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Summary

In this research we explored the effects of softness on the metastability transitions
and in particular during gel or glass formation. More specifically, we studied the effects
of varying the molecular characteristics of a star polymer on the structural rearrangements
of the solution upon the appliance of an external flow field. We defined a 'softness
parameter', (SP), and highlighted its effect on the structural order of the system. We
investigated the effect of shearing parameters on the nucleation process and explained the
variations with the modifications of the particle rearrangements. The stability of the
structures was associated with softness and concentration, denoting the sensitive
dynamics deviations upon changing the molecular characteristics. Flexible shapes of
particles allow the systems to reform and accommodate better the external stimuli. We
pinpointed the differences of our soft systems with the hard spheres and highlighted the
complexity yielded by 'softness'. In general, softness and metastability are two terms,
which seem to be inextricably bonded, generating amazing properties.

We also, investigated the properties of two different self-assembled block copolymers.
The amphiphilicity of the molecules drive the systems to self-organize and form
hydrogels. Depending on the molecular characteristics, the hydrogel structures exhibit
varying properties showing solid structures in high concentrations. The elasticity of the
networks increase rapidly with concentration demonstrating different types of interactions
between the self-assembled structures. The hydrogels studied in this work, showed fast
reformation after the cessation of large shear rates, depicting strong interactions among
the large self assembled structures. By careful tuning hydrophobic and hydrophilic
interactions we can control the kinetic properties of such systems and mimic the natural

way of creating supramolecular systems.



Furthermore, we investigated the rheology of two hydrogels which were especially
synthesized for targeted drug delivery in pancreatic cancer tissues. The rheological
behavior of the hydrogels is highly dependent on pH and temperature since the gel flows
upon decreasing pH or increasing temperature. The thixotropy of the gel was studied by
applying high shear rates and then capturing the time needed for the gel to reform. Both
hydrogels manifested weak thixotropic behavior by instant reformation after the shear
cessation. The sensitivity in temperature and pH variations, makes these hydrogels
excellent candidate systems for drug delivery applications, offering discovery
opportunities in this important field.

Finally, we examined metastability effects in more complicated systems consisted of
two different sizes and types of particles. The initial soft colloidal system was perturbed
by adding depletion and displayed several phase transitions. The kinetic properties along
with mixture's elasticity, change as a function of depletion revealing a way to control the
behavior of such systems. Again, metastability was associated with softness and proved to
affect the mechanical properties of the mixtures. All, the experimental results were
supported by theoretical analysis and simulations, denoting the validity of our outcomes.
Also, simulations were performed for different size ratios and functionalities. The
combined results demonstrate that by tuning the physical parameters, like star

functionality and size ratio, we can steer the rheology of the mixtures.



Mepidnym

Ot petaotobeic KOTAGTAGES KO LETATTAOCELS TNG YOAQPNG VANG NTAV TO EMIKEVIPO
aLTAG TG SBaKTOPIKNG StatpPng. Me tn gpnon NG PEOAOYING KOl TNG TEYVIKNG OKESUONG
Q®TOG pedeTOnKay S1A@Oopa KOAAOEON VIEPUOPLOKAE GLGTAUOTO LG TO TPIGUO TOV
LETATTOCEWMY OE OUPOPETIKEG KATAGTACELS, 1O10TEPO KATA TN ONovpyio TNKTOUATOV 1)
VOA®ODV  dopmv. MelemOnkay ol EMITOGES TNG UETOPOANG TOV  UOPLOKDV
YOPOKTNPIOTIKOV TOADKAMVOV OGTEPOEWOMY TOAVUEPDV OGOV aPOpPd TIG d1opOpOTIKES
avadlatdéelg ot dopn TV SaAvpATOV VTd ddtunon. o avtd 10 GKOTO, OpiGALE Ld
TOPAUETPO  XOAPOTNTOG KO OEPELVNCOUE TNV EMdpacy TNng otnv OSoun Tov
ocvotudtwv. Epguvicape v enidpacn TovV TopapéTpmy ToL SaTUNTIKOD Tediov KoTd
M ddKasio TS KPLOTAAL®ONG Ko TPOooTadcoe Vo GLGYETIGOVUE TN oTafdepdTNTO
TOV OOHV pHe TNV yoAapdtmto Tov popiowv. H wovommra tov  popiov  vo
TOPOLOPPAOVOVTOL EMITPEMEL GTO. GLOTNUATO Vo, avadlapOpdvovior €161 OCTE Vo
AVTILETOTILOVY OMOTEAEGLOTIKOTEPQ T, EEMTEPIKA epebiopata. AvadeiEape TIG d1aPopEg
HETOED YOAOPDV GUGTNUATOV KOl GKANP®OV GROIPAOV KOl TOVIGOUE TNV TOAVTAOKOTNTO
OV TTOPAYETOAL OO TNV YOAQPOTNTA TOV GLUGTNUATOV.

211 GLVEXELD OLEPEVVICALE TNV OVTO-0PYAVMOGT] SVO GUUTOAVUEPDY GE TOAVLOPLOKES
JOUEG, MG ATOTELECUA TNG TOVTOXPOVNG VTTAPENG VOPOPIAING Kot VIPOPOPIag VIO TNG
doung tov popiov. H petaforn] tov oyfUOTOC TOV VIPOPIAOVL TUNUATOG TGV HOPImV
ONUIOVPYEL CNUOAVTIKES H10POPEG OTIG VITEPUOPLAKES OVTO-OPYOVOUEVEG OOUES. e HEYAAEG
OLYKEVIPMOOELG VT To cvuoTHHaTO oynpatiCovv mktopote. H ehactikdétnto avtdv tov
TNKTOUATOV avédvel paydaio. ¢ GLVAPTNON TNG GLYKEVIPMONG VTOSEIKVOOVTOG TNV
OmapEn OAANAETOPAGE®Y UETOED TOV VTEPUOPLOK®V JOU®V. AKOUO KOTOYPOWYOUE TO
HIKPO ¥pOVO OV YPELALETOL TO TNKTOUO VO, ETAVELDEL GTNV OPYIKT TOL KATAGTACT) HLETA

™V €MPOAT] LEYAAWDV KOTOTOVICEMV KOl ATOOMGOUE TO YEYOVOS OLTO GTNV AKEPUOTNTO



TOV VTEPLOPLOKDOV OOUMV OKOUO Kol G€ PEYAAEG KaTOTOVIOELS. Me TpooekTiky phouion
TOV VIPOPOPOV Kol VOPOPIAWV OAANAETIOPACEDV UITOPOVLE VO EAEYEOVE TIG KIVNTIKEG
WOTNTEG TOV OLTOV TOV CLOTNUATOV Kol vo pumbovue m @bon otn dnuovpyia
VTEPUOPLAKDV SOUDV.

‘Eneita pedemoope ™ pegoloyia 600 vOPO-TNKTOUAT®OV TO Omoio cLVTEOMKAY e
OTAOTEPO OKOMO T GTOYEVOUEVT] QOPUOKEVTIKY] OYy®YY] OE KOPKIVIKODG TOYKPENTIKOVG
otovg. H peoloyikr| e&é€taom tov mnktoudtov £deiée pueydin eEdptmon oe pH won
Bepuoxpaocio, KaODG 6TL TO TNKTOUATO VYPOTOLOVVTAL KOt pEOVV [E TNV peiwon tov pH 1
mv avénon g Beppoxpacioc. Epsuvnoape m 0iEotpornio tov mnrktopdtov pécom g
KOTOYPOPNG TOL XPOVOL TTOV AMOLTEITOL DGTE TO TKTOUN VO ETOVELDEL GTNV aP)IKT TOV
KOTAoTOON UETA amd eMPOAN 10YLPNG SoTUNTIKNG pong. H emavaktnon g apyikng Toug
dopung NTOV Aueon Kot yio to. dvo cvotiuota. H gvaicOnoia oty Bepuokpacio kot 1o
pH, avaydyer avtd o TNKTONOTO GE EEAPETIKOVS LITOYNPLOVG Y10 WOTPIKEG EQAPLOYES
TPOGPEPOVTAG EVKAIPIES Y10 OTUAVTIKEG AVOKAAVYELG GE ALTOV TOV GTULAVTIKO TOUEQ.

EmnmAéov, egetdoape g petactadeic Kataotdoelg o€ pelypota mov amoteAovvTol amd
dvo dlapopetikd €idn copatdiov. To wpdTo eivar €évo TOAOKA®VO 0GTEPOEIDES
TOAVUEPES VD TO OgLTEPO €ivor pio oKANPY] KOAAOEWN cQaipa pHE TECGEPLS POPES
pikpotepo péyeboc. To cuoT U TOPOVGINGE TOALES SLOPOPETIKEG OOUES KO LETATTAOGELS
®C OTOTEAECUO. TNG OOCUMTIKNAG 7ieong mov onuovpysitor pe Ty avgavopevn
OCLYKEVIPMOT TOV UIKPOV KOALOEW®V cpopov. Kataypdonkav kot peiendnkov ot
JLPOPOTONCELS TNG  PEOAOYIKNG GULUTEPIPOPAS TMV  OPOPETIKAOV OOU®V. XTO
MEPOUOTIKE  amoteAéopato mpootédnkav Oewpntikés avaAidcoelg Kol omoTteAéoUATO
TPOCOLOIDGEMY MGTE VO avadelydel 1 alomoTtioo TV GUUTEPAGUATOV LAG.

SOUTEPACUATIKA, 1 YoAopdTnTa elvar dueca ocuvoedepuévn pe vmopén peTacTodmv
Kataotdoewv. H emPoin datuntikig tdong pmopel va 00nynoeEL Ta yoAopd GuoTHHOT

oe avadldpOpwon twv dopwv tovg. H avadidpbpwon avtmy eéoptdtor dupeco amd To



LOPLOKE YOPAKTNPIOTIKG TOV €KAGTOTE GLOTNUATOS. ETol, pe mpooektikn pvluion tov
QUGIKOV TOPOUETPOV TOV GLGTNUATOV HITOPOVUE VO TPOGOIOPIGOVUE TN PEOAOYIKY

GLUTEPLPOPEL TOVG.



1. Introduction

1.1. Basic properties of soft matter

In the last few decades, the broad topic of Soft Matter has drawn huge attention,
mostly due to the industrial applications. The need for intelligent and effective materials
to respond to new, challenging questions raised from social, economical and global
changes have multiplied the research on this field. Developments in technological
instruments along with progress in experimental methodologies have led to deeper
understanding of the theoretical background of soft matter as well as improvements on it.
The really unique properties of this kind of materials merge knowledge of various
scientific fields, such as physics, chemistry, biology or engineering, therefore, a
combination of many specialties are needed for a deeper investigation of these systems.

