus

indicating the formation of the shear bands.
b) Shear flow scattering:

Figure (4-72) shows the shear response recorded by rheological measurements
at 10 s using Couette cylinder geometry and the matching SAXS 2D patterns
recorded during the application of rotational shear using the Linkam shear cell

‘parallel plate geometry’ on the 122 beamline, both heated at 2 °C/min.

Since the recorded shear response in the shear cell is approximately comparable
to the Couette (see 3.4.3). The scattering profiles acquired were overlaid to their
corresponding temperatures to relate the thermo-rheological events to the

structural changes recorded.
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Figure 4-72 SAXS collected using shear cell during temperature ramps for F127 25% under constant shear of 10 s,

The system shows a reduced viscosity with a weak halo at 10°C indicating the
micellar state which, according to the DSC thermograms, starts at around 8°C.
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Upon reaching transition at 13°C, two faint rings appeared that grew stronger
when the critical gelation point is approached at 18°C - where the curve’s
branching usually starts. This coincides with strong structures depicted by three
Bragg rings, with high intensity in the meridional and equatorial peaks, in the first
and second rings, respectively. Depending on the frames recorded, the scattering
profiles fluctuate in intensity as expected under shear application and the short

measuring acquisition time.

After that point, the second ring’s intensity was stronger than the first until
reaching 30°C, where the intensity of the first order increased forming a more
defined hexagon with higher intensity points at the previously mentioned
positions. In this rheological range, the viscosity is constant with increasing
temperature, indicating macrostructural stability. The gels have been described
by multiple groups as ‘hard’ compared to the soft gels formed early after the
transition (Hyun et al., 2006, Hamley, 2005, Hvidt et al., 1994). The structure
keeps getting more ordered as implied by the continuing intensity increase in both
rings. However this ceases at 40°C, and the scattering recorded was
predominantly from the first order peaks showing almost symmetrical intensities
across the hexagonal spots. Further increase in temperature resulted in the first
order four sided peaks becoming stronger, consistent with Loose and Ackerson
(1994) zig-zag motion predictions at low shear rate which has been recorded in
FCC crystals under orientation forming 2D-HCP structure. This structure
combines two types of crystals and has been referred to as RCP (McConnell et
al., 1995, Pozzo and Walker, 2007a).

c) Mixed shear-SAXS (syringe pump):

In the injected gel experiments extensional flow was introduced to the system
while collecting SAXS measurements on 122. The two tested samples 25 and
30% were injected in the solution state from a chilled syringe into a room
temperature reservoir (AT=18°C), and considering the DSC peak temperatures
were 12 and 8°C for each concentration respectively. This subjects the systems
to instant yet incomplete gelation during the injection time allowed - as can be
seen from AT in Figure (4-69) based on the results of 10°C/min heating rate. This

will definitely put them in the gel transition, making them at this stage more
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susceptible to shear effects at 18 and 13°C, according to the previous rheological
measurements. The shear and combined extensional flow effects observed in the

results section have led to the following conclusions:

a) The resultant structure is very ordered after injection, demonstrated by the
sharpness of 1D peaks and strongly defined patterns in 2D, where the scattering

intensity is a function of concentration.

b) The injection has resulted in the formation of spikes - that were not present in
the steady shear experiments. These spikes correspond to locally more ordered
domains which seed heterogeneous nucleation. Their growth density appears to
be spatially linked to the disordered manner of initiation giving the scattering
pattern a hazy speckled look. Meznarich (2012) has reported the appearance of
individual spikes on the correlation ring and according to the published data they
were stable with heating from 30 to 60°C with no surrounding localised growth
although overall scattering intensity increased. These results were acquired
under static conditions and only in one concentration 30%. Similarly,
Prud’homme et al. (1996) reported the appearance of spikes in static SANS raw
2D data of 15%, which was attributed to the formation of large domains which

disappeared with heating to 54°C.

The origin of the initial spike formation is likely to be connected to the
unhomogenised flow arising in the channel accompanied by the continuous
temperature change throughout the injection process, however the propagation
of the spikes would be expected to be a product of temperature after shear
cessation. Figure (4-73) shows the time-resolved peaks and their respective
intensity progression recorded after different shear rates (1, 10 and 90 s?) for the
sample containing 30% from Figures (4-44,45 and 46).

From the peak positions in Figure (4-73a), it can be seen that g* shifts to the
higher g-values as the small peaks merge together indicating a reduction in
domain sizes, matched by a steady increase in scattering intensity in in Figure
(4-73b), signifying the continuous formation of ordered structures. The fitted peak
values were similar for 10 and 90 s* while the recorded scattering intensities were

inversely proportional to shear rate applied. However, the difference between the
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values reduced as the tests progressed to almost identical values by the end of
the test.
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Figure 4-73 Progression of scattering vector and intensity values acquired for the injected F127 30% at three
different shear rates.

c) The final structural orientation after injection is concentration dependent and
directly linked to gelation boundaries, where samples containing 25% stabilised
with first order rings having higher intensities in their four side peaks, while 30%
stabilised to parallel arch like patterns with higher polar intensity. The annular
intensity analysis was not accurate enough to determine the peaks distribution
due to the high levels of noise recorded, with broad peaks that change between
four and twofold depending on the shear rate applied. A solution of wormlike
micelles under capillary flow have displayed analogous patterns. Under isotropic
conditions diluted solutions of Pluronic P84, PI-PEO and PEB-PEO have formed
cylindrical micelles in a hexagonal stretched lattice with ellipsoidal anisotropy in
the flow direction. The anisotropy was lost after shear application to resulting in
an isotropic structure as a result of micellar alignment (Castelletto et al., 2007,
Trebbin et al., 2013).

In all previous shear alignment investigations performed on F127 (up to the time
this text was written) experiments were restricted to steady shear or oscillation
with no involvement of the extensional component. Under these conditions, the
results indicated shear melting as a final structural transition with high values of
imposed shear, as reported by Lopez-Barron et al. (2015) on F127 24% in ionic
solvent. Jiang et al.(2007) reported that even after the application of shear rates
up to 1000 s deuterated gels of F127 20% maintained the layered structure with
no distortions of the spherical structure’s integrity although no further information

was provided regarding the system physical status (softening or melting).
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Based on the results indicating ordered close packed structure and the final
lozenge structures that have been formed after shear cessation, it is suggested
that the micelles might have lost their initial isotropy as a result of shear
superposition, leading to induced orientation the flow direction. As shear is
ceased two events are expected a) the layered structures will relax in the nearest
register site to initial orientation, b) and since the temperature is lower than
required for the stable gel formation, the gel will revert back to a weaker gel state
ending in a mixed state of coexisting order-disorder, in this case hexagonal and
cubic structures within the same matrix with extra spikes indicating a defected

lattice.

A summary of all the SAXS experiments performed are presented in Figure (4-
74).
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Figure 4-74 F127 25% measurements performed using multiple instruments; where SC= shear cell-SAXS (122), SP=
syringe pump-SAXS (122) and SS=Static SAXS SAXSpace).

d) Rheo-SANS:

To elaborate on the constant shear-SAXS findings and reduce the
inconsistencies rising from ramping the temperature, another set of rheological
scattering experiments were performed. The simultaneous Rheo-SANS
experiments were conducted using a Couette geometry with constant shear rates
of 10 and 100 s* mounted in front of the SANS2D beamline at ISIS-RAL. The

tests were repeated at constant temperatures according to each formulation’s
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respective viscosity curve; below gelation, transition and final gel formation at
37°C.

The datasets for two concentrations are displayed in Figure (4-75). Shearing the
formulations at these two constant shear rates should ensure the steady state
during the test period of 15 minutes to homogenise the sample and improve the
data quality even though both shear rates lay in the middle tested shear banding

transient regime - see Figure (4-18).

At low temperature, there was no apparent structure for all concentrations except
sample containing 35%, where the scattering was isotropic with no orientational

order.
Low shear 10 s

Under low shear rates at transition temperatures the samples showed a universal
symmetry demonstrated by 3 orders of equal intensity Bragg peaks in an RCP
lattice. Above gelation 35% displayed stronger isotropic scattering pattern
compared to 25% (and the rest of the tested gels - see results section). This

profile exhibited a sixfold symmetry with higher intensity in the meridional spots,
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Figure 4-75 Rheo-SANS results for two different samples with the corresponding rheological steady shear profiles.
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similar that recorded in the shear cell SAXS experiments under temperature

ramps.

The isotropy recorded in 35% has three possible explanations. Either; 1) an
experimental discrepancy during the measurement, where an unusual increase
in viscosity was detected halfway through the test (result not shown). Or 2) a
shear melting transition which has not been reported in concentrated F127 gel at
these low shear rates. In high shear fields the structures of polymeric blocks and
colloidal systems undergo an order-disorder transition, characterised by the
disappearance of the sixfold scattering peaks in 2D profiles. 3) The third and most
likely possible reason is a shear mediated tumbling, which creates a network of
dislocated crystallites that have isotropic random orientation resembling the
patterns acquired in the ‘powder’ state.

FCC crystals of deuterated polystyrene/polyisoprene diblock (d-PS/PI)
suspended in a mixture of deuterated and hydrogenated decane have been
reported to exhibit similar isotropy at low shear rates (below 1s?). Although the
published patterns display four spot asymmetry, the authors reported that at low
shear rates the sheared crystallites support a rolling movement to create a
random powder scattering patterns and as the shear increased they described
the patterns as a combination of sliding layers and tumbling until 6 s was
reached and the 2D scattering displayed twinned FCC structures by zigzag

movement McConnel et al. (1995).

Lopez-Barron et al. (2015) sheared a solution of F127 24% in deuterated ionic
solvent ethylammonium nitrate (dEAN) at 40°C and attained high four intensity
spots from shear rates starting from 1 up to 500 s before reaching full isotropy

due to shear melting .
High shear 100 s

The four sided higher intensity hexagons previously shown have been reported
previously at temperatures higher than 40°C in shear-SAXS measurements and
can be seen here at transition temperatures under the application of 100 s*. This
has been recorded at this stage in Rheo-SANS samples across concentrations

of 20 and 25%. This confirms that this state of ‘order’ can be either reached by
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applying high shear rates resembling what can be accomplished at higher

temperatures with lower shear rates as seen in Figure (4-75).

To compare the resulting degree of orientation under the two shear fields, the
average full width at half maximum (FWHM) values of each azimuthal 1D Rheo-
SANS experiment at the meridional positions (examples are shown in Figures 4-
50-54) were used to quantify the orientation at the two temperatures of interest —

see Figure (4-76).
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Figure 4-76 Changes in FWHM versus F127 concentrations.

The plotted results highlight two points, for Tgel, the orientation increases as
function of concentration (FWHM values decrease) under 10 s - as seen before
the gels at this stage show a sixfold symmetry with higher intensity at the
meridional positions. While at 100 s, an opposite trend was observed where
lower concentrations experienced higher degrees of orientation. Since only the
meridional position averaged FWHM values were used here the results don'’t
provide a fully accurate representation of the orientation since the gel containing
20 and 25% demonstrated different symmetry to 30% as seen in 4.3.2.2 b.

Above gelation, although azimuthal profiles indicated the same top/bottom
anisotropy for all gels this did not reflect in a unified trend across the FWHM
values. At 10 s the orientation degree increased with concentration up to 30%
followed by a drop for 35%. Revisiting the recorded viscosity values for 35% when
temperature was held constant at 37°C showed an instrumental failure to reach
the appointed shear rate due to reaching maximum torque values by the
measuring system and the true shear rate values averaged at 0.1 s'* making the

fitting value for 35% unsuitable to be used in this comparison.
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No clear trend was observed at 100 s, where the intermediate concentration of
25% showed higher value than 20 and 30%. It is worth mentioning that the
Lorentzian fit applied on 20% profile had the lowest confidence value of R?= 0.95
compared to 0.98 and 0.99 for 25 and 30% respectively.