There are many reasons for this; firstly, soft-matter systems are essential in many
technical applications ranging from paints to lubricants and drilling fluids [1, 2].
Moreover, the importance of deformative behavior of soft particles has been recognized in
many research areas, such as drug delivery and colloidal dispersion [3], rendering such
systems omnipresent in medical and pharmaceutical applications [4]. Furthermore, soft-
matter systems play a key role in biological problems such as DNA recognition [5, 6]
transport through cell membranes [7] and protein crystallization [8, 9]. In conjunction
with all the above, soft materials are finding applications in areas ranging from
microfluidic device technology to nanofabrication [10].

Progress in material science stimulates the economy and greatly influences the living
standards of the society. Intelligent materials are based on a new concept where the
information science is introduced to the material. Using new preparation methods, by a
combination of supramolecular constituents one is able to compose ‘intelligent” materials

with novel properties [11, 12]. The use of strong and directional interactions among



molecular subunits can achieve not only rich dynamic behavior but also high degrees of
internal order that are not known in ordinary polymers [13]. Such materials respond in an
remarkable way to external stimuli, such as external fields, pH changes, pulses of light or
temperature jumps, and owe their multi-functionality to their unique structure [14]. The
wide applications of these materials are attractive in a range of fields, including sensing
[15, 16], drug delivery [17], electronics [18, 19] and vibration control [20].

Besides the 'soft’ materials with applications in advanced areas, similar materials
dominate different aspects of our daily life; glues, paints, inks, shampoos, toothpastes,
soaps along with many polymer melts which are molded and extruded to form plastics.
The term used to define this kind of materials was introduced by Pierre-Gilles de Gennes
in the 1970s, and is referred as Soft Matter. Another term, widely used in the literature,
for addressing such materials is the term Complex fluids. Also, other terms, such as
colloidal suspensions or colloidal dispersions, have been used to describe soft matter
materials [21].

Soft matter includes a large range of materials such as polymers, colloids, emulsions,
foams, liquid crystals, surfactants and various solutions of macromolecules. All these
systems can be viewed as physicochemical which have large response functions [22]. Soft
matter systems can exhibit a drastic change in their mechanical, optical and electrical
properties resulting from the mild chemical or conformational changes in their structures
[23]. Their complexity has raised a novel variety of physical problems which makes
extremely difficult the task to define them with precision [24]. The key characteristics,
that these materials share, are: a) the effect of the small length scales between the atomic
sizes, b) fluctuations and Brownian motion, and c¢) the ability to self-assemble [25].
Starting with the length scales of the particles, the key parameter to understand soft
systems is their mesoscopic size [21, 22]. Soft systems exhibit higher sensitivity to

mechanical deformations compared to pure molecular materials [26]. The reason for this



phenomenon is that many procedures involving soft particles react on dynamics and
structural arrangements on mesoscopic scales [27]. The small size of the structures
enhances the importance of the particle fluctuations (Brownian motion) due to the
comparable energy from the bonds of structures with the thermal energies [25]. Moreover,
self assemble is a process driven by the principles of thermodynamics [28], which leads to
lower energy structures or patterns. There are three basic principles for exploring different
length-scales in self-assembling structures: a) the competing interactions and sequences,
b) entropic frustration and topological dereliction, ¢) the spontaneous selection of
primary length scales [29]. The definition of the term (self-assemble) highlights the
absence of human intervention [30] and denotes that this is the way of nature to form
large structures [31]. The sophisticated use of self-organizing materials, which include
liquid crystals, block copolymers, hydrogen- and n-bonded complexes, and many natural
polymers, may hold the key to developing new structures and devices for many
technologically advanced industries [29].
For deeper studying of soft matter, we have to draw our attention in the intermolecular
forces. The strength and the range of such forces, control the basic properties of matter
[25]. The origin of these forces is the balance of repulsive interactions at short distances
and attractive interactions which are present on larger length scales [32]. The nature of the
attractive interactions is dependent on the system. The main categorization of such forces
comes from their comparison to the thermal energy kz7. When the bonds energy is much
higher than the thermal energy then these bonds can be thought as permanent or chemical.
On the other hand, when then bond energy is comparable to thermal, then these bonds are
called temporary or physical. Physical bonds can be separated in different categories
depending on their nature. These categories are:
e Van der Waals bonds, which energies are in the same order as the thermal

energy (kgT) at room temperature. The potential Uy, between two molecules is
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2
given by UW~CTL—6 where a is the polarisability of each molecule and r is the

distance between them.
Ionic bonds, which energies are two orders of magnitude larger than the thermal

energy. This bonding occurs from exchanging electrons between the molecules.

4142
amegr’

The Coulomb potential between the ions is given by U, = where q,, g, are

the ions charges, €, is the permittivity of free space and r is the distance between
the molecules.

Covalent bonds, which energies are, also, a couple of orders larger than the
thermal energy. This bonding occurs due to the electron transfer from one atom to
another.

Metallic bonds, which energies are similar to covalent bonds but their origins
differ. While in covalent bonds the electron dislocation takes place between two
or small number of atoms, the same dislocation in metallic bonds take place in a
much larger volume in the material.

Hydrogen bonds, which energies vary in orders between the Van der Waals and
the covalent bonds. This bond is formed when a hydrogen atom is covalently
bonded with an electronegative atom.

Hydrophobic interactions, which are about one order larger than the thermal
energy. Such interactions are the result of the decrease of entropy, as nonpolar
molecules, which cannot participate in the hydrogen bonding, are "caged" by
water molecules.

Other noncovalent bonds, such as n-m, anion-m or cation-m interactions. In
general © stacking refers to attractive, noncovalent interactions between aromatic

rings, since they obtain pi bonds.
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By varying temperature, pH, ionic strength etc, the ratio between the intermolecular
forces and thermal energy changes, thus phase transitions occur from glass to liquid or
from liquid to gas and vice versa. While for condensed matter is easier to classify the
phase of the material between glass and liquid, we cannot argue the same for the soft
matter. In contrast to normal condensed matter, which shows two distinct phases, solid
(crystalline ordered) and liquid (disordered), in soft matter such a classification is not so
straightforward. Soft matter exhibits characteristics of both states. In a simple fluid state
the molecules may freely exchange positions, so that their new positions are permutations
of their old ones. In a solid state, the positions are fixed, so the position exchange is
blocked. However, soft matter is a fluid in which large group of molecules have been
constrained so that the permutation freedom within the group is lost [33]. For example, a
large number of elementary molecules can be fastened together to create a flexible chain
or a rigid rod.

Physical matter might exist in different forms or phases that differ by the type of order,
mass density, etc. Materials components can be ordered in a complicated way, exhibiting
features at length scales intermediate between the atomic and macroscopic. Disordered,
solid-like materials are ubiquitous in soft condensed matter [34]. Such materials are often
acquired from a fluid-to-solid transition which drives the system in a non-equilibrium
configuration. For these systems that share features of structural disorder and
metastability [35], a continuous evolution of mechanical and dynamical properties is
observed [36]. It would not be extravagant to state that the most striking feature of soft
matter is its ability to create new forms of matter with properties we could only dream of
a few decades ago. Softness offers an incredibly large range of flexibility for tuning the
properties of the system by manipulating interactions and controlling chemical and
physical parameters of the system [37]. A profound theoretical understanding is needed

more than ever to provide an insight into the basic principles and mechanisms of phase
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transformations. Although bulk phase transitions of soft matter have become well
understood, important questions in confining geometries and additional external fields are
still open [26]. The motivation to study the influence of external fields has two main
sources. Firstly, by definition, soft matter reacts sensitively to external perturbations and
manipulations. While this particular behavior has been exploited empirically in many
different technical applications, there is still a wide unclarified area to be discovered.
Secondly, by controlling and tailoring the external perturbation, qualitatively novel effects
can be induced. The final goal is to systematically control properties of colloidal matter
by using external fields.

Examples of such external fields are Laser-optical fields [38, 39], magnetic fields [40,
41], electric fields [42, 43] and flow fields [44]. In particular, soft systems, driven far
from equilibrium by application of shear, have received widespread attention. The reason
for this is the high difficulty in connecting the rheology with the structure and dynamics
in soft materials. The main roots of these problems come from the fact that frequently the
flows are heterogeneous along with the abscess of a steady state under perturbation [45].
While one would expect that shear would favor disordered states [46-48], there are many
studies which claim the inverse effect i.e. shear-induced ordering even though the system
displays a disordered state at equilibrium [49-51]. The structural phases depend on the
strength of flow in a way that microstructure re-arrangements take place in order to
accommodate the applied hydrodynamic forces [52]. At high volume fractions the
interactions between the particles become comparable to hydrodynamic forces leading to
anisotropic microstructural organizations. A detailed explanation of that process is still
unclear, but shear rate has been added as a control parameter to the already known ones,
such as temperature, pressure or chemical potential [46, 49, 50].

A lot of theoretical and experimental research on complex fluids (ranging from

polymers to surfactants and from colloids to granular materials) has been conducted to
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investigate the way in which a system transforms from ergodic to non-ergodic and vice
versa [53, 54]. There are many terms for describing this phase transition like jamming,
freezing, coagulation, glass formation, gelation kinetic frustration or structural arrest [55-
57]. However, the differences of these types of non-ergodic states are rather significant
from many aspects [58, 59]. The mechanisms that each time drive the systems to arrested
structures are completely different, despite the similarities in the dynamic responses of
such systems [60]. The relationship between the kinetic slowing down and growing
dynamic heterogeneity is a key problem of the liquid—glass transition [61].

Unfortunately, a wide experimental exploration of these phenomena is not feasible due
to the limited range of length and timescales that can be probed [44]. A number of
experimental techniques have been employed to investigate the structure and the
performance of soft matter systems.

e For structures larger than 1um, microscopy and surface probes have proved to be
useful techniques for identification and characterization of nano-/mesoscale
structures. On the other hand, such techniques face serious resolution limitations
as structural analysis methods.

e For structures smaller than 1um, light scattering methods have been employed to
determine particle size and investigate structures and crystallinity of soft matter
systems.

o Different spectroscopic techniques have utilized in characterizing soft matter.
Such methods provide information about the local microstructure, orientational
orderings, chain branching, tacticity and dynamic mechanical properties when the
materials are probed at very high frequency range.

e Rheology is the method for investigating the mechanical deformation and flow

characteristics of soft matter under stress.
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1.2. Examples and applications of soft matter

A deeper look in soft materials is necessary to highlight their characteristics and the

advantages comparing to common materials.

. Liquid crystals are, as the name reveals, individual crystals in a liquid matrix.
They constitute a fascinating class of soft condensed matter characterized by the
counterintuitive combination of fluidity and long-range order [62]. The unique
subtle balance between order and fluidity that characterizes liquid crystals is not
only deeply intriguing from a scientific point of view, but, also, it gives rise to a
broad range of spectacular phenomena that are yet fully explored. Liquid crystals
contain an in-between state of order with various forms of arrangement. These
arrangements are called smetic or nematic or chiral. The nematic crystals are only
arranged along a similar axis while the crystals are randomly oriented. The chiral,
(or cholesteric) orientation is made up of layered nematic crystal levels. This
orientation does not have any symmetry and can only form with molecules that are
chiral in structure. Finally, smetic crystals are loosely ordered in columns and
rows. Smetic crystals can take two orientations, one with a linear arrangement and
one with the structural row being tilted at an angle theta from the normal axis [25].

Today they are best known for their exceptionally successful application in flat
panel displays, but they actually exhibit a plethora of unique and attractive
properties that offer tremendous potential for fundamental science as well as
innovative applications well beyond the realm of displays [63]. One of the more
common applications of liquid crystals is a liquid crystal display, or LCD. LCDs
are an integral to today's technology based society, as they are present in most

electronics including cell phones, computers, calculators and televisions.
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Polymers are the sequence of monomers, covalently bonded, composing large
macromolecules. They can be divided in two categories, homopolymers and
copolymers. Homopolymers are consisted of the same repeating unit while
copolymers can have two or more different repeating units. Polymer chains can be
structurally bonded in different ways resulting in linear, branched, crosslinked and
network polymers. When the amount of crosslinking or network forming is high,
then we have a structure called gel.

Specifically, microgel particle dispersions have many applications in surface
coatings industry [64]. Such dispersions are shear thinning and provide good
rheological control for automotive surface coatings [65]. Due to these
characteristics, microgel systems are also widely used in the printing and
pharmaceutical industries. Gels dispersed in water are called hydrogels and
constitute a special category that plays a huge role in specific drug delivery. Their
high water content makes them highly biocompatible [66] and their high flexibility
makes them similar to natural tissues.

Colloids are systems of particles with size less than 10 microns, dispersed in a
liquid matrix. Depending on density, colloidal particles vary from nanometers to
microns in size large enough to exhibit random Brownian motion, perpetuated by
collisions with solvent molecules, and yet small enough to remain indefinitely
suspended against sedimentation [67]. Comparing colloids to other soft matter
systems, they play a particular role as they can be prepared and characterized in a
controlled way [26]. The intricate multiscale structures of colloids result from the
extremely complex interplay of different competing enthalpic and entropic
intermolecular forces, some short range such as van der Waals and steric forces
operating on the length scale of angstroms (A"), and others long range including

electrostatic interactions and entropic effective forces which operate over much
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longer length scales [68]. The effective interaction between the colloidal particles
can be tailored by changing system parameters, like macro-ion properties (size,
charge, composition), and solvent properties (salt concentration, pH, dielectric
constant, temperature) [21, 67]. The basic understanding of these mesoscopic
interactions derives the control of an enormously rich equilibrium and dynamical
properties displayed by such systems.

Colloidal particles have been extensively used as the major components of
industrial products, such as foods, inks, paints, coatings, papers, cosmetics,
photographic films, and rheological fluids [69]. Monodispersed systems have
emerged as the material of choice for a wide variety of nice applications that range
from nanopatterning to fabrication of photonic devices [70]. Moreover, when
anisotropy is introduced in the system, its physical properties start to differ from
the symmetrical ones [71]. This makes them highly desirable for controlling light
scattering and fluid properties [72-74] and for engineering biomaterials [75, 76]
and colloid structures [77, 78].

Emulsions are heterogeneous dispersions of two immiscible liquids which are
susceptible to rapid destabilization by aggregation, coalescence, or flocculation,
leading to phase segregation [79]. The stability of these emulsions can be
improved by adding surfactants that are able to coat the droplets of the dispersed
liquid and prevent them from joining together due to the decrease of the interfacial
tension between the immiscible liquids and the increased repulsion between the
droplets. Their characteristics can be easily tuned by adjusting parameters such as
volume fraction of the dispersed phase, droplet size, or osmotic gradient [80].
Moreover, emulsions can be produced in very large quantities by means of

suitable methods [81].

17



Emulsions are flexible drug formulation systems [79]. Many applications of
emulsions and microemulsions involve their interactions with surfaces. The
adsorbed surface layer may be no more than a surfactant monolayer, but this may
already be enough to change the wettability properties of the surface [82].
Emulsions have many applications in industries with the more pronounced ones to
be in milk and dairy, food, pharmacy, chemotherapy, cosmetics and agriculture
industry [83].

Foams are systems of disordered gaseous bubbles of varying size in a liquid or
solid matrix. The single gas inclusions are separated from each other by portions
of liquid or solid [84]. Liquid foams can be seen in everyday life, from frothy
bubbles in a morning coffee to soap used to clean one's hands. Solid foams can be
classified as open cell, when their pores are interconnected and closed cells when
the cells are entirely enclosed by liquid or solid and are not interconnected. Both
structures have good insulative properties which can be manipulated by filling the
pores. They are frequently stabilized by surfactants, polymers or by particles. If
the particles have a moderate hydrophobicity, the foams can be extremely stable
(lifetimes of the order of years) [85]. Aqueous foams have the capacity to adjust
dynamically their channel size over several orders of magnitude, in response to
changes in interstitial liquid flow conditions [86].

Foams are of great practical interest because of their extensive occurrence in
food, pharmaceutical and cosmetic industry. The main reason for their wide
application is their ability to combine physical and mechanical properties, such as
high stiffness in conjunction with very low specific weight or high gas
permeability combined with high thermal conductivity. Among man-made cellular
materials, polymeric foams are currently the most important ones with widespread

applications in nearly every sector of technology. Less known is that even metals
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and alloys can be produced as cellular materials or foams and that these materials
have such interesting properties that new exciting applications are expected in the
near future. Example of metallic foams applications is the utilization of oxide
particles as stabilizers [87]. Worth to note is that foams have already been
extensively used in applications such as flotation of mineral particles in which the

bubble surfaces are covered by particles [88].

1.3.Softness

The soft material's adaptive nature is directly connected with the metastabilty which is
often seen in these systems. Figure 1.1 shows the influence of softness on the state
transitions at different volume fractions. Comparing hard spheres (Fig. 1.1a) with softer
systems (Fig. 1.1b-d), we observe the shift of the metastable states towards higher volume
fractions. For example, jamming occurs in much higher concentrations in soft star
systems where the compressibility of the particles allows them to accommodate better the
increased osmotic pressure by adjusting their volume and shape [89]. Fluid phase expands
along with softness, highlighting the polymer coil behavior which remains ergodic
throughout the whole window of volume fractions. Moreover, the crystal region seems to
decrease and finally, disappear, along with the softness increase. This fact is attributed to
the arm interpenetration, for the hairy particles, and their fluctuations beyond the limit set
by the Lindeman criterion [21, 37, 90]. However, it has been reported that star glasses can
crystallize due to the damping of their large cores fluctuations [91, 92]. Also, external
perturbation can promote local rearrangements and eventually lead the system to
crystallization [91-93]. In general, the effective volume fractions, where the transitions are
observed, depend heavily on softness and become less distinguishable as we diverge from

the hard sphere behavior.
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Figure 1.1. Schematic one-dimensional state diagrams of nearly-monodisperse athermal soft
colloidal suspensions, as function of their effective volume fraction. The numbers are values for
volume fractions of hard spheres; values above 0.74 are relevant only for soft systems. From
bottom to top the diagrams of a): hard spheres, b): microgels, c): star polymers and d): polymeric
coils are shown. Letters refer to different regions: fluid (F, the blue-shaded regions), crystal (C,
at ¢ = 0.545 for hard spheres), coexistence (F + C, above volume fraction 0.494 for hard
spheres), glass (G, at ¢4 = 0.58 for hard spheres), and jammed (J). RCP and HCP are the

random close packing and hexagonal close packing volume fractions, which for hard spheres are
determined to be 0.64 and 0.74, respectively. The solid black vertical lines represent established
transitions (even if occurring at different volume fractions for different systems) whereas red
dashed lines represent transitions whose universality is still debatable. The values of the volume
fraction in the horizontal scale are indicative and do not respect the actual scale. Taken from Ref.

/89].

Apart from softness, metastability is characterized by factors such as phase sizes and
kinetics, which require further consideration. First, we need to understand both the
thermodynamic and kinetic limits of metastable polymer systems in which the classical,
sharp conceptual boundary between thermodynamics and kinetics may not apply. This
requires fundamental theoretical development along with experimental work to support
theory and simulations. There is a strong demand to describe quantitatively the metastable
states and metastability in polymer systems based on macroscopic experiments. Perhaps,
this is not difficult for determining crystal sizes and glass structures, but it might be more

complicated in other systems, such as gels. Furthermore, it will be harder to study
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systems, which approach single molecular sizes by using conventional experimental
methods. Novel developments are necessary for this purpose. Mixing different types of
molecules makes the problem even more complicated but offers, also, the great

opportunity for tailoring systems properties.

1.4. Metastability

The free energy landscape of a complex system, i.e. soft, presents an intricate aspect
consisting of multiple local minima, separated by energy barriers. The concept of
metastability is intimately linked with the existence of energy barriers in thermodynamics.
These metastable states are the result of local minima in the free energy landscape which,
although they do not fully minimize the free energy of the system (and therefore do not
appear in the equilibrium phase diagram), may be encountered as an intermediate stage
(Fig. 1.2). They may be long-lived, especially if the system must overcome high energy

barriers in order to reach its global minimum [94].

Metastable
state

<

Figure 1.2. An illustration of a metastable state in a plot between free energy (F) and order
parameter (<®>). The AF is an activation barrier. Redrawn from Ref. [95].

Many materials can be found in metastable states upon sudden change of temperature

as for example during phase transitions. From a thermodynamic approach, the basic
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parameter responsible for phase transitions is the free energy and its variations. Landau
[96], was the first one to express free energy as a function of temperature (T'), pressure (P)

and the degree of order (), G = G (T, P,¢):
1
G =Go+as+p8%+3v8 + 0% L1

where P, T, and ¢ are the independent variables that determine the free energy and a,
and y are functions of pressure and temperature. Some examples of phase transitions are
given in Figure 1.3. The thermodynamically stable and metastable states show minimums

(0G/0& = 0), while the isotropic phases (or in general the lack of order) is defined as:
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Figure 1.3. The temperature (T) and ordering (§) dependence of free energy (G) for some
examples of ordering-disordering transitions: (a) thermodynamically stable isotropic phase
0G/9¢ =0, £ =0), (b) critical point (¢ =0, 0G/9E =0, 00%2G/9%*¢ =0, 03G/93¢ =0), (c)
stable ordered phase 0G /& = 0 and & # 0), (d ) order-disorder transition in equilibrium (¢ = 0
and & # 0), (e) thermodynamically stable ordered phase (¢ + 0) and metastable isotropic phase
(€ =0),(H) thermodynamically stable isotropic phase (¢ = 0) and organized metastable phase

(€ #0).
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The co-existence of more than one phases is not forbidden as Figure 1.3d shows.
Different structures may have the same free energy for the same values of temperature
and pressure and this allows the system to display properties of both phases. Furthermore,
by small perturbations, metastable structures change towards lower free energy orders,
thus a qualitative changes of structure take place responding to quantitative changes
yielded from external fields.