At isothermal conditions shear thinning arises from the ordering of layers by
sliding in the shear direction and at high enough shear rates this results in shear
melting. To quantify the effects of each variant on the structure at each shear rate
comparisons should be made to the isotropic ‘quiescent’ samples. The shear
induced melting proportion can be determined by the degree of order ratio (DOO)
in the 1t order peaks at any shearing stage, where the paracrystalline phase
represents the disordered phase and the sliding layers are the ordered
equivalent. Different methods based on the same principle have been utilised.
The ratio will remain constant until reaching the critical melting shear rate before
dropping to null values depending on the material and shear limits. Based on the
results presented the DOO is the most appropriate analysis to be performed
(Lopez-Barron et al., 2015). However, the isotropic 2D profiles of the samples are

not available for the comparison at the time being.

It was observed that at the transition temperatures, even though the rheological
response for different shear rates looks identical, the underlying microscopic
structure does not, where the near-to-symmetry was acquired at 10 s, a clear
fourfold symmetry was dominant at 100 s?. After gelation less prominent
differences in the shear thinning region were displayed with ubiquitous six fold-
higher meridional peak symmetry, suggesting that this morphological structure is
the final and most stable over the applied temperature range, even after the
application of high shear rates, which has not been predicted in sheared colloidal
crystals. However these predictions have been on materials having the same flow
mechanism. In reality this is hardly the case especially in systems like the one
studied which might undergo several transitions during shearing making it even
harder to determine the structure from the averaged collected data in one
orthogonal direction or the underlying flow mechanisms without rigorous

experimental work in multiple directions inside the shear gap.
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The results correlate to those obtained by Pozzo and Walker (2007a) for F127
25% under the application of 10 and 100 s at 25°C (above gelation temperature
but before the gel plateau). Their sheared gels demonstrated similar anisotropic
scattering showing higher intensities of top and bottom spots in the first order and
second order displaying the four spots at 100 s1. The appearance of the fourfold
symmetry in the second ring led the authors to suggest the system might be close
to the sliding layers prediction and theorised that the peaks were a result of the
coexistence of multiple crystal orientations within the shear gap: pure FCC and
RCP, while the sliding layers was based on a single orientation of the entire
sample. Jiang et al. (2007) studied F127 20% gel at different shear rates from
0.01 to 600 s, and reported the formation of 2D-HCP stacks in the shear plane
with 2D profiles similar to the recorded Rheo-SANS data but no azimuthal

analysis was published.

Experiments performed on another shear banding gelling system of a lower
molecular weight, F68 46% that forms BCC structures have demonstrated the
existence of three coexisting orientations as a result of a layer slip mechanism

imposed by an intermediate shear rate of 50 s (Eiser et al., 2000a).

Based on the results presented in this study, similar assumptions are made
supported by the wider sample pool tested in this study, where most of the
samples displayed different 15t and 2" order structures, indicating the possibility
of formation of multiple structural orientations within the shear gap by different

mechanisms.
Dimensionless shear rate - Peclet number

The F127 gel properties can be described in colloidal suspension terms.
Displaying both Newtonian and non-Newtonian behaviour depending on
environmental conditions, a medley of thermodynamic and hydrodynamic
interactions. The coupled scattering and rheological measurements under
different shear rates, temperatures and using multiple concentrations allow

further analysis.
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The thermal, structural and rheological terms can be combined to calculate the

Peclet number (Larson, 1999):
Pe = 6mngyad/kgT
Equation 4-3

Here, the rheological conditions are represented by 7, the zero shear viscosity
(initial) and y is the shear rate applied. a is the particle radius from scattering

(using the micelle’s Rq below CGT and Rwus for the crystal hard spheres above
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Figure 4-77 The calculated Pe numbers for F127 formulations from the Rheo-SANS data with their
respective viscosities, where; (a)The Pe numbers calculated for two shear rates and the three
temperatures 5, Tges and 37°C. (b) The Pe numbers for Tge and 37°C from (a) were found to follow the
same trends under the same shear rate.
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CGT). The thermal conditions are represented by kzT the Boltzmann constant
and the applied temperature. The calculated results are presented in Figure (4-
77).

At low temperatures the systems are in the sol state and demonstrated a
complete relaxation to shear by their constant viscosity values, although on a
microscopic level the Rg is clearly prone to shear fluctuations. With elevation of
the temperature, the graph highlights gelled system sensitivity to shear rate.
Higher concentrations naturally display higher viscosities and have more
compact spheres but, rheologically, they correspond to the shear in an identical
fashion to the lower concentrations depicted by the trend line. The scaled power
law observed in earlier measurements is illustrated here combining all the system
properties inspected, where both shear rates 10 and 100 s share a value of n~1
and the k is approximately ten times higher for 10 s due to the shear thinning
effect. This indicates the logarithmic scalability of the thermo-rheological
response of the gels. Prior knowingly of shear conditions would be sufficient to
determine the approximate hard sphere particle size making up the crystal lattice
and allow prediction of the initial peak position if the sphericity is maintained.

The system was tested at two stable regimens governed by two vying forces,
repulsion during micellisation and attraction during gelation and one intermediate
representing the transition in between. The two system interactions respond to
temperature and shear differently. As demonstrated in the results, micellar size
fitting indicates an Ry decrease with increasing shear rate with no significant
macroscopic effect on the system. Itis highly unlikely that the shear effect is non-
existent but within the time frame and the techniques used it is difficult to measure
due to the rapid relaxation process connected to the fast kinetics of Brownian
motion. However this was hardly the case for the associated micelles ‘hard
spheres’ making up the gel bulk. Rus values were almost identical for both shear
rates (except for 30%) but the whole interconnecting layers moved with the flow

creating the structures observed in rheological and scattering measurements.

Pe number values can be used to calculate the characteristic time for diffusion tp

- the time for a sphere to diffuse a distance equal to its size (Jones, 2002):
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tD == Pe/)/
Equation 4-4
e) LAOS

Amplitude strain sweeps were applied to the gels in a range covering low to large
amplitude oscillatory shear. The recorded behaviour correlates with LAOS
measurements on F127 20% reported by Hyun et al. (2006), the gelled
formulations can be described as a complex fluid type lll, characterised by weak
strain overshoot. Figure (4-78) demonstrates the different transitions the 20% gel

structure undergoes upon strain application.

At low strains (region 1), G’ and G” are constant (linear VE region) the elastic
proportion resists deformation up to a certain value under the imposed strain and
the structure is predominantly stable FCC. Above this critical strain the structure
is broken into layers and the polymer chains are aligned in the flow field forming
distorted crystals, which can be seen with characteristic G” overshoot that
represents the increase of energy dissipation in the system due to structural
breakage (region 2), this correlates to increased area of the ellipse seen in
Lissajous diagram from Figure (4-33). At large strains both moduli are decreasing
due to the sliding layers displayed by the viscous property dominance indicating
shear melting (region 3). In the shown example the moduli values have dropped
from 19249 and 613 [Pa] at the beginning of the test to 6 and 44 [Pa], for G’ and
G”, respectively. The behaviour is equivalent to the non-linear response observed
at high shear rates that has been widely referred to as slip-stick flow (Hamley,
1998).
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Figure 4-78 LAOS performed on F127 20% at w=10 rad/sec and 37°C.

161



4.7.2 Pluronics discussion:

The properties of F127 which contains 70% PEO have been compared to two
different molecular weight Pluronics; F108 and F68 with molecular weights of
14600 g/ml and 8600 g/mol which both on average contain about 80% PEO. The
copolymers comparison/details were provided earlier in materials and methods (-

see Chapter 3).
4.7.2.1 Thermal properties:

The peak temperatures and enthalpies for the different systems are plotted in
Figure (4-79). It can be clearly seen that that formulations of F127 have lower
peak temperatures for the same copolymer fraction, signifying that the thermal
transition would occur in F127 earlier than F108 and F68 - which comes last with
the highest peak temperatures.
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Figure 4-79 DSC peak temperatures and enthalpies of F127, F108 and F68, each run was
repeated three times.
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This can be used as an indicator of gelation and a factor to take into consideration
to predict the thermal properties of mixed system of Pluronics. The thermal
transition depends on the balance between PEO and PPO units with CMC (or
CMT and therefore CGT) and decreases with increasing the number of
hydrophobic PPO units.

For the same copolymer content of F68 and F108, formulations of F108 had
earlier transition onset signifying, even though F108 has slightly less PPO
content, its higher overall molecular weight (chain length) aids the thermal

response leading to the observed trend as in agreement with Alexandridis and
Alan Hatton (1995).

4.7.2.2 System morphology:

The structure of the formed lattices were investigated by SAXS. The peak
positions for each Pluronic agrees with the literature, where F68 forms a BCC
and both F127 and F108 micelles associate onto an FCC matrix. The ordering
onset and structural development were functions of temperature and copolymer
content as seen in Figures (4-35, 66, 68). The micelles grow smaller in size with
increasing concentration. Figure (4-80) shows a comparison between
formulations containing 30% of each Pluronic at 40°C. At this concentration both
F108 and F127 are at the gel state exhibiting hard sphere crystallisation with hard
sphere radii of 8.5 and 9.53 nm.
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Figure 4-80 SAXS 1D profiles for the same concentration of F68, F127 and FO18 at 40°C.
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The critical issue of determining the particle size in Pluronics is still a matter of
ongoing uncertainty in the literature, especially in gel forming concentrations. At
low concentrations just above CMC, the measurement is straight forward using
light scattering techniques; dynamic or static which often record values of
hydrodynamic radius (Rn ) of 10-11 nm for F127 1% (Wu et al.,1997, Meznarich,
2012). However these methods do not accommodate higher concentrations.
SAXS and SANS offer accurate dimensional information, and more detail when
selective deuteration is applied in SANS, providing the micellar core and shell
dimensions. But most of the micellar/hard sphere radius values published are
model dependent with a scarcity in referring to the scattering vector or cell
parameters which does not allow a robust comparison from different research
group measurements. The values reported here were compared to the published
data when possible using cell size. The values reported for the same diluted
region acquired by SANS were quite low compared to light scattering. Dreiss et
al. (2007) reported Rg values of 5.3 and 4.3 nm for F127 1 and 3% at room
temperature, both above CMC and CMT. In the same range, Valero et al. (2018)
reported almost double the size with 10.9 nm for 4% at 37°C. Table (4-3) shows
a round up for some reported values and measurements techniques. This applies

to a lesser extent on F108 and F68 since these are not widely used as F127.

Table 4-3 A collection of reported radii values highlighting the technique and concentration used.

Method | Conc.[%] | reported values [nm] T [°C] Ref.
DLS 0.1,0.5 Rn=10.5 37 (Singla et al.,
2016)
GPC 1 Rnh=10 50 (Malmsten and
Lindman, 1992)
DLS 1 11 25 (Wu et al., 1997)
SANS 1 Rus=16 50 (Lin and
Alexandridis,
2002)
DLS 1 Rn=12.18 37 (Pragatheeswaran
and Chen, 2013)
DLS 2 Rh=10.2 35 -45 (Attwood et al.,
1985)
SANS 1,3 Rg=5.3, 4.3 25 (Joseph et al.,
2007)
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DLS 4 Rn=10.9 37 (Valero et al.,
2016)
DLS 5.26 Rh=18.7,10,9.9 25,40,60 (Basak and
Bandyopadhyay,
2013)
DLS 1 Rh=10nm 70 (Meznarich, 2012)
SANS | 20,25,30 a=31.9, 30.6, 29.3 40
SANS 15 a=32, Rus =11.3 50 (Li et al., 2006)
(based on q value)
SANS 18 a=29, Recc=4.3 gel (Dreiss et al.,
2009)
SANS 20 a= 28,Rus =12 17 (Mortensen and
(based on g value) Talmon, 1995)
SANS 5 Rg=2.2 5
Cryo- 11.7 interlayer=14 -170
TEM
Sans 9.97- a(BCC)=25.6-20.8 29.6 (Prud’homme et
19.4 al., 1996)

The cell parameters reported in this study align with values reported in multiple
studies where enough data is provided for comparison. However, no data was

found for sheared system as discussed previously in the results section.

4.7.2.3 Rheological properties:

It is expected that the gelation mediated by the hydrophobic transition in F108
and F68 will require higher quantities to establish the same distinctive gelation
observed in the F127 systems since both Pluronics have lower PPO content. For
the sake of simplicity, the rheological behaviour formulations with the exact
content of each copolymer at 20% under different shear rates and ramping
temperatures are compared in Figure (4-81). For the concentration tested, F68
acted like an ideal Newtonian fluid with ten times viscosity than pure water.
Temperature and shear dependencies were obvious in F127 and F108, with the
characteristic three regions of; temperature dependent viscous fluid at low
temperatures, thermal transition and shear dependent gel. The rheological

results correlate to the previously discussed thermal transitions detected by DSC,

165



where F127 experienced earlier transition onset than F108 and F68. The gel
strength denoted by the recorded viscosity values for F127 and F108 are very

similar for each applied shear rate.

Reports in the literature addressed the banding phenomena observed in multiple
polymeric blocks including Pluronics; P84 (cylinders) by Manneville et al. (2007)
and Waton et al. (2004), F68 (cubic-BCC) by Eiser et al. (2000a and 2000b) but
no reports documenting its existence in F127 and F108 forming FCC crystals are
available.

Eiser et al. (2000) performed rheological experiments on 35% F108 at 25°C,
which is well above gelation as can be seen from the temperature ramps in Figure
(4-58). Their results demonstrated unexpected shear thickening and no banding
in F108 compared to its lower molecular weight counterpart F68.
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Figure 4-81 Temperature ramps at constant shear rates on 20% of each Pluronic compared to pure water.

The three triblocks behaviour under ramping shear using the same concentration
from the T-ramp is compared in Figure (4-82). The constant temperature 37°C
was above gelation for higher molecular weight blocks which exhibited the

characteristic banding plateau. Shearing in the copolymers is attributed to the
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sliding layers, that resulted in spatial coexistence of different orientation states
under steady shear demonstrated by scattering patterns and the reported results
on F68 (Eiser et al., 2000a).
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Figure 4-82 Shear ramp results for the same concentrations of F68, 127 and 108 at 37°C

The application of high strains resulted in annealing the defects from steady shear
and resulted in one twin but with different confirmations across the Couette shear
gap in F108 (Diat et al., 1996). Mohan and Bandyopadhyay (2008) performed a
systematic study on F108 in the linear regimen that overall correlates with the
results reported here taking into consideration a different heating rate but they
did not report the behaviour under shear ramps. This makes this study the first to
document such transient behaviour in F108. Though banding has been
suspected in F127 (Lopez-Barrdn et al., 2015, Jalaal et al., 2017), no actual
reports documenting the shear banding phenomena and its correlation to

concentration can be found in the literature.
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Chapter 5 PEG-blends

A group of varied molecular weight homopolymer (PEG) was utilised to probe the
effects of introducing a common pharmaceutical ingredient with a range of
different hydrophilicities to the aqueous systems of F127 to control their
properties. The blends thermal, rheological and structural properties were
elevated and compared to the neat systems as a function of PEG’s concentration
and Mw. The physical blends were prepared with the introduction of the PEG
homopolymer; weighing from 1000 to 2000000 g/mol into gel formulation of F127

20%. The blends preparation method was previously discussed in section (3.1.2).

5.1. Thermal Analysis:

5.1.1 TGA

PEG-blends containing 1% of each homopolymer were tested to determine
weight stability and their ability to retain water as compared to the neat
formulation. Figure (5-1) shows an overlay of PEG-blend results acquired during

temperature ramps from 27 to 400°C.
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Figure 5-1 TGA heating ramp from room temperature to 400°C.

The curves showed a step transition, where the first weight loss correlates to
water content loss and the second for the polymer’'s degradation. Most of the
blends transition temperatures were close to that of the neat 20% F127 gel, which

recorded a slightly lower transition temperature than the blends at 140.9°C. The
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blend containing 20K recorded the lowest transition temperature at 124.4°C,
which persisted when the test was repeated using different batches. Figure (5-2)
show the formulation’s corresponding transition temperatures.
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Figure 5-2 TGA transition temperatures for PEG-blends as function of PEG Mw.

5.1.2 DSC

a) Static measurements:

The blends exhibited the same thermal transitions as the neat gels during the
heat-cool-heat cycles. Blend’s thermograms showed a single, broad endothermic
peak in the heating ramps indicating micellisation/gelation, which was
reciprocated by an exothermic peak in the opposite direction during the cooling
cycle representing the gel melting at around the same temperature as the

endothermic peak. Figure (5-3) shows the overlaid PEG-blend thermograms in
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Figure 5-3 DSC thermograms curves for PEG-blends.-blends.
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the range of -5 to 45°C. The thermal variables recorded during the heating step
for PEG-blend formulations are plotted in Figure (5-4).

The results demonstrated a weak correlation with increasing PEG molecular
weight, where the largest slope values were seen for the end-set temperatures.
The blend values of Tonset, Tendset and Tpeak Were very close to what have been
previously obtained for the pure F127 20% formulation. A similar trend was
observed for the peak enthalpies, where the measured values had a slope of -
0.02.The blend temperatures averaged at 10.9 and 14.8°C, for Tonset and Tpeak
with an averaged enthalpy of 4.5 J/g. These values were slightly lower than these

recorded for the pure system values of 12.3, 16.1°C and 4.6 J/g.
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Figure 5-4 variables obtained from the different blend thermograms, indicating onset, peak and endset
temperatures. In addition to the endothermic peak enthalpies for each respective blend.

MDSC:

The modulated DSC runs showed identical thermal responses to the neat gel.
The thermograms exhibit the same peak from the standard DSC tests and did not
reveal any additional peaks - see Figure (5-5) .The results demonstrate that the
transition peak signals are the sum of the reversing and non-reversing signals,
due to the change in heat capacity and the micellar ordering, similar to that

observed in the neat gel experiments.
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Figure 5-5 MDSC thermograms for PEG-blends.

b) Thermomechanical measurements:

The thermal properties of the sheared gel samples were investigated. Samples
which had been previously sheared under constant shear rates, from 10 to 100
st were tested after cessation of shear. The runs started in the gel state with
cooling cycles from 40 to -20°C ensuring the gel structure had ‘melted’, then
temperatures were increased in the heating step, which allowed the study of the
dynamic effect of shear and temperature on gel transition compared to
temperature only from the static DSC measurements.

Figure (5-6) shows four thermograms for PEG2M-blend which has been tested

with and without shear.
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Figure 5-6 DSC thermograms for four different samples of 2M-blend; static and after the application of three shear
rates of 20, 50 and 100 s™.. The insert showing the peaks displayed in the cooling step.

As seen earlier for neat gels, the sheared PEG-blends displayed an extra feature
within the usual broad exothermic peak in the first cooling cycle — which was
directly performed after shear, indicating a structural order associated with shear.
However, after cooling and reheating the sample again the additional peak
disappeared. Except for this aforementioned small additional peak in the first
step, the sheared sample thermogram looked identical to the one obtained under

static conditions.

Thermograms of sheared 20K - blends did not display the extra peak the other
formulations exhibited and they looked identical to the non-sheared gels, even
when high shear rates were applied. Figure (5-7) shows the shear peak enthalpy
values of the different blends. The gels were weak and the same challenges
reported in Chapter 4 were encountered for these experiments including
sampling position within the Couette, structural weakening during the loading
which caused time variation, all of which might have affected the test results.

Neat gels containing 20% F127, as demonstrated in Chapter 4, formed weak
structures compared to gels containing higher concentrations of the copolymer.
Therefore the detected peaks here confirms that PEG addition has aided the

structural order under shear and made it more visible for most of the samples.
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Figure 5-7 Enthalpy values of the shear exothermic peak recorded after applying different shear rates (10-
100 s), multiple points indicate the test repetitions.

5.2. Rheology results:

5.2.1. Temperature ramps at constant shear:

These experiments were performed as previously discussed in Chapter 3 where
samples were subjected to a variety of constant shear rates with ramping
temperatures up to 40°C. The results will highlight the effects of the PEGs
addition, the concentration of the added homopolymer and its molecular weight.
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a) The concentration effect

To investigate the concentration effect on the rheological properties, two different
concentrations of low molecular weight PEG 1K and PEG 2K were tested at two
copolymer fractions of 1 and 5%, the results being shown in Figure (5-8). In an
identical trend to the neat F127 systems, the blends show the same three regions
based on viscosity values; low, transitional and high. At low temperatures the
formulations are Newtonian liquids exhibiting decreased viscosity with increasing
temperature. Viscosity values increased by a decade in the second region as the

ramp continues.
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Figure 5-8 PEG-blends temperature ramps at constant shear rates on concentration of 1 and 5% of PEG 1
and 2K.

At a critical temperature, the formulations experienced an abrupt increase in
viscosity to result in a gel structure. For the neat F127 20% formulations this
occurred at 24.2°C, however for blends with the added 1% of each homopolymer
the transition temperature dropped slightly to occur at 24.09 and 22.1°C in PEG
blends of 1K and 2K, respectively.

Increasing the homopolymer concentration in the blend to 5% led to a further

reduction in the transition’s onset compared to the 1% PEG formulations. This
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effect can be observed strongly in the blend containing 5% PEG 1k, where the
transition initiated at 12.97°C compared to 17.6°C for the neat formulation and
16.6°C for 1% blend of the same homopolymer. The 5% blend exhibited an earlier
gelation transition than aforementioned samples to reach the gel state at
20.68°C. The concentration effect on gelation is more prominent in the PEG 1K
sample, where the difference between the gelation temperatures of 1 and 5% is
2.11°C compared to 1.42°C in the case of PEG 2K. The homopolymer content
led to a slight weakening of the final gel structure. All blends had lower viscosities
than the neat gel, and this reduction can be observed at its highest in PEG 1K

5% sample — as seen in the insert in Figure (5-8).
b) The molecular weight effect

The PEG molecular weight effect of the rheological response was explored using
the same concentration of 1% for different PEGs with varied Mw. Figure (5-9)
show the formulations rheological behaviour with temperature.

From the plotted flow curves at different shear rates, it can be seen that all of the
blends had a lower gelation transitions than the neat gel system. PEG 2M had
the earliest transition onset, where even at low temperatures the blend exhibited
shear dependency displaying an unusual well-defined drop starting from 14.1°C
to reach a minimum at 15.6°C before the characteristic gelation overshoot where
the multiple shear curves shared the same viscosity values up to 19.6°C before
branching according to their respective applied shear rates.