The nature of the barriers depends on which thermodynamic potential varies when
passing from one well to the other, and their presence plays an important role in the
dynamics of the system [97]. Whereas energy barriers are more frequent in problems of
solid state physics, entropic barriers, attributed to kinetic limitations, are often
encountered in soft condensed matter. In soft materials, thermal motion alone is not
enough to achieve complete structural relaxation. The system has to cross energy barriers
which are very large compared to typical thermal energies [98].. In many cases, many
interesting structures rise during that process which are not at the equilibrium but can be
effectively frozen. For attaining the optimum energy state, atoms and molecules have to
rearrange themselves, a process that might be very long. In terms of statistical mechanics,
the atoms or molecules of the system have a larger probability (due to the limited average
fluctuation amplitude) to choose a pathway which possesses a lower energy barrier
regardless the thermodynamic stability after the barrier is overcome. In other words, these
atoms and molecules are ‘blind’ and cannot predict the thermodynamic outcome behind
the energy barrier [95].

In fact, many “ordering”-transitions that are usually considered to be energy-driven,
may be entropy driven. Indeed many transitions may seem to decrease the entropy
because the density is no longer uniform in orientation or position, but the total
entropy increases because the free-volume per particle is larger [99]. While first- and

second-order transitions are typically reversible by changing the temperature, transitions
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from a metastable to a more stable phase are not [100]. The rich morphology is the main
characteristic of soft matter which often exhibits complex and interesting transitions
between equilibrium phases. As a result, there is always a delicate balance between the
entropic and enthalpic contributions to the free energy, both contributions playing an

important role in the properties of soft materials [101].

1.5. Goals of the thesis and organization

From the above it is evident that linking metastability transitions and softness is an
emerging topic of great scientific value and technological significance. Several open and
hard questions make it challenging to address those issues. Firstly, we need to enlighten
our knowledge on parameters that affect softness. For example, how is system's softness
changing by varying concentration, temperature and geometrical characteristics of the
molecules? Secondly, a crucial area to be investigated is how softness hinders ordering
and ways to overtake its effects. Ordering in hard systems has been widely studied and
proved to be a quite simple process [102]. However, crystallization of soft systems proves
to be much more challenging. Kinetic boundaries and molecular characteristics reveal
high barriers towards equilibrium states. The results of this investigation may illuminate
the narrow boundaries between thermodynamics and kinetic limits in soft metastable
systems.

Moreover, the questions are extended to the roots of metastability in more complex
structures, such as gels. Attraction may be the driving force in these systems, but the
origin of it, is still a wide area for investigation. Understanding the roots of attraction will
enable us to control responsiveness of such systems to external field perturbations.

There is still a lot of work to be done by linking metastability with system's

complexity. The richness of phases in mixtures has been studied in the past, but it still
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remains not fully understood. Size ratio, softness, molecular characteristics are variable
parameters which adjust responsiveness and properties of these systems.

The main scope of this work is to elucidate the rheological and the structural state
transitions of soft systems with respect to softness, shape and size of colloids. This study,
also, focuses on the effects of external fields on the structural and mechanical properties
of soft systems. There is a wide range of rheological states explored, extending from
liquid-like to gel, glass, double glass structures. We focus on kinetic transitions, induced
by shear and thermodynamic (depletion) forces, and discuss properties of star glasses and
gels. All the systems investigated in this thesis are metastable and exhibit structural
rearrangements upon the variation of systematic parameter such as concentration,
temperature, depletion, etc.

A large part of this work is based on the development of appropriate experimental
protocols for addressing specific problems associated with the properties of model soft
systems such as star polymers. The properties which make such systems ideal for research
are described in the following chapters. Chapter 3 focuses on the effects of an external
shear field on pure star system. Metastable transitions between kinetically arrested and
ordered-disordered states were observed and studied in order to illuminate the course of a
soft system towards the final equilibrium state. Chapter 4, 5 try to enlighten the natural
way of creating large supramolecular structures. Based on the hydro-preference and
molecular partial ordering, the system can become pH, thermo and shear responsive. Such
systems display strong concentration dependence forming stable networks mostly due to
the chemical nature of crosslinks. Chapter 6 describes more complicated systems
composed of two different polymers. The shape, size and concentration of each polymer
affect the rhelogical state of the system, driving it to many metastable states, just by

varying these parameters.

25



2. Systems-Methods

The following chapters describe different projects, which include similar systems, but
have different scopes. In the following lines of this chapter, we will give some short
descriptions of the particles properties formatting different systems and methods as

applied in the experiments.

2.1. Star polymers

Soft star polymers were utilized to accomplish about 50% of the work presented in this
thesis. One of their main features is their ability to combine both polymeric and colloidal
characteristics. The high number of linear homopolymer arms joined covalently to a
central core give polymeric characteristics to the molecule, while the core itself stands for
the colloidal part [103]. Hence, star polymers can actually be viewed as hybrids within
polymer-like entities and colloidal particles establishing an important link between these
different domains of physics [104]. This unique feature of star polymers results in novel
structural and dynamical properties which have been seen in neither the single-chain
polymers nor in colloidal spheres [105]. Such properties are attributed to their softness,
which can be tuned either at the synthesis level (number of arms, arm degree of
polymerization) [21, 106] or by varying solvent and temperature [104, 107].

Due to their topology, star polymers exhibit a nonuniform monomer density
distribution [108, 109] and as such, they can be considered as effective core-corona

particles with core radius 7.~f/?and overall particle radius in good solvent

R~fY 5Na3/ °, According to the classic Daoud—Cotton model [108], the blob size of a star
in a good solvent increases with the radial distance r and three monomer density regimes
are distinguished: a) the inner melt-like core regime, b) the intermediate theta-like regime,

where the blobs are ideal and only solvent can penetrate in a dense suspension (¢ > c*),
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and c) the outer excluded volume regime, where the blobs are swollen and star—star
interpenetration can take place in dense suspensions. Figure 2.1.1 illustrates these regimes

for a star in a good solvent along with the monomer density profile® (7).

i) r‘

Figure 2.1.1. Schematic representation of the internal structure of a single colloidal star polymer
in a good solvent and its nonuniform monomer density profile. Taken from [60].

By varying the number of the arms (f) and the degree of polymerization (N,), the
particle softness varies from hard particle limit at large f and small N,, to polymer coil
limit at small f and large N,. In dense suspensions, these systems exhibit some very
intriguing features which are universal for similar systems with soft interaction pair
potentials [60]. These unique molecular characteristics constituted the stars a first choice
candidate to explore the softness effects on metastability. A rich variety of rheological

states will be presented in the following chapters.
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2.2. Gels-Hydrogels

The need of studying metastability in attractive systems led us to employ hydrogel
systems. A gel can be defined as an intermediate state between a liquid-like and a solid-
like rheological behavior [110]. It consists of a dispersed phase (polymers or colloids)
together with a dispersing medium (water or other solvents), and can be very close to a
liquid or to a solid. The liquid-like properties come from its major constituent, water or
other solvents. The solid-like behaviors are own to the network which prevents the system
from flowing. In solutions, the particles can easily diffuse, while in gel structures their
motion is restricted. However, this definition can be applied only to chemical gels because
in physical gels parts of polymer networks can interchange among them [111, 112].

The most widely accepted gel classification is the one based on the nature of the
bonds. For chemical gels, the crosslinking region is formed by covalent bonds while for
physical gels, this region is formed by hydrogen or ionic bonds and hydrophobic
interactions [110]. According to Tanaka [113], the gels could be classified in six
categories depending on the structure of crosslinks: 1) simple gelation where one single
component of a polymer forms a gel by pairwise crosslinking in a solvent, 2) gelation by
multiple crosslinking where more than 3 chains are connected in the junction point, 3)
gelation from two different polymers, which include interpenetrating networks, alternately
crosslinked networks, randomly mixed networks, 4) gelation competing with hydration
(solvation), and coexisting with hydration (solvation), where gelation is either blocked or
accelerated by hydration, 5) gelation induced by polymer conformational transition such
as coil-helix transition, coil-globule transition, coil-rod transition, 6) gelation coupled
with liquid-crystallization, where hydrogen bonded mesogens form crosslinks.

From another point of view, the definition of a gel is highly affected by the

environment in which the gel is placed. Physical environments, i.e. force fields, gravity,
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electromagnetic fields, pressure, temperature, or biochemical environments i.e. pH, ionic
strength, as well as coexistence of various small and large molecules, including enzymes,
influence structure and properties of gels. Therefore the material can be a gel in an
environment but it may turn into a liquid or a solid in another environment. The gel-
solution transition has attracted much attention with respect to properties' and dynamic
response's variations that the systems exhibit by varying parameters such as
concentration, temperature, degree of crosslinking etc [114-117]. The definition of gels is
closely related with understanding these phenomena and consequently crucial for
applying gel technology in biomedical science. In particular, hydrogels are widely used in
drug delivery applications thanks to their adaptability in different environments.
However, producing hydrogels with specific properties and characteristics is still a very

difficult task which and expectations are not always warranted.

2.3.Rheology

The dynamical properties of our systems were studied using stress and strain
controlled rheology. Shear rheometry experiments included dynamic oscillatory
measurements: a) Frequency sweep following an oscillatory strain y = y, sin wt in order
to probe the viscoelastic relaxation spectrum, i.e., the frequency dependent storage (G')
and loss (G'") moduli in the range 0.01 — 100 rad/s. The stress response is o =
ao sin(wt + 6) = y,(G' sin wt + G"' cos wt) with g, being the stress amplitude and & the
phase angle (6 = G"'/G'"); b) Strain sweep with a duration of about 8 min to determine the
linear viscoelastic regime. It involves oscillations at constant frequency w (usually 1
rad/s) and continuously increasing strain amplitude y, from 10 to 3 strain units; c¢) Time
sweep at low frequency (usually 1rad/s) and a linear strain amplitude, with duration long

enough to ensure that steady state is reached.
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For having reproducible and comparable measurements, these tests were proceeded by
a time sweep at large strain amplitude in the nonlinear regime (usually at strain amplitude
of 2 strain units) or steady shear measurements at different rates (from 1s~1 to 100s™1) in
order to shear-melt the structure (rejuvenation process), and a subsequent linear time
sweep in order to reach steady state (aging). This protocol allowed erasing the sample’s
history (possible residual stresses during sample preparation and loading) and ensuring
reproducible initial conditions for the measurements. For viscous samples at low
concentrations, where the dynamic signal was too weak, the zero-shear viscosity was
determined from steady shear measurements (rate sweeps).