The rest of the PEG-blends demonstrated subtle differences. The 2" highest
molecular weight 200K had the second highest viscosity in the low temperature
region, and it exhibited a similar behaviour to its lower molecular weight
counterparts with relatively earlier gelation transition at 23.6°C compared to the
neat 20% at 24.2°C respectively. Formulations containing PEG 20K, 2K and 1K
exhibited decreased gelation temperatures to 24.5°C, 22.1°C and 24.09°C
respectively. Comparing final viscosity values of the neat system to PEG-blends

show that closest viscosities were recorded for PEG 20K and 200K.
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Figure 5-9 Temperature ramps on different molecular weight PEG-blends at constant shear rates.

c) Constant temperature — Shear ramps

The shear ramps were performed at 37°C for all samples, the corresponding flow
curves of PEG-blends along with the neat 20% are displayed in Figure (5-10).
The stress responses show yield stress values for all the blends followed by a
plateau and upward slope indicating a continuous transient behaviour, similar to
the results observed in neat gel systems. No apparent relationship between the
yield stress values and the PEG chain length at early stages of the ramp was

observed. However at shear rates higher than 100 s the curves were aligned

according to the molecular weight of the PEG in each formulation where Tneat <

TPEG 1K = TPEG 2K < TPEG 20K < TPEG 200K < TPEG 2M.
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Figure 5-10 PEG-blends shear ramps at 37°C.

The viscosity curves demonstrated shear thinning behaviour, with the values of
the K constant for the fitted power law of the viscosity curves correlating to the
added homopolymer chain length except in the case of PEG 20K where lower
value of K was apparent. The test has been repeated on 20K gels multiple times
using different batches but the same result was prevalent. The K values for all
the blends are plotted in Figure (5-11).
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Figure 5-11 PEG blends viscosity power law K values- from shear rate results.

5.2.2. Oscillatory shear:

Due to the recorded structural similarities, the LVE limits obtained from amplitude
sweeps on the neat systems were used for oscillatory shear measurements on
PEG-blends. As strain value of 0.2% and an angular frequency of 10 rad/sec

were applied for all oscillatory shear experiments.
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a) Temperature sweep:

This set of experiments aimed to determine the gelation boundary for each
formulation. Runs were performed from 5°C to 120°C. The plotted results in
Figure (5-12) show that the tested blends exhibited G” > G’ pre-gelation followed
by an abrupt increase in the moduli and a crossover of the two curves indicating
gelation at G”= G’. After gelation the formulations were stable with G’ dominating
by almost a decade over G”. A further temperature increase led to a decrease in
the moduli values indicating the destruction of the gel structure. Unlike the rest of
the formulations, at low temperatures, the 1K-blend showed G’ > G” values, which

were the highest recorded for the samples.
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Figure 5-12 PEG-blends Temperature sweeps under oscillatory shear.
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The gel boundaries were determined from the two crossover points of the shear
moduli, where the lower gelation boundary (LTge) was assigned to the first
crossover point indicating the gel structure formation and upper gelation
boundary (UTgei) to the second crossover for its destruction. All samples exhibited
a reduction in LTgel compared to the neat gel, expect for the sample containing
20K. However, less uniformity was observed in UTgel shifts. Samples containing
lower molecular weights (1K and 2K) and the highest molecular weight had
increased UTgel in comparison to the values for 20K and 200K. The experimental
results are summarised in Figure (5-13) along with data from Li and Hyun (2018)
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25% blends for comparison. As a results of the two boundary shifts, sample

containing 20K has the smallest gelation window among the blends.
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Figure 5-13 PEG-blends gelation boundary results compared with published data (Li and
Hyun, 2018)

The complex viscosity profiles affirmed the same trends from the shear moduli
plot, where low viscosity values were recorded at lower temperatures followed by
an abrupt increase corresponding to the moduli crossover at gelation to reach a
plateau corresponding to the G’ dominance at the higher end temperature range.
According to Figure (5-14) the blend containing PEG 2K had the highest complex
viscosity among the tested blends whilst the neat formulation had the lowest

values.
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Figure 5-14 PEG-blends complex viscosity values under oscillatory shear- temperature ramps.

179



b) Frequency sweeps:

Figures (5-15) and (5-16) show the recorded results of the dynamic shear moduli
and complex viscosity at 37°C. The dynamic moduli values for the tested samples
share the same dependency on the applied frequency as the neat gels.

This was demonstrated by the storage modulus almost constant slope values
across the frequency range although the loss modulus was showing a stronger
correlation to the applied frequency values, where it exhibited almost a decade
difference between the initial starting and final recorded values. There was no
evident correlation between the measured moduli and the PEG molecular weight.
All blends - except the sample 1K exhibited crossovers, the observed values lay
in the high noise - low frequency region for the blends between 0.00158 and
0.002 rad/sec.
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Figure 5-15 PEG-blends dynamic moduli values during frequency sweep at 37°C.

The complex viscosity values exhibit shear thinning behaviour for blends with a
negative power law index of 0.9 and varying K constant. The power law K values
for the different formulations are plotted in Figure (5-17). The neat gel exhibited
the highest value and the PEG addition reduced this as a function of molecular
weight. The K plot displays a quadratic curve that divides the PEGs according to

their induced shear thinning behaviour into two regions of a) high shear thinning
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(highest and lowest Mw; 1K, 2K and 2M), and b) low shear thinning (20 and

200K).
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C) Relaxation:

The relaxation tests were performed in a step strain of 0.2% at 37°C. The

corresponding relaxation modulus results are displayed in Figure (5-18). The
blends t(A) values (according to Maxwell's model where T (A) = 0.368 tmax) were
plotted as a function of PEG’s Mw in Figure (5-19). All gel blends exhibited a
reduction in T(A) values compared to the neat gel, proportional to PEG’s chain

length. Where blends containing 20K, 200K- and 2M were almost completely
relaxed by the end of the test.
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PEG’s Mw at 37°C.
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d)  SRFS:

Tests was performed at six shear rate values covering the range from 0.01 to 10
s1 on two samples containing 1K and 200K to generate a master curve to be
compared to the measured frequency sweep and the calculated moduli values
from relaxation modulus data using I-Rheo. The combined graph is shown in
Figure (5-20).

The results demonstrate a good correlation between the measured moduli values
and the I-Rheo calculated ones — which has expanded the low frequencies range
to give a possible crossover point that is not effected by the instrumental noise at
low frequencies. On the other hand the SRFS master curve vertical shift (for this
curve auto shift of b=1 has been applied) still need some adjustment since it is

clearly over-estimating the curve’s crossover.
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Figure 5-20 comparison between measured dynamic shear moduli values from frequency sweep and generated
values from SRFS measurement master curve and I-Rheo.
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5.3.  Structural results

5.3.1 Static measurements:

a) SAXS- SAXSpace

The PEG-F127 blends were tested across the temperature range from 0 to 40°C,
the 1D scattering profiles for 5 and 40°C are plotted in Figure (5-21) and the 2D
results for the whole tested range are provided in Figure (5-22).

The PEG-F127 blends lacked any structural order below the gel transition at 5°C.
The structural development was triggered with temperature increase, reaching its
highest order at 40°C. The PEG- gel systems displayed at least three distinctive
peaks around the same positions as the neat F127 20% - see table (5-1),
although there were notable shifts in the peak positions. These shifts are
indicative of the PEG’s effect on the system crystal structure. However the data
collected were inconclusive to assign a specific type of close packed paracrystal
for blends containing 1K and 20K. The only two blends that exhibited clear
indexable peak positions were 2K and 200K, with fittings matching FCC and BCC
structures, respectively. The sample containing PEG 2M did not show the
characteristic g* peak around 0.036 [A-1] at 40°C probably due to signal smearing.
The same sample exhibited a weak peak at the same position at 60°C supporting

the previous assumption.
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Figure 5-21 SAXSpace 1d profiles for PEG-blends tested constant temperatures at 5°C, profiles have been
shifted vertically for clarity.
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2M

200K

20K

PEG Mw [g/mol]

N
=

1K

Table 5-1 g-values recorded for different blends at 40°C.

Temp. [°C]
Figure 5-22 SAXSpace 2D scattering profiles for different PEG-blends as a function of temperature, where red
frames represent the predicted transition temperatures from DSC measurements. The blackened out boxes were
used in place of missing data.

formulation q* qu[AY] | 2AAY] | gs[AY | qufAY
Neat 0.0355 0.061 0.070 0.080 -

1k 0.0423 0.064 0.077 - 0.096
2K 0.0398 0.062 0.071 - 0.090
20K 0.0362 0.061 0.068 0.080 0.096
200K 0.0362 0.060 0.070 - 0.092
2M 0.0356 0.061 0.070 0.089 -

b) SAXS-I122:

As explained in experimental set-up (Chap. 3), the samples were loaded to quartz
capillaries and mounted on a stage in front of beamline 122 at Diamond. Tests
were performed; after refrigeration at 5°C and again at room temperature with no
active temperature control. The results are shown in Figures (5-23). After
refrigeration the first sample to be tested was the neat 20%, which did not exhibit
any structural features.

As for the blends, intermediate structuring had already started by the time
measurements are taken. The two distinctive peak positions were at 0.035 and
0.067 [A1]. These values are almost identical to those observed when the

samples were left to stabilise at room temperature for the second set of
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measurements, although the second set demonstrated higher intensities. This
confirms that the formulations had already started their thermal transition,
probably due to the lack of active thermal control or insulation that allowed rapid
heat transfer through the capillaries thin walls.

Based on the recorded results, the blends appear to be locked in an intermediate
stage below the structurally defined gelation and above the completely
disordered micellar state. The two peaks affirms that they might be closer to the
former than the latter. The sample containing 2M exhibited the same two peaks
with additional high intensity overshoots at 0.0377, 0.0616, 0.0723,0.0755,
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Figure 5-23 122 measurements of PEG-blends at (top) after refrigeration and (bottom) room
temperature.
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0.0872, and 0.095 [A1] corresponding to 1, V8/3,¥11/3,N412/3, V16/3, and \V19/3

ratio values in an FCC lattice.

c) SANS:

These measurement were performed on deuterated systems at two controlled
temperatures of 5 and 37°C on beamline LOQ at ISIS-RAL. Figure (5-24) shows
the two 1D profiles for tested PEG-blends: PEG 1K and 2M along with the neat
gel containing F127 20%. Similar to the neat formulation results and the PEG-
blend measurements performed on SAXSpace, the two blends exhibited a
broad micellar peak undistinguishable from the neat F127 20% at 5°C.

The same identical scattering trend was acquired at 37°C, although when fitted
using FCC paracrystal model small differences arose from the different scaling
leading to a nearest neighbouring distance of 32 , 30 and radii values of 5.1 and
4.9 [nm] for PEG 1K and 2M, respectively, compared to values 30.7 and 5.27
recorded in the neat 20%.
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Figure 5-24 SANS results at 5°C(left) and 37°C (right) for 1K- and 2M-blends.

5.3.2 Dynamic measurements:

5.3.2.1 SAXS:

The same experimental procedure from (3.2.3) was followed using the Linkam
shear cell with modified Kapton windows. Two PEG-blends; 1K and 2M were
sheared at different rates with a heating ramp from 10 to 50°C at 2°C/min.

The scattering profiles of the sample containing 1K revealed no difference

between static and sheared formulations at the two shear rates 10 and 20 s
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applied. For all experiments the scattering patterns were dominated by a decay/
wide peak at 0.02 [A1] that persisted across all frames. As the tests progressed,
the intensity of the peak increased as a function of temperature. Figures (5-25,
26 and 27) display the 1D and 2D scattering profiles of the 1K blend under the
three different shear setups.

Similar results were acquired after the 2M-blend was sheared at 10 and 20 s
(data not shown). This notable behaviour demonstrates the absence of order in
the scattering profiles. The same weak scattering was observed for some neat
gels tested using the same set-up, as discussed previously in Chapter 4. The
reoccurrence of the same issue with different samples/systems confirms the

possibility that this may be due to issues with the experimental set-up.