More specifically, a full sample characterization requires well defined non-linear
measurements. Consequently, large amplitude oscillatory shear (LAOS) tests are used to
investigate and quantify the nonlinear viscoelastic response of the samples. LAOS
characterization is a rigorous test for rheological models and advanced quality control
[118]. Therefore, LAOS tests were performed at given frequency and nonlinear y, over
long times in order to determine the response of the solutions in nonlinear deformations.
The stress-strain amplitude representations (known as Lissajous-Bowditch plots) provide

the acquired rheological information.

2.4. Dynamic Light Scattering

Dynamic light scattering experiments were conducted utilizing the photon correlation
spectroscopy (PCS) technique [119] with the necessary spatiotemporal resolution. The
PCS technique recorded the scattering intensity autocorrelation function G(Q,t) =
(1(Q,)I(Q))/11(Q)|? over a broad time range (107-10%s) at different scattering wave
vectors  with an ALV-5000 goniometer/correlator setup (ALV, Germany) using an

Nd:YAG laser at a wavelength 4 = 532nm (Adlas, Germany). The magnitude of the
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scattering wave is Q = (4nn/A)sin(6/2) where n and 0 are the refractive index of the
solvent and the scattering angle, respectively. The measurements, both polarized (VV)
and depolarized (VH) were performed by using polarized vertically (V) incident laser
beam and selection of the scattered light either polarized vertically (VV-configuration) or
normal (VH-configuration) to the scattered plane. Under homodyne beating conditions,
the desired concentration relaxation function C(Q,t) probing is computed from the

experimental G(Q, t):

1/2

G(Q,t)—1

cQ,t) = l—(Q *) l (2.4.1)
fins

where f;;s <1 is an instrumental coherence factor. The analysis of C(Q,t) was

performed using the CONTIN software [120] and proceeded by its inverse Laplace

transformation (ILT):

o)

c@Q,t) = f Lo(Int)exp (—t/1)dInT (2.4.2)

with Ly (In7) being the distribution of relaxation times for a given wave vector @ or by
the stretched exponential

C(Q,©) = exp[—t/x(Q)1F (2.4.3)
where 7 is the relaxation time and f <1 is a measure of the width of the single

distribution of relaxation times [121].
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3. Shear-induced crystallization of colloidal stars with varying
softness

It is well known that concentrated Brownian particles will either undergo a transition
to an ordered phase or become dynamically arrested into a disordered state. Indeed, the
classic example of colloidal spheres shows that they can form crystals or glasses
depending on their size polydispersity and interaction potential. Beyond thermal motion
in the quiescent state, the action of an external stimulus, such as shear flow, can aid the
formation of ordered states or melt them, depending on its strength [26, 52]. In general,
understanding the delicate interplay between interparticle forces and hydrodynamic
interactions in Brownian spheres allows determining the conditions for achieving and
tuning colloidal crystallization [49, 50, 52, 53, 122-127]. For example, shear flow can
enhance crystallization of hard spheres at low fractions (by creating nuclei due to induced
ordering [50]), as well as very high volume fractions (by breaking the jamming cages thus
facilitating rearrangements [128]). On the other hand, shear flow can also frustrate
crystallization either by eroding crystal nuclei during crystal growth or by deforming fully
crystalline systems, which can be destroyed and yield to flow [46, 102, 129]. Such
observations are often summarized in the form of non-equilibrium phase diagrams
indicating the regions where crystals form in the particle volume fraction — imposed
stimulus parameter space [49, 130].

Subsequently, it is evident that a powerful framework exists for investigating
crystallization phenomena in colloidal dispersions. Whereas the majority of the
experimental and simulation work has been performed with hard spheres, several recent
results with soft colloids have been reported. Crystallization in soft colloidal systems is in
general more complicated. It is known that microgel particles, or hard particles with
microgel-like coats can crystallize at roughly the same volume fraction as hard spheres

[105, 131-143]. In these systems, particle softness is manifested with shape adjustment at
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contact and beyond (microgels) and/or weak interpenetration for hairy particles (however,
with large core). Regarding micelles, often the arms can exchange and, for a rather short
length of the solvophobic polymer block, these systems resemble crew-cut particles and
crystallize easily [144]. When the core is glassy, e.g. styrene-isoprene block copolymers
in isoprene-selective solvents, micelles with larger cores form face centered cubic arrays
whereas more star-like structures order into body centered cubic crystals [105, 131, 133].

On the other hand, particles with small cores and long hairs, such as star polymers,
would not crystallize easily, as polymeric hair interpenetration inhibits or delays this
process. Recent simulations suggest that particles overlap, creating longer effective length
scales for the inter-particle potentials, which slow-down the nucleation process [145] in
contrast to HS where hydrodynamic interactions speed-up the crystallization process [146,
147]. The slowdown of the nucleation process can be also attributed to clustering, which
can be regarded as effective polydispersity that suppresses the crystallization in soft
micelle systems [148]. In these situations, soft colloids are often trapped kinetically in
metastable states [55]. Colloidal glasses may crystallize over time, i.e. reach
thermodynamic equilibrium, irrespectively of softness [92, 149].

Similar to the case of hard spheres discussed above, external stimuli, such as flow or
temperature, can also induce crystal formation in soft colloidal systems [150-152].
Depending on the rates of applied oscillatory or steady shear, a rich variety of crystal
phases, in such systems, are reported [153-157]. Recent studies in two dimensions
indicate that shear can provide spatial modulation for particles in a supercooled state,
leading to an acceleration of the nucleation process and an eventual ordering [158].
Crystals from block copolymer micelles with large cores are stable in the sense that they
can sustain large deformations without melting [154, 157]. However, it is questionable to
what extent this is due to the micellar character of these systems. In other words, if the

architecture of the micelles and their ability to self-assemble are the key parameters that
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drive the systems to ordered structures. For completeness we note that attractive
microgels may crystallize due to a delicate balance between repulsive and attractive
interactions [159].

From the above, it is evident that crystallization of soft colloids remains a challenging
topic with several open questions. In particular, an important missing element is the
ability to tune the properties of colloidal crystals (conditions for their formation and
stability) by appropriately adjusting the pair interaction potential. This becomes a
formidable task for material design where ideally one could synthesize systems and tune
their structure. To this end, colloids with tunable interaction potential from soft to hard,
are ideal candidates. In fact, star polymers represent a model soft colloidal system with
behavior ranging between hard spheres and polymers, depending on their functionality f,
i.e., the number of arms, and the arm degree of polymerization N [21, 60]. From the above
discussion one can conclude that these ultrasoft colloids do not crystallize easily. In fact,
mean-field predictions and molecular dynamics (MD) simulation results suggest that
multiarm star polymers form crystals only in a narrow concentration window in athermal
solvents [55, 90, 160]. Experimental confirmation of star crystallization under quiescent
conditions has proven difficult, in part due to the fluctuations of the outer blobs of the
arms [60, 107, 161]. Hence, crystallization was masked by glass transition at high star
volume fractions [16]. This in turns meant that a long rest time is needed in order to
potentially observe crystal formation, and true enough, MD simulations indicated that
star glasses (and hard sphere glasses as well) eventually crystallize if aged for long time
[92, 149, 162]. Experimental evidence by multispeckle dynamic light scattering (MSDLS)
and small-angle neutron scattering (SANS) experiments supported this scenario and has
opened the route for investigating the crystallization of star polymers [163].

Generally, shearing jammed soff systems is a complicated process since their original

microstructures are non-equilibrium states and may undergo many phase transitions [27].
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For hard sphere glasses, the applied shear flow provides the necessary energy for escaping
from the kinetic traps [164]. However, softness yields a much richer viscoelasticity
response, as seen for example in colloidal star glasses [165]. Here, the size and number of
arms determine the interactions between particles, hence their viscoelasticity [160, 166,
167]. On the level of particle microstructure, it is primarily the interpenetration of the
arms that is responsible for the complex rheological behavior of the stars [103, 168, 169],
implying that shear could promote crystal formation of very soft stars via arm
disengagement.

In this chapter we attempt to address the consequences of the softness interplay with
the imposition of shear flow on the crystallization of star polymer solutions. By changing
star softness via functionality and molar mass of arms, we specifically address the
following questions: (i) Does shear flow enhance crystallization or not? (ii) To what
extent can these soft systems support shear flow without losing ordering?

To achieve our goals, we employ star solutions of varying softness, i.e. relatively soft

and hard star, as quantified by a softness parameter SP = RC‘”/ R = f31ONT3/5 where
sw

Rsw and R, are the radii of the swollen regime and the core in the Daoud-Cotton model,
respectively [108]. We prepare star solutions at concentrations around the predicted
crystallization phase boundary and apply an oscillatory shear field (with varying the
amplitude and frequency of oscillations) or to steady shear flow, while detecting the
structure of the dispersions in-situ by Small Angle Neutron Scattering (SANS). After

introducing the systems and experimental technique, we present the results in two parts.

In the first part we discuss the softer spheres with SP = RC"T/ p. =0.11, where shear-
sw

induced crystallization will be described. In the second part, we report the crystal stability

of hard stars with SP = 0.31.
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Materials

We employed two different multiarm 1,4-polybutadiene (PBD) stars, whose synthesis is
described elsewhere [106, 170]. Their molecular characteristics are listed in the table 1.
We characterize the compactness, or inverse softness of the stars by means of the Daoud
Cotton model [108]. Both stars meet the criterion for the swollen region, N> f1/2p72,

where v is the excluded volume of the monomer. At the level of the particle

microstructure, the softness of a star can be quantified by the softness parameter SP =

Rcor/ R, Where Ry, = N 3/5p1/5f1/5] is the radius of the swollen regime and R,p, =

fY/21 is the radius of the core. This yields SP = f3/1°N=3/5= (.31 and 0.11 for H-Star
and S-Star, respectively. Based on this, hereafter we term the two samples S-Star and H-
Star as soft star and hard star, respectively; we emphasize the hard star is clearly apart
from a hard-sphere colloid, it is however 3 times less soft than the soft star. Two solvents
were used, deuterated toluene, which is nearly athermal and tetradecane, which is of
intermediate quality.

The measurements in d-toluene were performed with the soft star at room temperature
over a range of concentrations in the liquid-like regime, as determined rheologically,
close to the liquid-to-solid transition (see Results section below). The hard star has almost
five times lower arm molar mass and a much smaller hydrodynamic radius, as confirmed
by the hydrodynamic radii which were measured by dynamic light scattering (DLS) at

T=20 °C in athermal solvent cyclohexane.
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TABLE 3.1. Molecular characteristics of the star polymers

Marm Rh C* tB
sample f | a o c n SP solvent
(8/mol) | (nm)* | (mg/ml) (10-%)
0.221
1.82c*-
H-Star | 304 6500,00 20 97,92 5 08c* 0.0368 - 0.31 tetradecane
.08c
0.257
0.152
2.05c*-
S-Star | 203 | 30541,87 45 26,97 5 18c* 5.485 - 0.11 d-toluene
.18c
0.167

"Measured in cyclohexane.
°Estimated (in cyclohexane) from the hydrodynamic radius at 20°C, c¢*=[(47/3)R 31" (M, IN).