Scattering intensity [a.u]

0.010 0.100 1.000
QIA-11
—10: =11 = 42="18 =18 =18 = 16 17 =28~ 19'= 20/ =720 — 2i—28/ =24 =28 —26 — 27'~{28 —29 = 30

31 32 33 - 34 35 36 — 37 — 38 — 39 40 41 — 42 43 44 45 46 47 — 48 49

Figure 5-25 Static SAXS for 1K-blend recorded using Linkam at temperature ramp of 10-49°C.
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Figure 5-27 SAXS for sheared 1K-blend sheared at 20 s** and temperature ramp of 10-49°C.
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Figure 5-26 SAXS for sheared 1K-blend at 10 s and temperature ramp of 10-49°C.
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5.3.2.2 Rheo-SANS:

Rheo-SANS experiments were performed according to the procedure discussed
in (Chap. 3) using an MCR 501 rheometer mounted in front of beamline SANS2D
at ISIS-RAL, with temperatures adjusted to match the gelation transition in each
respective formulation. The samples tested in this section contain F127 20% and
1% of each PEG homopolymer in the molecular weights specified in the previous
tests. A summary of the results discussed in this section is provided in table (5-
2).

Low temperature 5°C:

Similarly to the neat 20% sample, the PEG blends did not exhibit any
organisational ordering at 5°C regardless of the imposed shear rate applied as
demonstrated in both 1D and 2D scattering profiles seen in Figures (5-28) and
(5-30, 32), receptively.

10s-1 at 5°C 100s-1 at 5°C
10000 10000
1000 1000
100
100
= 10 20%
E 10
= 1 2K
1 20K
0.1 M
0.01 0.1
0.001 0.01
0.005 0.05 0.5 0.005 0.05 0.5
Scattering vector Q [A-1] Scattering vector Q [A-1]

Figure 5-28 PEG-blends Rheo-SANS results performed under different shear rates (10 and 100 s*) at 5°C, profiles
have been shifted for clarity.

a) Low shear rate 10 s

The structural development is evident through the intensity increase with
temperature across all the PEG-blends at the same shear rates as seen in the 1

and 2D scattering profiles displayed in Figures (5-29) and (5-30).
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Figure 5-29 PEG-blends Rheo-SANS 1D results (left) Tger and (right) 37°C at 10 s, profiles have been
shifted vertically for clarity

It was observed that the g* position shifted to slightly higher values with
increasing the PEG chain length at the transition temperatures where 2K had the
lowest g* value at 0.033 [A] while 2M had the highest value of 0.036 [A1].
However, at 37°C the majority of the samples showed almost the same g* value
at 0.036 [A1]. The best fitting statistics were obtained after using an FCC model.

The model fit indicates that the PEG-blends follow the same trend as the neat
gels, where particle size was smaller at the transition stage before increasing at
37°C. The size growth was dependent on the added PEG molecular weight
although under both temperature conditions (transitional and 37°C) the recorded
sizes were smaller than the value for neat 20%. The FCC fitting results are
displayed in table (5-2). Among the datasets, only 20K exhibited a little deviation
from the molecular weight order but still followed the same pattern as the rest of
the blends in its g* shift and size increase.

The corresponding 2D-scattering patterns at the transition temperatures show
common features indicating that orientation processes taking place demonstrated
the sixfold symmetry over two orders. The profiles were understandably diverse,
depending on PEG molecular weight in the blend and its interaction with the
hydrodynamic shear field. At the transition temperatures the azimuthal profiles
for 2K and 2M were relativity similar, exhibiting higher intensities in the first
order’s top and bottom peaks. While 20 and 200K displayed a different response
signified by the brighter four sided peaks.
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The results for the more structured gels at 37°C unveils similarities in the
microscopic structures of 2K, 200K and 2M, where the blends showed sixfold
symmetry that extends over two orders with higher intensity values recorded for
the meridional peaks in the first order and the equatorial counterparts in the
second order. The noted deviation from the one dimensional data of 20K

resurfaces here as presented by the high four sided intensity in both rings.

In 20% the recorded q values at both temperatures were 0.0350, 0.059, 0.069,
0.09 and 0.127 [A?], which correspond to positions in both FCC and HCP
structures \3 (FCC), V4 (FCC/HCP), N20/3(FCC), V12 (FCC).

PEG 2M
PEG 200K
3
£
~
09
2 PEG 20K
P
()
(1N ]
a.
PEG 2K
0

5 Tgel 37

Temperature. [°C]

Figure 5-30 PEG-blends Rheo-SANS 2D results under 10 s™.
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b) High shear rate 100 s:

Unlike the previous experiment at low shear rate, there was a clear trend in g*
shifts between transition and gelation temperatures. Both 2K and 2M blend’s
peak g* shifted to lower values, indicative of particle size increase. Whereas 20K
first peak moved to the lower end and 200K remained approximately constant at
0.036 [A1] - see Figure (5-31) and table (5-2).

The annular averages reflected less division than the 1D profiles at transition
boundaries and stable gel temperatures. The plotted azimuthal data at the
transition temperatures for the three blends containing; 2K, 200K and 2M
displayed sixfold peaks with higher intensities at the four sided spots of the 2D
profiles. This arrangement was only maintained in 200K after increasing the
temperature to 37°C. Stronger patterns were recorded for the meridional/
equatorial positions in the first and the second orders of the 2K gel blend. Slightly
irregular patterns were observed for the two orders of 2M blend, where the higher
intensities of the first order were registered at the top/ bottom positions and for

the four sided peaks in the second order - see Figure (5-32).

1000 1000 20%

7 7
E E 2K
LA )

M

M

0.02 0.2 0.02 0.2
Scattering vector qla-1] Scattering vector Q [A-1]

Figure 5-31 Rheo-SANS resutls recorded during; (left) Tqei(right) 37°C at 100 s, profiles have been shifted
vertically for clarity

193



PEG Mw [g/mol]

PEG 2M

PEG 200K

PEG 20K

PEG 2K

~

5 Tgel 37

Temperature. [°C]

Figure 5-32 Rheo-SANS 2D results sheared under 100 s
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Table 5-2 Summary of results acquired using FCC model on Rheo-SANS data

shear
ate | sample | T[°C1 | g*[A7] Unit cell [A] Rrcc[nm]
[s7]
Neat 22 0.035 308.1 + 0.002 |6.70+ 0.2 x10703
2K 23 0.0331 316 +0.016 |4.404+1.65x10%
S 20K 25 0.0358 307.86+ 0.016 | 4.83+1.64x10%
200K 24 0.0355 315.87+ 0.017 | 4.38+1.72x10%
2M 20 0.0356 304.07+ 0.017 | 4.374+1.73x10%
Neat 22 0.035 312.84+ 0.002 6.78+ 0.2x10%
2K 23 0.0332 316.86+ 0.016 | 4.4241.63x10%
S 20K 25 0.0356 313.73+ 0.016 | 4.67+1.64x10%
- 200K 24 0.0358 312.89+ 0.017 | 4.39+1.66x10
2M 20 0.0362 302.75+ 0.018 | 4.4241.75x10%®
Neat 37 0.035 295.62+ 0.040 9.07+ 0.2 x10%3
2K 37 0.0360 314.65+ 0.028 5.01+1.74x10°3
S 20K 37 0.0331 323.17+ 0.036 | 4.55+1.67x10%
200K 37 0.0360 319.79+ 0.024 | 4.56+1.71x10
2M 37 0.0361 303.11+ 0.032 | 4.85+1.76x10
Neat 37 0.035 295.62+ 0.040 9.07+ 0.8x10
2K 37 0.0359 315.83+ 0.030 | 4.87+1.78x10
S 20K 37 0.0333 324.83+ 0.037 | 4.554+1.66x10%
- 200K 37 0.0359 319.67+ 0.024 | 4.57+1.67x10%
2M 37 0.0358 297.58+ 0.005 8.66+ 3.4x10%
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5.4. Results discussion:

Israelachvili (1997) highlighted PEG’s interaction with other polymeric materials
in solutions that results in either repulsion or attraction, depending on the
homopolymer molecular weight, concentration or temperature. While low
molecular weight PEGs will induce the cell’s or vesicle’s attraction the higher
weights cause repulsion, with the critical change occurring over weights between
10K and 20K.

The dissolved PEG interactions in solution state were investigated by Singh and
Pandey (2007). Aqueous solutions of PEGs were tested using solvatochromic
probes at room temperatures and the molecular weights investigated ranged from
200 to 6000 g/mol at concentrations between 0 to 100% with 10% intervals. The
group concluded that the effect of the homopolymer is due to its abilities to; a)
reduce the hydrogen bond donation of water (HBD), b) increase its hydrogen
accepting ability (HBA) when compared to pure water. These effects appeared
more dependent on the concentrations than the molecular masses. As a result,
the existence of PEG in the systems will decrease the water’s hydrogen bonding
capability with F127 leading to increased hydrophobicity, which results in earlier
CMT than expected in neat aqueous F127 systems.

Lindman and Malmsten (1993) tried to interpret their experimental results of
adding two PEGs with different molecular weights (6K and 20K) and
concentrations to F127 systems. They approached the topic through the effects
on micellisation and gelation. Longer PEG chains had more visible effects on the
gel systems than shorter ones. Intermediate molecular weight PEGs reduce the
solvent polarity, the solubility of PPO blocks is increased which results in delayed
micellisation and therefore gelation. At higher PEG molecular weights and
concentrations this effect is magnified to preclude the thermal transition
demonstrated by the total inhibition of gelation. The authors suggested multiple
possible explanations for the PEGs mechanism of action, one that relates directly
to the homopolymers size. If PEG is around the same order of the micellar size
two behaviours are expected based on the system’s entropy; either the gel
boundaries are lowered and micellar contraction occurs or alternatively the
system phase separates at higher temperatures rather than melting. The authors

were ambiguous with the term ‘melting’, but for this occasion it refers to any
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values lower or higher than the gel boundaries. Lower molecular weights usually
follow the former whilst the latter is preferred in the case of high molecular weights
since phase separation is less unfavourable than the first option due to the
produced system incompatibility. The authors reported phase separation for
200K but no results were published.

In reality, Pluronic gels prepared from un-purified copolymers are not strictly
binary due to existence of diblocks impurities as polymerisation by-products.
There haven’t been any interpretations based on the interactions between the
diblock with the added PEG. In a more recent paper, investigations of the nature
of diblock interactions with the triblock in the gel systems have been attempted
but no conclusive answers were found. The authors couldn’t determine whether
the diblocks were included in the micelles or excluded where the non-purified
systems formed FCC even at high temperatures whereas the purified samples
experienced additional order-order transition at the same conditions (Mortensen
et al., 2008).

5.4.1 Equilibrium measurements:

5.4.1.1 Thermal measurements:

DSC measurements were performed to quantify the different homopolymer’'s
effect on the thermal transition of micellisation attributed to the PPO chain
dehydration in the main component F127 triblocks. The low quantities of added
PEGs altered the thermal behaviour of the neat system leading to a reduction in
the main variables recorded (Tonset, Tpeak and Tendset). Thermally triggered
micellisation transition shifted marginally to lower temperatures as the molecular
weight or chain length increased, the largest difference being recorded for the
PEG 2M formulation with a A of 2.5°C (AT = Tendset -Tonset). These changes
reflected equally on the other parameters, showing a weakly negative linear
correlation between the transition period and the molecular weight of PEG in the

formulation as demonstrated in Figure (5-33).
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Figure 5-33 PEG-blends AT based on the samples DSC results.