The samples investigated in this work are marked in the predicted phase diagram [55,
160, 166], which depicts different states in the two-dimensional parameter space of
functionality f and packing fraction n (FIG. 3.1). Both stars appear to be at the border

where face-center cubic crystal order is expected.
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Figure 3.1. The equilibrium phase diagram of star polymer solutions (broken lines) on the
concentration-functionality plane obtained from simulations [160]. The solid black circles
represent the experimental isodiffusivity curve for MD-diffusion coefficient D = 0.017 [55].
The solid black line is guide to the eye. The red and blue stars depict the concentrations of
S-Stars and H-Stars, respectively, studied in this research.
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Rheo-SANS

These measurements were carried out at the Swiss spallation neutron source (SINQ) of
the Paul Sherrer Institut in Villigen, Switzerland. The rheo-SANS setup was built on the
basis of the combination of SANS and a stress-controlled rheometer (Physica MCR 501,
Anton Paar, Austira) equipped with a Couette geometry of 50mm diameter. The inside
rotating stainless steel cylinder had diameter of 49mm leaving a gap of 0.5mm from the
outer glass cap. The experiments were carried out with the incident beam propagating
along the gradient velocity or velocity direction, hitting into the vorticity-velocity or
vorticity-gradient velocity plane, respectively (Figure 3.2). The experimental test protocol

is described in Chapter 2.3.

Vi
Figure 3.2. Schematic diagram of the rheo-SANS. The system is composed by a Couette flow

geometry with rotating inner cylinder. The beam is directed both in the radial and tangential
directions, hitting into vorticity-velocity and vorticity-gradient velocity planes, respectively.
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Linear viscoelasticity and yielding
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Figure 3.3. a) Dynamic storage (G', solid squares) and loss (G", open triangles) moduli of two
different stars samples. The red points represent the data from the H-Star at a concentration of
almost twice its overlap concentration and the black points from the S-Star in a similar
concentration (2.05c¢*). b) The strain dependence of the storage and loss modulus of the two
different stars samples at 10rad/s. The arrows point the axis for each star samples.

Figure 3.3a depicts the linear viscoelastic (LVE) response of both stars at virtually

identical effective volume fraction @.rr =c/c* ~ 2. To properly compare the two

different stars, the moduli are normalized with the individual particle modulus kzT/R3
whereas the frequency is normalized with the respective Brownian time. For both
systems, Brownian time is extracted from the ratio of the square of hydrodynamic radius
to diffusion in the dilute regime. We observe that the soft star exhibits liquid-like
behavior, with a characteristic time of about 0.4s, extracted from the frequency at the
crossover of storage and loss moduli. On the other hand, the hard star exhibits a signature
of a soft colloidal glass, as judged from the frequency-independent G’ with a value of
about 10 R3/ kT, and the weak minimum of G" [169]. It appears that G' of the soft star
increases with increasing frequency and it is tempting to think that it will reach the same
plateau as the hard star. In the rheo-SANS experiments we applied frequencies in the
solid-like regime so as to prevent the sample from relaxation during an oscillatory period.
Specifically, the imposed frequency for the increasing strain oscillations was 10 rad/s.

The linear regime of the S-Star at 10rad/s can be seen in Fig.3.3b, where the system
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begins to flow as soon as it reaches the 6.6% strain amplitude. The frequency of 10rad/s
applied in our experiments, along with the Brownian time of the S-Stars produce Pe=0.05.
However, the estimation of the Pe numbers is based on the single star diffusion which
holds for dilute systems. Our systems are well above their overlap concentrations, where
the viscosity has been proved to increase from 10 to 100 times [103]. Taking into account
this, we argue that the shear rates we applied in the S-Star system were very close to
Pe=1.

On the other hand, FIG. 3.3b shows that the H-Star melts at higher strain amplitudes
depicting a wider elastic regime. For this system, the highest rate applied was 40s™,
corresponding to Pe =~ 0.1, taking into account the increase of the viscosity in the glassy

regime.

Soft star in steady oscillatory shear

Figure 3.4 shows data acquired from rheo-SANS experiments with the S-Star and the
incident beam passing through the vorticity-velocity plane. The data points display the
evolution of the crystal order (DOQ), with increasing shear strain at fixed frequency. The

shear-induced order is quantified as:

_ YSIp — XS v,

DOO
XS Ip;

where I, and I, represent the intensity of the peaks and valleys, respectively, shown with

boxes in the inset SANS image of Fig. 3.4.
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Figure 3.4. The degree of ordering (DOO) as a function of time and strain for the S-Star in
a 2.0c* concentration. Insets in this graph are two SANS images showing the evolution of
Bragg peaks in the ring after the increase of the ordering. The two arrows show the degree
of ordering when the SANS images were extracted. The indicated annular sections in the
right insets show the area used to measure the intensities, which are used to calculate DOO.

The upper left inset in this figure depicts the amorphous ring of the scattered intensity
from the sample, indicating the absence of any structural order at the beginning of
shearing. It is easily observed from the first 3 hours that shearing at strain amplitudes
close to twice the value of the yield strain (6.6%) induces ordering in the system. Further
increase of the shear strain speeds-up the crystallization process [171], increasing the
intensity of the Bragg peaks seen in the top right inset of the figure. Note that, whereas
rheology plays a role in crystallization, the opposite is true as well: indeed, crystallization
influences the rheological signature of the solution. FIG.3.5 depicts the increase of G’ and
simultaneous decrease of G" of the sample undergone crystallization compared to the
pristine samples before shearing (Fig.3.3). The resulting relaxation times (at moduli

crossover) are longer. The same transition from liquid-like structures to solid-like upon
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applying oscillatory shear has been observed in the past for hard sphere systems [50].
However, in these systems the cessation of shear led the system to the initial fluid-like
structure. In our system, the cessation of shear does not affect the crystal structure, which
seems to be the new equilibrium state. Furthermore, the change in the LVE response
justifies the argument that increasing the imposed shear rate enhances crystal formation

[157] and decreases the nucleation times [52].
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Figure 3.5. The rheological response of the S-Star under steady low strain amplitude (a, c) and
steady frequency (b, d). The top panels (a, b) show data from the 2.0c* while the bottom panels (c,
d) show data from 2.2c*. Different colors depict the phase; blue squares stand for non-crystalline
structures and red squares show ordered structures.

An interesting outcome from Figure 3.5 (3.5a, 3.5¢) is that at high frequencies the
crystal ordering does not seem to affect the rheological response of the system. This

feature is also unaffected by concentration and reflect the local scale of the system’s

response with different degrees of order. Figures 3.5b and 3.5d manifest the virtual
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independence of linear and nonlinear viscoelastic properties of the S-Star on
concentration and order.

The role of frequency when increasing the effective shear rate is shown in Figure 3.6.
Faster oscillations drive the system to higher G" overshoot close to the yield strain. At the
same time, G' increases with increasing frequency, in agreement with the LVE data of

Fig. 3.5¢c.

10° 10' 10

v (%)

Figure 3.6. The strain dependence of the storage and loss modulus for two frequencies for
2.2c*concentration.

The combined effects of the applied strain amplitude and frequency, as well as
concentration are highlighted in Fig. 3.7. We observe that the slowest nucleation process
reflects the evolution of the DOO for oscillations at 15% strain amplitude and Srad/s
frequency. The nucleation time, extracted from the center of the circle as the inset in Fig.
3.7 shows, is (7.5 +0.2) - 103s and is the highest of the four data sets shown here.
Increasing the frequency, while keeping the other parameters constant (strain amplitude,
concentration), results in lower nucleation time, (5.0 + 0.2) - 103s, and higher ordering

rates.
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Figure 3.7. The degree of ordering (DOO) as a function of time, strain, frequency and
concentration for the S-Star. The green stars represent the data from oscillations at 11.5% strain
and 10rad/s for 2c*, the blue circles come from oscillations at 15% strain and Srad/s for 2.2c¥,
the red triangles stand for oscillations at 15% strain and 10rad/s for 2.2c¢* and black squares
represent oscillations at 11.5% strain and 10rad/s for 2.2c*. The colored lines are linear fits
demonstrating the ordering growth rate and the nucleation times for the different experiments.

On the other hand, the applied strain amplitude does not seem to significantly
influence the nucleation times and rates. Decreasing the strain amplitude from 15% to
11.5% leads to a small increase of the nucleation time, (5.4 £ 0.2) - 103s, but unchanged
ordering rates. Same conclusions hold for the effects of concentration. When it decreases
by 10%, the nucleation time increases, (5.9 + 0.3) - 103s, with similar rate (10%). The
effect of frequency has also been reported for other systems, such as hard spheres, where
for inducing crystallization, the fluctuations caused by shear have to be larger than these
caused by Brownian motion [102, 172]. Finally, as the strain diverges further from the
yield strain, its effect on the evolution rate of the ordered structures is decreased. Hence,
we conclude that increasing the shear rate and concentration speeds-up the crystallization
process [154, 157, 173], a feature that depends strongly on the frequency of the
oscillations.
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Soft star crystal changes on Increasing shear strain
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Figure 3.8. The strain dependence of the storage and loss modulus of the S-Star. The inset
images show the 2D ring of the sample at different strains. The arrows depict the strains, at
which the images were extracted.

An intriguing experimental finding is the existence of two crystal orientations found
upon application of fast increasing shear strain. As seen in Fig. 3.8, a transition takes
place from hexagonal order oriented with a close-packed direction perpendicular to the
velocity axis at strain amplitude of 0.5% to another hexagonal order with a close-packed
direction parallel to the flow direction at 80%. Such transitions have been observed in the
past [151, 154, 157, 173-175] and were rationalized by the tendency of the dense close-
packed layers to minimize their resistance against the flow [151, 175]. We note that this
flipping of ordered structure took place when the applied frequency was Srad/s, whereas it
was not observed at higher frequencies. We can speculate that although higher
frequencies induce crystalline order faster, the frequency should be sufficiently low in
order to reach more stable structures, so as the system has the necessary time to be

rearranged.
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Increasing the applied shear rates to values y > 65! destroyed the crystal lattice in
the solution, as expected [46, 51, 156, 157, 176, 177]. Shear-melting is manifested by the
loss of the six-fold scattering peaks in the SANS images (Fig. 3.9) denoting the
transformation of the hexagonal pattern structure into the amorphous ring [178]. Thus, it

appears that, the softer the system, the more its structure depends on the applied shear.
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Figure 3.9. The degree of ordering (DOO) as a function of time during a shear rate of 10s” for
the S-Star. The two inset images show the transformation of the Bragg peaks into an amorphous
ring as a result from the rejuvenation process.