Pragatheeswaran and Chen reported much lower decreases in their DSC
measurements on a similar set PEG-blends with molecular weight range of 200
to 35K g/mol at 6% which naturally resulted in more pronounced reduction in the
recorded onset temperature values (which they referred to as the formulation
CMT) as can be seen in Figure (5-34).
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Figure 5-34 A comparison between; 1% blends prepared in this study and values
reported by Pragatheeswaran and Chen (2008) for 6% blends. Neat system Topser Was
equal in both studies.

5.4.1.2 Static Scattering

All the static SAXSpace measurements showed a structural development as
function of the temperature. For the temperature at 40°C, the 1K-blend exhibited
the largest g* value at 0.0422 [A-1] corresponding to smallest the unit cell size and
thus hard sphere radius (Rus = 9.10 nm). The sample of 2M suffered from
smearing where g* was expected to appear. Although 20K had a less defined g*

= 0.0329 [A?] peak than the rest of the formulations its position still points the
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lowest q* value, indicating that the blend’s hard spheres are the largest with a
Rus value of 11.69 nm. The values recorded by the two SAXS instrument are
plotted in Figure (5-35).
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PEG Mw [g/mol]

Figure 5-35 PEG-blends hard sphere radii values acquired using two
instruments; 122 and SAXSpace (SS).

5.4.2 Non-Equilibrium measurements
5.4.2.1 Rotational shear

Similar to the trends seen in the neat formulations, the PEG-blends undergo the
same step-like transitions before, during and after gelation. The rheological data
show the transitional behaviour across the tested molecular weights where most
of the formulations experienced a lower transitional onset and gelation transition
temperatures compared to the neat system - closely correlated to the
homopolymer chain length. The experiments allowed us to address two critical
issues regarding the homopolymer blends, their chain length and concentration

in the formulation.
a) Concentration effect:

The PEG fractional effect was investigated using two molecular weights added at
two different concentrations. As observed from the results plotted in Figure (5-8)
the blends containing higher (5%) concentration of PEG 2K exhibited early
gelation (20.68°C) than the neat gel (24.2°C) and the 1% counterpart (22.1°C),

in addition to lower viscosities across the shear rates tested.
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The data acquired correlates well with the results obtained when the same
homopolymers were used in different concentrations, the extra fraction of added
PEG decreased the hydrogen bonding of water with F127 and therefore promoted
earlier micellisation that led to reduced CGT. The introduction of 1K 5% resulted
in approximately the same response of 2K when added at 1%, although the
former had slightly higher viscosity values. Previous groups have reported similar
results using; different concentrations of PEGs (Ricardo et al., 2012) or of F127
(Li and Hyun, 2018).

b) Molecular weight effect:

Molecular weight dependency was investigated using the same concentration for
all the homopolymers. The data collected showed that the blends, as for the neat
formulations lacked any shear dependency before gelation, except for PEG 2M.
The 2M-blend showed a minimum in viscosity, resulting in a well-defined trough
shape not documented for any other of the formulations in the study (or anywhere
else) rather the usual gradient seen in the pre-gelation stage. This might have
resulted from the hydrophobic PEG 2M long chains disturbing the system’s
hydrophilic-hydrophobic balance. The same blend exhibited shear thinning that
persisted for all the tests except for the gelation ‘bifurcation point’, where all the
curves were identical at 19.1°C. This minor shear thinning behaviour during pre-
gelation might indicate the sample’s tendency to phase separate or is a direct
result of PEG chains drag reduction capacity. The 2M-blend had the highest
viscosity in both sol and gel states. The gel blends viscosity during the ramps
varied depending on the PEG used and the shear rate applied. The overall
ranking of the gels based on their final viscosity values acquired at 100 s is as
follows; nNam < N Neat < N200k < N20k < N2k < NiK.

The results demonstrate that the blend containing 20K deviated from the lower
molecular weight PEGs, where the CGT started increasing again after reductions
connected to the addition of the lower molecular weight PEGs. This trend was
emphasised by adding longer chains of 200K and 2M.

Low to intermediate Mw were tested by the tube inversion method on weights
from 2K to 10K, confirmed the trend of the effectiveness of reducing gelation
temperature as a function of Mw (Pandit and McGowan, 1998). Pragatheeswaran
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and Chen (2013) performed heating ramps of 1°C/min on F127 20% PEG-blends
containing 200 to 35K. They reported increased critical gelation temperatures
with increasing the PEG molecular weight from complex modulus values for
blends of 2, 10, 20 and 35K. The recorded CGT were 23.5, 25.6, 28.5 and 33°C
compared with 23°C for neat 20%. Taking into consideration the two different
heating rates applied in the mentioned paper and this study, the results follow the
same trend and the differences in values recorded for 2K (which has more subtle
effect on CGT) and 20K are within acceptable limits. Their PEG-blend containing
35K had a similar trend observed for lower molecular weights, filling the gap in
this study between 20 and 200K, proving that up to at least 35K, PEG behaves

in a similar manner.
5.4.2.2 Oscillatory shear

The effect on CGT was further explored by expanding the temperature range
under the application of oscillatory shear. Rather than the usual abrupt transition
recorded for all the samples, 2M-blend showed a gradual transition with a clear
step in the elastic modulus at 18.4°C before the crossover and G’ dominating
throughout the gelation boundary. The PEGs had clear effects on the gelation
boundaries coinciding with the temperature ramp at different shear rate results,
where all the LTgel have been reduced. Except for 20K, which correlates to the
acquired data for this blend from the previous runs showing a slight increase.
More diverse responses were recorded for the UTgel, where the lower molecular
weights, along with 2M, experienced an increase compared to decrease for both
20 and 200K-blends. Similar trends were recorded for PEG-blends prepared with
25% F127 and PEGs with molecular weights ranging from 1 to 20K (Li and Hyun,
2018).

Up to this point, three different trends for the same concentration of different
molecular weights have been observed. For shorter chain lengths the gelation
occurs earlier than the neat gel temperature e.g. 2K. Medium molecular weights
shifted the gelation to higher temperatures than the neat systems as in 20K. The
higher molecular weights shifted the gelation back to lower CGT. The argument

based on increased polarity and enhanced PPO solubility holds for all PEG
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molecular weights, however is also dependent on the homopolymer’s own
solubility.

High molecular weights of PEG exhibit a microphase separation as a result of
solubility change due to concentration or temperature, and act as a non-ionic
surfactant possessing both LSCT and USCT. Similar to Pluronic, they can
aggregate in aqueous media driven by hydrophobic interactions. Experimentally,
to determine the PEG globule ‘cluster’ size measurements should be performed
in a system of the same solvent around the same temperature range (at low
temperatures water is considered a good PEG solvent, upon temperature
increase water reaches the theta solvent state). In this study, only Rg of 2M 1%
after refrigeration was measured, which gave a value 22.5 nm. The value Rq of
1% PEG 41K was measured by Hammouda and Ho (2007) to be 5.6 nm and
similarly the value was determined to be 2.1 nm for PEG 3400 at 25°C by Gurnev
et al. (2017).

Even without any measurements both PEG 200K and 2M have longer chains
than F127, therefore their respective Rgs are expected to be large. According to
the previously discussed paper’s values, the addition should have either inhibited
micellisation or resulted in complete phase separation, but neither occurred. On
the contrary, micellisation was facilitated (from the 2M DSC result), which resulted
in lower CGT and the produced hard spheres from static SANS results showed
the size was reduced compared to the neat gel.

One possible explanation would be based on the two non-ionic surfactant’s
interaction, which creates a synergistic effect by the increased hydrophobic
interactions in the system resulting in early thermal transitions. This aligns with
the explanation suggested by Malmsten and Lindman (1993). Assuming that the
Pluronic micelles act as semipermeable membranes that are difficult to penetrate
by the long homopolymer chains, the chain heterogeneous distribution in the
system creates an osmotic pressure gradient, with higher molecular weight
homopolymers producing larger gradients, resulting in increased CMC of the
system and micellar size reduction.

The dynamic moduli values during frequency sweeps highlighted the system’s
linear viscoelastic properties above gelation temperature. All the formulations

showed similar behaviour to the neat gel with close G’ > G” throughout the test.
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The difference between the two moduli values was reduced as the low
frequencies were approached. Generally the elastic modulus values varied from
11700 for the neat gel to 18500 [Pa] for 2M-blend with no evidence of damaging
structural weakening due to the PEG addition as witnessed by Malmsten and
Lindman (1993).

5.4.2.3 Dynamic scattering:

Two samples containing 1K and 2M where tested using SAXS under constant
shear rates and ramping temperatures. The results displayed weak scattering
profiles that did not show a notable structural development, similar to that
exhibited in clustering of PEG solutions (Hammouda and Ho, 2007). Both
samples exhibited similar profiles to those recorded for sheared samples of F127
20 and 25%, where the frames show almost identical profiles with temperature.
This raises the same question as before whereby a technical error may have
occurred during experiments that prevented recording meaningful
measurements.

Real time Rheo-SANS experiments were performed on the samples using a
Couette geometry, at two imposed shear rate values (10 and 100 s?) and three
temperatures; at 5°C, during the gelation transition and after gelation at 37°C.
The transition temperatures were determined from the blends CGT points in
Figure (5-9).

Similar to the neat 20% formulation, none of the blend’s 1D scattering profiles
showed any structural order pre-gelation at either shear rate. At the transition and
after gelation there were only subtle peak shifts that enough to cause drastic size
changes as seen in table (5-2). For all formulations the hard sphere radii were
larger after gelation - except for the blend containing 20K which showed the

opposite trend. This being exhibited under low and high shear rates.
a) Low shear rates 10 s

The 2D scattering profiles revealed the orientational ordering taking place in the
blends. At the lower shear rate three behaviours were observed. 1) The first was
exhibited by 2K and 2M formulations, where the azimuthal profiles showed sixfold

peaks with higher intensity at the meridional positions in both first and second
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order, that persisted during transitional and after gelation temperatures — as seen
in Figures (5-36) for 2K at 23 and 37°C.

2) The second was exhibited only by 20K, where the sample demonstrated higher
peak intensities at the four sided peaks. This trend appears stronger in the
second order ring than the first at the transitional temperature and then after
gelation — see Figure (5-37). This behaviour aligns with the predicted zig-zag flow
mechanism predicated by Loose and Ackerson (1994) sliding layers model under
low shear rates.

3) The third behaviour experienced by 200K, which had behaved like (2) during
the transition and (1) after the gelation as shown in Figure (5-38). The first and
last behaviours have already been reported for neat gels in this study, where the
former was exhibited at 10 s* and the latter at higher shear rate 100 s*. The
second however has not, where it has been assumed that this behaviour was a

transitional step before reaching the uniform state of (1).
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Figure 5-36 Rheo-SANS azimuthal intensity profiles of 2K-blend sheared at 10 s™.
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Figure 5-38 Rheo-SANS azimuthal intensity profiles of 20K-blend sheared at 10 s,
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Figure 5-37 Rheo-SANS azimuthal intensity profiles of 200K sheared at 10 s™.
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b) High shear rates 100 s

The 2D patterns showed less uniformity across their annular profiles after the
application of 100 s than 10 s™. At their respective transition temperatures, the
blends displayed two orders of structure, sixfold peaks with higher intensities in
the four sided positions. Above gelation temperature sample containing 2K was
the most uniform sample, showing higher intensities in the top/bottom position
across the two order rings as seen in Figure (5-39). In contrast 20 and 200K
samples maintained their transitional temperature order of the four sided peaks
in both orders — see Figure (5-40). The 2M sample exhibited a mixed state, where
the highest intensities were recorded for meridional peaks in the first order and
four sided peaks in the second order Figure (5-41). According to our knowledge
there have not been any form of rheological scattering experiments performed on
PEG-F127 blends. Scattering experiments in the literature have been solely used
to determine the size and lattice type when possible, therefore it is not possible
to compare the orientational ordering of the blends with literature values. As
mentioned in the results section, and as supported by the static measurements
results FCC model continued to provide a good fit for the 1D data. However
similar to the sheared neat gels, the patterns acquired do not correlate to a pure

FCC paracrystal and can be better described as an RCP.
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Figure 5-39 Rheo-SANS azimuthal intensity profiles of 2K sheared at 100 s.

206



140

120

100

80

I(q) [cm-1]

=3
(=]

20

0 20 a0 60 80 100 120 140 160 180
Azimuthal angle [°]

——1st order 24C ——2nd order 24C 1st order 37C  —=—2nd order 37C
Figure 5-40 Rheo-SANS azimuthal intensity profiles of 200K-blend sheared at 100 s™.
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Figure 5-41 Rheo-SANS azimuthal intensity profiles of 2M sheared at 100 s™.
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Chapter 6 IBU-blends:

To develop a model DDS an API Ibuprofen (IBU) was introduced to neat
systems of F127 and PEG-blends with different Mw. The IBU-blends were
studied and compared to the neat and PEG-blends to explore the resultant
aspects of the addition on the formulation’s structure. The DDS features were

evaluated in comparison to results from Chapter 5.

6.1. Thermal properties:
6.1.1 TGA:

PEG-IBU blends of 20% F127 containing 1% of each additive were tested to
determine their stability and ability to retain water within the gel matrix as
compared to the neat formulation. Figure (6-1) shows an overlay of the different
blend results obtained during temperature ramps from 27 to 400°C at 5°C/min
Similar to the results acquired in chapter 5, the curves showed a step transition
indicating two weight loss events. The first correlates to water loss from the gel
matrix and the second for the polymer’s degradation. All of the tested blends
showed a reduction in the transition temperature, and the formulation containing

only IBU exhibited the closest transition temperature to the neat’s gel transition.
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Figure 6-1 TGA curves from room temperature to 400°C.
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The corresponding transition temperatures for each formulation are plotted in
Figure (6-2) show a clear reduction in the transition temperatures of the PEG-
IBU blends compared to non-IBU PEG-blends the lowest and highest molecular
weights exhibited the largest differences, where 18.98°C and 12.5°C were
recorded for 2M-IBU and 2K-IBU blends, respectively.

150

140

o ° ¢ Neat
= 130
5 S @ PEG-IBU blends
®
a PEG blends
g 120
U
= ) IBU blend
110
100
Neat 1E+01 1E+03 1E+05 1E+07
20% PEG Mw. [g/mol]

Figure 6-2 TGA transition temperatures for the different blends.

6.2. Rheology Results:

Two sets of rheological measurements were performed on the IBU blends to
investigate the system’s physical properties and their temperature response
under shear; (a) temperature ramps at constant shear rate in the rotational
mode and (b) temperature sweeps under oscillation mode. The experimental
parameters are identical to those been used in Chapters: 4 and 5, the rotational
tests having a ramp from 0 to 40°C under imposed shear rate values of 10, 20,
50 and 100 s™. A strain value of 0.2% and an angular frequency of 10 rad/sec

were applied for the oscillatory shear experiments.

6.2.1. Temperature ramps at constant shear rate:

As can be seen in Figure (6-3), similar to the neat formulation, the IBU-blend

was a Newtonian fluid at low temperatures. Thereafter viscosity values followed
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the same pattern reported in this study for the majority of the formulations; a
reduction as a function of temperature followed by an abrupt increase indicating
the formation of a gel structure. The addition of IBU to neat F127 20% had a
great impact of the formulation transitions, reducing the initial critical response
by 7.2°C and the CGT by 8.5°C compared to the neat formulation.

The effects of IBU’s addition to PEG-blends was found to be dependent on the
PEG’s Mw. For the 20 and 200K blends the CGT was decreased further in
comparison to both the F127 IBU-blend and F127 PEG-blends. However, this
effect was not observed in the 2M-IBU blend, where the formation exhibited the
exact same CGT as the IBU-blend, although its viscosity was slightly reduced
compared to IBU-blend. Additionally, introducing IBU to the 2M-blend results in
unifying the shear response at lower temperatures, where all shear rates tested
exhibited the same viscosity values and removed the characteristic peak
observed for the blend just before gelation onset as previously recorded for the
non-IBU 2M-blend- see Figure (5-9).
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Figure 6-3 PEG-IBU blends temperature ramps at constant shear rates.
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6.2.2. Oscillatory shear temperature sweeps:

This set of experiments was performed to explore the gelation limits while
recording the dynamic moduli of the formulations. Figure (6-4) show the plotted
results for the different blends. At low temperatures, the blends moduli were
higher than the neat formulation but still significantly low at values around 1 [Pa]
with the ramp progression the moduli crossover indicating gelation at G'= G”.
The formulations unanimously exhibited a moduli plateau where G’ dominated
by a decade over G” which remained stable for approximately 50°C. Upon
increasing the temperature the moduli values decreased indicating softening

and gel structure destruction.
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Figure 6-4 PEG-IBU blends temperature sweeps under oscillatory shear.

The complex viscosity profiles in Figure (6-5) exhibited the same response as a
function of temperature affirming the results acquired for the shear moduli.
Whereby low values were recorded in the pre-gelation stage followed by an
abrupt increase resulting in a peak in the complex viscosity where the onset
(LTqel) and endset (UTgel) indicate the structural transitions of gelation and

softening, respectively.
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Figure 6-5 PEG-IBU blends complex viscosity values during the oscillatory shear temperature ramp.

6.3. Structural results:

Two x-ray scattering experiments were performed on the formulations

containing IBU, using beamline 122 at Diamond — RAL and SAXSpace.

6.3.1.Static SAXS:
6.3.1.1 122 beamline:

Measurements were taken using the same set up utilised for static PEG-blends
experiments in Chapter 4, where loaded quartz capillaries were mounted in
front of the beam. The measurements were performed on each sample twice, at

room temperature and after refrigeration with no active temperature control.

a) Neat vs. IBU 1%:

Figure (6-6) shows the 1D scattering profiles of two samples, neat F127 20%
and the same concentration containing 1% of IBU before and after refrigeration.
The chilled neat sample is observed to lack any structural order while the
sample containing IBU, exhibits distinctive sharp peaks rising from the bodies of
two broad peaks indicating an ordered structure. At room temperature both

formulations were observed to exhibit two main peaks with almost overlapping
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outlines. The sample containing IBU showed the same sharp peak from before
with one additional peak. The peak positions at 0.035, 0.041, 0.058, 0.068 and
0.071 [A-1] were found to match with an FCC lattice, similar to a fully developed
neat gel as reported in Chapter 4.
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Figure 6-6 SAXS profiles for neat and a formulation containing 1% IBU, (top) after refrigeration and (left) at room
temperature.

213



b) Neat vs. PEG-IBU blends:

Similar to before, the PEG-blends containing IBU showed the same distinctive
peaks after refrigeration which were observed to become stronger when the

samples were tested again at room temperature —see Figure (6-7).
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Figure 6-7 SAXS profiles for PEG-blends, (top) after refrigeration and (bottom) at room temperature.
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6.3.1.2 SAXSpace:

The blends were tested following the same procedure from Chapters 4 and 5,
where the samples were loaded into a quartz capillary mounted on a controlled
temperature stage and then tested in the range from 0 to 40°C.

Two main events were observed for PEG-IBU blends in the temperature range
of 25-40°C. From 25 to 30°C the blends containing 1 to 20K PEG exhibited a
size reduction while within the same temperature range the higher Mw PEGs
demonstrated a trend in the opposite direction, where Rus increased. These
size changes were functions of both Mw and temperature, though the former
had the larger effect, though the calculated Rus values of the blends did not
exhibit a large variation across the temperature range. Only three blends were
tested at 40°C: 1, 2 and 20K. The blends exhibited the same trend in size
reduction with increasing temperature, similar to that previously recorded for
lower temperatures. No size differences were recorded for the F127 gel
containing IBU from the neat gel. A summary of these results is provided in
table (6-1).

Table 6-1 calculated Rus values from SAXS measurements .

Formulation Res [nm
20°C 25°C 30°C 35°C 40°C
Neat 10.61 10.61 10.57 10.84 10.61
F127-IBU 10.61 10.61 10.57 10.84 10.61
1K-IBU 10.92 10.66 11.06 11.05 13.46
2K-IBU - 10.61 10.01 10.26 9.93
20K-1BU 10.54 7.4 7.4 - 9.8
200K-IBU 10.13 9.2 9.2 9.25 -
2M-IBU 7.386 11.66 - - -

6.3.2.Dynamic SAXS:

This set of experiments was performed using the same setup in Chapters 4 and
5 using the Linkam shear cell while ramping the temperature from 10 to 49°C at
2°C/min.
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The following runs were performed on F127 20% IBU 1% with zero shear and
shear rates of 10 and 20 s™. Figure (6-8) shows the 1D and 2D scattering
profiles under heating ramp only. Both profiles show a gradual structural
development with increasing temperature. Although weak, the first frame shows
peaks at 0.034 and 0.055 [A-1], the first peak growing stronger in intensity and
shifting to higher q as the test progressed to reach a q value of 0.062 [A] by

the end of measurement at 49°C.

Scattering intensity [a.u]

10
0.01

QIA-11
— 10 —11 —12 —13 — 14 — 15 — 16 — 17 — 18 - 19 — 20 — 21 — 22 — 23 — 24 25 26 — 27 28 29 — 30 — 31 32 - 33

34 35 —36 —37 —38 —39 40 41 — 42 43 44 — 45 46 47 — 48 49

Figure 6-8 Static SAXS IBU-blend at temperature ramp from 10-49°C.

The 2D profiles from the 3 frame onwards exhibit a higher intensity in the four
sided peaks which increased as a function of temperature. Figure (6-9) shows

the azimuthal profile of the final frame at 49°C.
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Figure 6-9 SAXS azimuthal profile for gel sample containing IBU 1% at 49°C. The light blue indicate the
annular profile and the dark blue its symmetry profile to compensate for missing points due to the
beamstop positioning.

When a shear rate of 10 s was imposed on the sample the scattering patterns
show similar peaks to those recorded in the static measurement, growing
weaker as the test proceeded to reach the lowest intensity at the end of the run,
as can be seen in Figure (6-10). The centre of the broad peak shifted slightly to
the left from 0.060 in the first frame to 0.052 [A1] in the last one.
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Figure 6-10 SAXS for sheared IBU-blend at 10 s and temperature ramp of 10-49°C.
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Upon the application of higher shear rate, 20 s, two notable events were
observed with increasing temperature. The increased intensity and the peak
shift from the higher q value of 0.053 at the beginning to a lower one of 0.024
[A1] at the test conclusion. The scattering profiles are displayed in Figure (6-
11).
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Figure 6-11 SAXS for IBU-blend at sheared 20 s** and temperature ramp of 10-49°C.

6.4. Results discussion:

The properties of different blends containing the main copolymer F127, high Mw
PEGs and Ibuprofen was probed by different techniques under both static and
dynamic conditions. The investigation of these properties is essential to predict
the loaded DDSs behaviour during processing, administration and drug release.
It has been reported that the solubility of Ibuprofen is improved when integrated
into Pluronic formulations. The hydrophobic API introduction resulted in
decreasing CMC, increasing the micellar aggregate number and increasing the
micellar size (Foster et al., 2009, Basak and Bandyopadhyay, 2013)

The scattering experiments performed on the blends demonstrated that IBU’s
effect was prevalent in all the experiments even at low temperatures, with
‘sharp peaks’ appearing at cold and room temperature testing conditions using

the 122 SAXS instrument. However, these peaks were stronger compared to
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similar scattering studies performed on IBU loaded systems: Pluronic F127 by
Foster et al. (2009) and Basak and Bandyopadhyay (2013) using P103, 104
and 105, where in both papers the formulations were prepared by adding IBU
into the polymeric solutions. The indexed peaks correlate to FCC lattice —
similar to the neat gels and patterns have been observed for 2M-blend
(discussed in Chapter 5) that contained no IBU and tested using the same
instrument. Therefore these peaks are most likely the same peaks detected
previously in neat systems, however, due to the instrument’s high resolution
and low sample thickness they resemble spikes rather than the usual peaks
observed by the other lower resolution and intensity instrument used,
SAXSpace.