Hard star crystallization and stability

The H-Star was crystalline at rest throughout the whole concentration range
investigated, as revealed by SANS measurements (see Fig. 3.11 below). As already
mentioned, its rheology differs from that of the S-Star (Fig. 3.3). The relative ease of
crystallization compared to the S-Star is attributed to the compactness of the former, or
else its larger SP. This should relate to reduced arm fluctuations and eventually a stronger

tendency for order.
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To address the role or shear in altering the crystal order or melting it, the H-Star was
examined by the same means and experiments as the S-Star. The highest concentration of
this star solution (2.08c*) was found to exhibit an ordered structure only a few seconds
after the beginning of the shearing. SANS images showed a hexagonal pattern with six
clear Bragg peaks around the ring but the positions of the peaks indicate a different
structure compared to the S-Star case (Fig. 3.11). This system showed a hexagonal pattern
with a close-packed direction parallel to the flow direction similar to the flipped structure
of the S-Star. Note that the formation of HCP-layered structure is rather common in

sheared colloidal crystals irrespectively of softness [151, 155, 173, 177, 179].
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Figure 3.10. The degree of ordering (DOO) as a function of time and oscillatory rate for the H-
Star at 2.08c*(stars) and 1.92c* (circles) concentrations. The shear rates for the 2.08c* vary
from 0 to 40.0s™, while the rates for 1.92c* vary from 0 to 16s” and are showed with different
colors.

A remarkable finding here, is that the DOO for this star is more than three times higher
than that of the S-Star. This suggests a stable system, an argument supported by the

absence of melting despite the increasing applied shear (Figure 3.10). Note that the DOO
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remains high even at the highest shear rates imposed (40s™), demonstrating indeed a very
stable, hard-to-break crystal [128, 180]. This sets the present hard-star crystal apart from
other colloidal crystals such as hard sphere ones [46, 129, 130]. Similar behavior is
evidenced at a slightly lower concentration (1.92c*), although in that case there is a larger
sensitivity to shear rate variations (Fig. 3.10). In particular, in Fig. 3.10 we see that shear
rates higher than 20s” seem to have a weak influence on the 2.08c* system, while the
lower concentration system exhibits signs of decreasing DOO.

The stability of the H-Star crystal was further tested by means of altering the
concentration. Indeed, a loss of ordering was found when the solution was diluted to
1.82¢*. Actually, at this concentration an amorphous ring was observed in SANS,

denoting a glassy state of the star.
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Figure 3.11. The storage and loss modulus dependence of the time and strain for the H-Star. The
SANS images show the 2D ring from two different beam positions. The top row show images from
the beam hitting in tangential direction while the second row shows images from the beam hitting
in radial direction.

Apart from radial, tangential measurements were also performed in order to acquire

more information about formed 3D structures. Fig. 3.11 depicts a summary of SANS

48



images from both types of measurements upon increasing shear strain. Comparing the
results from vorticity-velocity and vorticity-gradient velocity planes, the side peaks of the
former disappear in the latter, while at the same time the two broad peaks on the top and
bottom of the ring remain.

Increasing strain amplitude alters the broadness of the two crystal peaks shown in the
tangential measurements, which are originally (lower strains) very close to each other on
the top and bottom of the SANS scattering ring. These two peaks seem to merge as the

strain increases and then split again when the strain reaches very high values (y, =

800%). Comparing tangential with radial measurements, we observe that when the two
peaks merge in the tangential experiments, the top and bottom peaks of the radial
direction ring fade out. The sequential splitting of the peaks from the tangential images,

results in increasing the intensity of the peaks in the radial direction.

Concluding remarks

In conclusion, using rheo-SANS measurements in vorticity-velocity and vorticity-
gradient velocity planes, we reported the microstructural transitions of two multiarm
polybutadiene stars. The measurements showed that oriented structures were induced by
shear and two different crystal formations were observed. The softer star displayed three
structural transitions: 1) formation of a FCC lattice structure, 2) formation of random AB
stacking (HCP) and 3) shear melting at high rates. In addition, the effect of the shear rate
on the nucleation process was investigated and correlated with the different crystal
structures. The harder star demonstrated an instant crystallization and a significant
resistance to shear-melting. Moreover, while it showed a slight dependence on the shear

rate, the concentration proved to have a much higher influence in its structural formation.
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This work has highlighted the effect of softness in the structural arrangements of soft
particles and explored the influence of shearing in soft systems. We recorded strong
differences between our systems and hard spheres. The most pronounced of them were
the lack of the decrease of the moduli along with the difficulty of melting the crystal
structures. These remarks suggest that soft systems display higher energy barriers in their
path towards equilibrium state. Moreover, the concentration of the systems plays a key
role regarding the mechanical properties of the material. The softness, which can be
translated in deformability and interpenetration between the particles, is highly affected
by the density. Jammed soft systems exhibit behaviors similar to hard spheres but still
display discrepancies due to their soft nature, thus different particle interaction potential.

Softer systems seem to be more sensitive to external field perturbations. In our case,
the rate of oscillations led the softer star system to rearrange between two different crystal
formations. This observation points out the complexity of the system which shows high
sensitivity to the type and amount of shearing. Additionally, the harder star solution
displayed, also, responsive behavior to the variations of shearing. Thus, we can assume
that shearing influences strongly the orientation of the soft systems structures.

An interesting question, yielded from this work, is whether a model can be built up to
correlate the softness of the particles with concentration and shearing parameters. The
softness should be related with the particle architecture along with the shifting of the
interparticle potential as function of concentration. This model could be, later, extended to

other similar systems like hard spheres.
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4. Controlled formation and physical gelation of hydrogel fibers
[31,181]

Supramolecular polymer networks represent an emerging new class of responsive soft
materials with significant technological implications [182-188]. The technology evolution
of the last decades has increased rapidly the need for design tunable networks which can
adapt to different environments. In particular, the ability to selectively tailor their
rheology from liquid-like to solid-like has recently received a great deal of attention [186,
189-195]. In particular, the structure-dynamics interplay of such systems is highly
important for being able to facilitate their processing and handling [182, 183, 190-194].
The key for understanding these systems is the synergy of chemistry, metrology and
modeling. Furthermore, the new advances in synthesis offer an unprecedented versatility
of supramolecular assemblies which serve as building blocks for the formation of physical
networks [183-185, 196]. Metrology involves mainly structrural as dynamic techniques
such as microscopy, X-ray and neutron scattering, dynamic light scattering, rheometry
and rheo-physics. On the other hand, modeling (or simulations) is based on the concept of
a given strength, activation energy and finite lifetime of bonds and their coupling to the
viscoelasticity of chain elements.

Hydrogels and supramolecular hydrogels are particularly appealing as they combine
the above versatility with their biocompatibility that makes them in biomaterials
applications, such as tissue engineering and regenerative medicine [197-202]. Good
example of such supramolecular systems are the hydrogel fibers, which can be produced
naturally or synthetically. In nature, the relation between water and macromolecules is
responsible for the mechanical properties of the materials. For example, water is an
important component of both the collagen fibers and the polysaccharide gel matrix which

comprises the highly organized composite structure (structural, bound and free water)
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[203]. This example shows that nature is able to activate weak intermolecular interactions
(hydrogen bonds, Van der Waals forces ) to control fiber formation [204].

On the other hand, chemists utilize either physical methods such as extruding [205],
microfluidic processes [206], electrospinning [207] or also molecular self-assembly, i.e.,
formation of discrete architectures from molecules via intermolecular forces, for fiber
preparation thereby competing with nature [13, 208-211]. The strength of such forces,
should be high enough to form stable structures under physiological (aqueous) conditions
but also sufficiently low to yield defined thermodynamic equilibrium structures. The self-
assembly and phase behaviour of amphiphiles have attracted chemists, physicists and
material scientists for a long time [30, 208, 212-214]. Principles known from nature,
inspired researchers to use self-assembly as a tool for structuring materials on nanometre
scale. In spite of the major step forward which was made in the understanding of the self-
assembly it still remains a big challenge to understand or even predict the principles of the
self-assembly and to control the properties. Hydrogel fibers can be formed by synthetic
methods as well, however, they require a chemical crosslinking. For example, extruded
fibers of poly(vinyl alcohol) and poly(acrylic acid) can be converted to bundles of
hydrogel fibers after a crosslinking by ester formation upon heating [215, 216].

In this chapter, we will demonstrate an attempt to mimic the concepts of nature with
adjusting carefully the molecular interactions of different amphiphiles in order to achieve
hydrogel fibers via self-assembly. Hexaphenylbenzene (HPB) was chosen as large
hydrophobic carbon source and PEG as hydrophilic part of the amphiphile on the account
of their large antagonistic forces [29]. The shape of the molecule and the chain length of
the solubilizing group were varied keeping the fraction of the solubilizing PEG units
constant (Figure 4.1). In this way, the propeller-like HPB self-assembled in fiber
formations via m-m interactions, even in very dilute aqueous solutions [217]. Depending

on the molecular shape and the length of the PEG chains (i.e., density of the hydrophilic
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group in the periphery of HPB, Figure 4.1), space filling will control water uptake by the

formed hydrogel fibers.
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Figure 4.1. Synthetic scheme for 1 .(a) 1,2-bis(4-bromophenyl)ethyne, diphenyl ether,
microwave: 220 °C, 300 W, 12 h (45%), (b) (4-methoxyphenyl) boronic acid, Pd(OAc) 2, Cs 2
CO 3, DABCO, DMF, 80 °C, 3d (65%); (c) BBr 3, DCM, 0 °C to rt (84%); (d) CH 3 O-PEG-Br,
KOH, THF, refl ux, 18 h. Molecular structure and the schematic representation of 1 ( PEG-750 )
and 2 ( PEG-380).

We performed dynamic polarized and depolarized light scattering measurements to
assess both the form factor and the two transport (translation, rotation) coefficients of the
assemblies necessary to uniquely reveal the complex supramolecular structures. Based on
the characteristic parameters, number of molecules within the fibers Ng, length L,
diameter d, length density M/L, the supramolecular structure is represented by bundles of
fibers whose size and water content relates to the shape and amphiphilicity of the
molecular precursor; 1 and 2 in Figure 4.1 possess both different shape (two and four
PEG) and amphiphilicity (M,, = 750 gmol'1 and M,, = 380 gmol'l, respectively). In fact,
the molecule 2 with the shorter PEG chains led to longer self-assembled structures
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containing less water than for molecule 1 with the longer PEG chains. The self-assembly
behavior of hexaphenylbenzene containing PEG molecules with different architecture (1
and 2) was explored in aqueous solution by cryo-TEM. For cryofixation, the aqueous
solution of sample 1 (PEG-750) was dropped onto a TEM grid and the excess of amount
of liquid was blotted off with filter paper. Subsequently, the samples were frozen in liquid
ethane (-89°C) and transferred to the TEM. For electron microscopical analysis, a Tecnai
F20 transmission electron microscope of FEI Co. operated was used.

For the aqueous solution of 1 at 30.7gL ™", long self-assembled structures are observed
with a worm-like structure (Figure 4.2). The length of worm-like micelles of sample 1
displays in the range of ~5 and ~350 nm with a diameter of ~3 nm.
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Figure 4.2. Cryo-TEM micrograph of 1 in aqueous solution at 30.7 gL', The white arrow shows
worm-like structures and the black arrow shows a bundle of fibers.