The results indicate that the majority of the formulations maintained the neat
F127 FCC structure after the addition of IBU, except the 1K-IBU blend which
showed a clear BCC structure. Inconclusive results were acquired for 200K -
and 2M- IBU blends. Figure (6-12) shows the calculated Rns values for
measurements taken with the two instruments at approximately the same
temperatures. The radii values acquired from 122 data sets displayed a more
consistent trend where the size generally increased with addition of IBU to the
neat formulation that persisted in PEG-IBU blends. Two radii were identical in
both setups, the blends containing 2K- and 2M-I1BU.
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Figure 6-12 PEG-IBU bleds hard sphere radii calculated using data collected form 122 and SAXSpace
(SS) at differernt tempeartures.
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It is worth mentioning that the two measurements were taken 14 days apart,
where the samples were tested first using 122 and followed by SAXSpace. This
might have resulted in crystallisation of IBU portion, reducing the quality of the

measurements and possibly the discrepancy seen in the results.

The thermorheological properties of the formulations were found to be strongly
affected by the addition of the API. Figure (6-13) shows the CGT of PEG-IBU
blends compared to the neat, IBU- and PEG-blends previously tested in this
study. The results clearly show that although PEGs managed to reduce the
gelation temperature of the neat F127- as demonstrated in the results from
Chapter 5, IBU was more efficient in decreasing CGT than PEG, and blends
containing both additives exhibited lower CGTs than the blends containing PEG
only. For the three different Mw PEGs formulated with IBU, the relationship
between the chain length of the CGT appear to be negatively proportional in
both formulations with and without IBU, although in both cases sample

containing 200K was off trend compared the other PEGs.
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Figure 6-13 PEG and PEG-IBU blends CGT values from costant shear — temperature ramp tests.
Oscillatory shear temperature ramps were utilised to measure the dynamic
moduli while expanding the temperature ramp range up to 120°C, which
allowed the determination of the gelation boundaries of the blends. Figure (6-
14) shows the gelation boundaries as a function the blend PEG’s content with
and without IBU. IBU’s addition to the blends increased the limits ATgel (UTgel -
LTgel ) for each blend. The 200K-IBU blend exhibited the largest difference
recorded of 19.65°C compared to 2.92 and 0.44°C for 20K and 2M blends.
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The trend observed for the blend CGTs was matched with LTgel recorded from
these sweeps. Minor discrepancies between the gelation temperatures
recorded using the two different modes are expected, and the decrease in the
LTgel trend with Mw should be still valid across the blends. The 200K showed
the same off-trend behaviour seen previously in the rotational tests, where LT gel
was lower than trend line. Even though the behaviour is reciprocated in the
UTgel, the PEG-IBU blends share the same trend line equation as PEG-blends,
which indicates that the IBU addition had a bigger effect on the lower gelation

limits rather than the gel softening.
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Figure 6-14 Gelation boundaries for PEG-IBU blends as fuction of PEG Mw.
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Chapter 7 Conclusions and suggestions for future

work:

7.1. Conclusions:

The aim of this thesis was to provide a comprehensive study of aqueous solutions
of Pluronic F127 as injectable matrices for controlled drug delivery. The
properties of these systems were investigated by thermal, rheological and
scattering methods to elucidate the structural changes these systems undergo as

a function of temperature and shear rate during production and administration.

Pluronic F127 was probed as the main ingredient for the systems in this study
with two additional Pluronics F68 and F108 with different molecular weights,
utilised to compare the matrix properties and suitability as injectable systems
through a series of experiments as a function of concentration. Effects of
additives were studied by preparing blends containing different Mw PEGs
(possessing varied levels of hydrophobicity) and a model drug formulation with
Ibuprofen (IBU).

Gelation occurs when the micellar volume fractions threshold is exceeded as a
function of temperature causing the micelles to self-associate into hard spheres
with defined colloidal crystal structures. As demonstrated by the thermal
characterisation results, transition temperatures and gel stability were simply a
function of the copolymer concentration used. Although no indication of gelation
was detected by DSC, the technique is still useful to determine CMT, the overall

transition enthalpy and therefore the transition free energy.
The system’s structural evolution was observable rheologically in three stages:

1. The polymeric solutions state, where the three Pluronics behave as ideal
Newtonian fluids at low temperatures with low viscosity values.

2. The transition stage, which has been bounded by a critical temperature.
During this stage the solution viscosity values are reduced to a minimum
proven to correspond to the endothermic transition detected by the DSC

when the two experimental heating rates were matched.
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3. The gelation stage, marked by a circa tenfold abrupt increase of viscosity
followed by a stable plateau. In the first two stages, formulation’s
rheological behaviour is only temperature dependent while the third stage
displays both shear and temperature dependency. Thermograms of
sheared gels displayed an additional peak in their exothermic cooling

step, indicating a detectable structural change due to imposed shear.

The gel hydrodynamic shear response was found to be dependent on the shear
rate applied, where the resultant shear thinning behaviour was a macroscopic
manifestation of the microscopic layer's motion. Even though the hard sphere
radii remained constant under different shear rates, the final crystal morphology
was altered from FCC to RCP. The environmental variance (shear and
temperature) has a great role on the gel properties and the matrix type. This
extends to the different flows applied to the micellar solutions to result in a
different gel structure than obtained from the idealised experimental conditions —

as demonstrated by the mixed flow SAXS results seen in 4.3.2.

Under the experimental conditions tested, both F108 and F127 displayed the
three stages within the concentrations and temperature ramps tested. Unlike the
triblock with approximately the same PEO ratio F108, F68 solution did not
undergo gelation — although measurements indicate that, under high enough
concentrations/temperature, F68 will exhibit similar transitions to the higher
molecular weight triblocks F108 and F127. This proves that the PEO/PPO ratio

is more important than each block’s percentage in prompting gelation.

The system properties can be easily tuned by introducing different moieties to the
formulation, which can be accomplished even by common pharmaceutical
excipients and release modifiers. For this purpose, two additives were
investigated for their effect on the gel properties and three blend types were

formulated to include:

1. A homopolymer; PEG the largest constituent of the triblock’s structure.
Blends were prepared with PEGs with different molecular weights ranging
from 1K to 2M [g/mol] - allowing a diverse range of hydrophobicities within

the prepared blends.
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2. A model hydrophobic API, Ibuprofen.
3. Blends containing both species, IBU and high molecular weight PEGs. The
effects of additives on the gel’s transition and structure were evaluated as

functions of the blend’s thermorheological behaviour.

For the first type, experiments have shown that the PEG addition is dependent
on homopolymer concentration and chain length. Thermal characterisation
indicated that PEG addition had a small effect on the transition’s endothermic
peak, this effect becoming stronger with increasing Mw. Similarly, rheological
measurements demonstrated that for most blends, the gelation temperatures
were decreased compared to the neat formulation. Although all blends exhibited
shear thinning behaviour, its extent depended on the PEG’'s Mw — where the
highest values were recorded for the blends with the shortest and longest chains.
Scattering results showed that gel hard spheres were more resistant to size
changes under imposed shear at the higher temperature (37°C) compared to
transitional temperatures. Spheres grew larger upon increasing the shear rate at
the same temperature during the transition but remained constant at 37°C, except
for an Mw of 20K, which exhibited a size reduction when the shear was increased
from 10 to 100 st

The F127-1BU blend exhibited a pronounced reduction in CGT compared to the
neat gel without altering the FCC structure and maintaining almost the same
viscosity values. The blends containing both PEG and IBU displayed a stronger
reduction than blends containing either additive alone, proving the synergistic
effect of the two additives. Both species increase the system’s hydrophobicity,
thus decrease CMC and result in an earlier gelation than that recorded for F127-
IBU and PEG-blends. Similarly, to the PEG-blends, the final product’s properties
and gelation boundaries were functions of the PEG chain length. In all three
types, the gel hard spheres were mostly larger than the neat gel under both static

and dynamic conditions.

The additives substantially affected thermal, rheological and structural properties
of the gel systems, which proves the importance of in-depth individual formulation
studies when an API is added to the matrix.
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7.2. Future work:

The results presented in this study demonstrated the promising properties of
these systems which can be further investigated from chemical, biological and
physical perspectives. A further detailed investigation of the systems would

include:

¢ Utilising the rheological and scattering measurements data acquired in this
study to develop a universal model for Pluronics and similar systems under
realistic application conditions. This will require focus on mixed shear
environments and their effects on the system’s kinetics, final structure and
ultimately drug release. We have already demonstrated the injection effect
on the structure, however the experiments should be performed under
more controlled conditions (active temperature control) to study the
stability of the gel with time. Rigs have been manufactured for both SAXS
and SANS measurements equipped with cooling channels. However it
was not feasible to perform the experiments due to time constraints.

e Since RCP structures contain 2D-HCP, unlike the pure cubic lattice, this
should exhibit some birefringent properties which can be probed under
shear, either by using a Linkam shear cell or by similar injection rigs to
those produced for SAXS and SANS studies.

e As mentioned briefly in 3.3.2b, SANS-LAOS experiments were performed
but the analysis is not fully complete to be included in this thesis. This
analysis will allow determination of the ordered crystalline to disordered
melt changes in the system at any strain (time) with the range covered.
And the determination of the optimal strain values required to reach the
desired crystallinity levels required for the application. Similarly, time
resolved SANS data were collected through all measurements to monitor
structural evolution of disorder-order-disorder transitions, these datasets
require further processing that has not been completed yet.

e Comprehensive injectability tests to determine the optimal administration
force required correlating to the system yield stress. Preliminary studies

have been performed and results look promising.
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e Implementation of the thermo-rheological results into developing a CFD
model that takes into consideration yield stress and shear inhomogeneities
including; wall-slip and shear banding to predict the formulation’s
behaviour during processing and administration. This will allow efficient
modification of the manufacturing conditions or the formulation recipe to

refine the final product properties.

Taking the formulation a step closer to the clinical application would require more

control over the used API and its properties. Which would require:

e To investigate the types of the intermolecular interaction formed between
Pluronics (in both purified and non-purified forms) and the additives.
Nuclear Magnetic Resonance (NMR) has been suggested to be promising
by some groups for these studies.

e To introduce two (or more) moieties with varied hydrophobicity levels into
the same matrix to investigate the effects of their interactions with the gel
matrix, each other and on the overall formulation properties.

e Using multiple loaded drug formats, as in micro- and nano-suspensions. A
DDS of F127 loaded with Disulfiram nano-suspension has been
successfully utilised in animal studies to deliver the drug into lab rat brain
stems. However, no characterisation has been performed on the system
yet.

e To introduce another stimulus responsive gelling agent, whether by
grafting the copolymer, adding charged moieties or proteins. This would
offer more control over the system’s properties (longevity inside the body,
allow more targeted release rather than physical diffusion and enhance
biocompatibility).

e To perform the essential regulatory tests such as: the matrix loading
efficiency (micellar capacity), cellular bio-stability, and swelling and
degradation in both in vitro and in vivo. This will allow the determination of
the exact release rate from the gel matrix and full evaluation the system

interactions with living cells.
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