The cmc values of these samples as estimated from the change of the surface tension
with increasing concentration are indeed very low. Sample 2 possesses a cmc value of
0.002 gL™" which is even lower than for sample 1 (Figure 4.3). The latter seems to display
two crossover concentrations between 0.003 and 0.01 gL™'. Therefore, the cryo-TEM
image (Figure 4.2), obtained at concentrations (~30 gL ') several orders of magnitude
above cmc, might render any prediction of the structures at much lower concentrations
(near cmc) ambiguous. The surface tension profile of 2 is similar to the surface tension

profile of conventional ionic surfactant such as sodium dodecyl sulfate (SDS) [218]. The
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measured cmc values are clearly lower than the cmc of ionic surfactants which assume
values in the range of gLf1 (cmcgps = 2.65 gLﬁl) [219]. Very small cme, comparable to
the value of 2, occur for high molecular weight block copolymers. However, these values
are obtained from air/water interface measurements and might deviate for the bulk

solution.
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Figure 4.3. Surface tension versus the concentration of 1 and 2 in water at 25°C. The black
arrows show the two kinks of 1. The blue arrow indicates the kink of 2.

The performed dynamic light scattering experiments at different concentrations,
described in Chapter 2.4, has reconciled all available structural information of the self-
assembly behavior of 1 and 2. We have initiated the PCS experiments with a
concentration of 1.7gL™" that is between cmc and the concentration used for the cryo-
TEM images. We, first, examined aqueous solutions of 1 prepared at 20°C and also
recorded the experimental relaxation function Cyy,(Q, t) also at 20°C at a high scattering
wave vector Q = 0.03 nm™?! corresponding to a probing length of about 200nm (open
squares in Figure 4.4). Dynamics of the order of 100us cannot be rationalized by the
small size of the structures of 1 and 2 and clearly implies formation of supramolecular

assemblies. Two populations of assemblies are revealed which unexpectedly change
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with annealing at 20°C over a period of about weeks. To speed up this equilibration
procedure and warrant time invariant structures, we have annealed the solutions at 50°C

for about 3h with subsequent slow cooling to 20°C.
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Figure 4.4. Normalized field correlation functions Cyy (Q, t) at 20°C and scattering wave vector
Q = 0.03nm™?! (diffusion length of ~210nm ) for the translational diffusion dynamics in aqueous
solution of 1 at 1.7 gL' recorded after dissolution (white squares) and after annealing (for few

hours) at 50°C and subsequent slow cooling to T=20°C (blue solid rhombi). The double shape is
indicated by the inverse Laplace transformation (ILT) of the two relaxation functions. Inset:

Cyy(Q,t) at Q = 0.03nm™" along with the corresponding ILT inverse Laplace for 2 at 1.7 gL
subject to similar thermal treatment.

The recorded Cyy,(Q,t) (blue solid rhombi) is different from the relaxation function
before the particular annealing protocol was employed as both peaks of ILT shift to
shorter times with heating and the stronger impact is on the amplitude and position of the
slow process. This peculiar metastability effect is not observed for the aqueous solutions
of 2 at similar concentration (inset of Figure 4.4). The depicted Cyy(Q,t) recorded as
dissolved (black open squares) and after annealing at 50°C (blue open rhombi) display
experimentally the same shape as it is reflected more in the corresponding ILT profiles.
The origin of kinetically trapped structures in relatively dilute concentrations of the

present amphiphiles due to the formation of thermodynamically unfavorable
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configurations is unclear and needs further investigation. For the elucidation of the
formed structures, however, it suffices to know the pathway towards equilibrium of self-

assembled structures.
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Figure 4.5. Reduced absolute scattering intensity Ry, (Q — 0)/c is shown as function of
concentration, c, at 20°C for 1 and 2. The shaded area indicates a crossover to semidilute regime
in which two relaxation processes are resolved in Cyy (Q, t). Circles and squares denote the Ryy
intensities associated with the main and fast processes. The two arrows are for the CMC values
from Figure 4.3.

The second unexpected observation relates to the very low overlap concentration c*
above which interactions between the supramolecular assemblies in the aqueous solutions
become important; their structural characterization is meaningful at ¢ < c¢*. The reduced
Rayleigh ratio Ryy(Q — 0)/c for the samples 1 and 2 obtained from the extrapolation of
the Q-dependent Ryy(Q) at Q = 0 (Figure 4.5) represents the reciprocal of the osmotic
pressure of the solutions and hence its concentration dependence sensitively reflects
interactions between solutes [220]. This diagram identifies two regimes with a crossover
c¢* roughly around 0.1gL™ for 1 with the dilute regime, identified by Ryy(Q — 0) ~ c,
below this concentration. Above c¢* two relaxation processes are present in Cy(Q,t)

(Figure 4.4) with intensity contributions (circles and squares) (Figure 4.5); this crossover
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concentration is larger than the two values for 1 (Figure 4.3 and arrows in Figure 4.5).
Above this c¢*, two processes are also observed in the Cy (Q, t) for 2 (Figure 4.6) but a c-
independent Ryy(Q — 0)/c is reached at much lower concentrations (<0.002gL™) in
agreement with its cmc value (red arrow in Figure 4.5). However, the limiting Ryy(Q —
0)/c values for both 1 and 2 do not correspond to the molecular species (Figure 4.1) but to
much larger structures as indicated by the estimated molecular weight M,, = Ry, (Q —
0)/H,. Using for the contrast factor H = [2nn(dn/dc)]?/(NsA*) = 5.5.10""cm?g~2,
with N, being the Avogadro number, M,, amounts to 1.3710° gmol™ and 1.8:10° gmol™
respectively, for the assemblies in 1 and 2 aqueous solutions at ¢ ~ 0.001gL™" below cmc.
The latter obtained from surface tension measurements (Figure 4.3) do not signalize
transition to molecular species and should therefore be considered with caution.
Conversely, the variation of Ryy(Q — 0)/c with concentration (Figure 4.5) defines the
dilute regime in which supramolecular structures free of mutual interactions should be
investigated. Consistently, the two different regimes are well documented by the

concentration dependence of the translation diffusion coefficient(s) in Figure 4.12.
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Figure 4.6. Cyy(Q,t) at Q = 0.029nm™" for the aqueous solutions of 1 at 1.7gL” (black
squares) at 1.5gL™" (red circles) at T=20°C recorded after annealing at T=50°C for few hours and
subsequent slow cooling to T=20°C. The double shape leads to two relaxation times as indicated
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by the results be the bimodal shape of the ILT. Inset: Cor(Q,t) at Q = 0.012nm™1 (9=45°) for
the orientation dynamics in dilute aqueous solution of 1 (black squares) at 1.7 gL at T=20°C
recorded after annealing at T=50°C.

To reduce ambiguities in the structural characterization of complex systems, we seek
also for information on the dynamic properties. Figure 4.7 is an example of such
information source including the form factor (static) and transport coefficients (dynamic)
for the association of 1 in a dilute aqueous solution. Both translational Cy,(Q,t) and
orientation C,,(Q, t) relaxation functions are described by a single decay process ascribed
to a single population of supramolecular assemblies whose average dimension can be still
captured by the longest probing wavelength, as seen by the intensity downturn in the
Holtzer presentation, QRyy(Q)/c vs Q (inset to Figure 4.7) [221]. Moreover, the limiting
value of orientation relaxation rate I at Q = 0 is nonzero (upper inset) that allows the
determination of the rotational diffusion D, = I.(Q = 0)/6 in addition to the translation
diffusion D = I'(q) /Q? at Q = 0 [222]. We should note that at this extremely low
concentration other scattering (X-ray or neutron) techniques are hardly applicable and
Cor(Q, t) is still measurable owing to the optical anisotropy of the phenyl rings in the
parent 1 and 2 structures.

Since the relaxation function Cyy, (Q, t) is unimodal, there is a single contribution to the
static Ryy(Q) which at such dilute conditions is safely obtained from the total intensity
and the short amplitude of Cy,(Q,t). The pattern of Ryy(Q) is represented well by a
worm-like shape [222-224] using an average contour length Z~2 um and Kuhn segment
lg~75nm (solid line in the Holtzer plot of Figure 4.7); in this model the chain
conformation is rather semirigid (L/lx = 26) than a coil assuming shorter Kuhn segment.
Further, since the thickness, d, of the chain is ignored in the model, its applicability in the
light scattering experiment presumes thin enough (Qd >> 1) structures; this assumption

is justified by the representation of the two diffusion coefficients in Figure 4.8. The large
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contour length implies large aggregation number Ns, already suggested by the high
molecular weight value (1.3710°gmol™) of the supramolecular structures suggesting ~6'10*
1-monomers per assembly. Consistency between this number and the value of the contour
length (L) implies a micellar structure of the “repeat” unit.

Complementary information on the internal structure of the supramolecular assembly
stems from the length density M/L = QRyy(Q)/(mH¢) ~610" gmol'em™ obtained from
the quasi-plateau QRyy(Q)/c value at high Q's (inset to Figure 4.7). For comparison, this
quantity for the “monomer” 1 is about 3.8'10' gmol'cm™ using 2300 gmol” for its
molecular mass and 0.6 nm for its thickness [225, 226]. Hence its repeat unit should

contain approximately 16 monomer units.
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Figure 4.7. Cy,(Q,t) (open circles) and C,-(Q,t) (open rhombi) at Q = 0.0081nm™1 and 20°C
for 1 at 0.007g/L recorded after annealing at T=50°C for few hours and subsequent slow cooling
to 20°C. Inset: The single translational and rotational relaxation rate, and the Holtzer plot
QRyy(Q)/c vs Q. Solid line denotes the representation by a worm-like model.
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Figure 4.8. Translation, D, and rotation, D, diffusion coefficients as a function of the ratio L/lp
of the contour to persistence length according to worm-like model. The different lines indicate
calculations based on the length parameters (L and thickness d) reported in the plot. The shaded
areas indicate overlapping with the experimental values for 1 and 2 systems. Considering the
effect of the polydispersity [227] between Ly (for D), Ly L, ~ 0.75 for My, /M,,~2.

As already mentioned, uncertainties in the determination of self-assembled structures
are minimized if a consistent representation of the dynamic parameters is obtained. Both
transport coefficients, D, and D,. can be represented by a worm-like model [222, 228] with
three adjustable parameters, Ly,, Kuhn segment, l; and thickness, d assuming stick
hydrodynamic boundary conditions. The speed-up of the two transport coefficients with
flexibility L /L, for constant contour length L and d, and their expected slowdown, though
with different rate, with increasing L and d is shown (Figure 4.8). A simultaneous
representation of both D, and D,. (skew and vertically hatched boxes in Figure 4.8) of the 1
assembly occurs for Ly, ~2.2um , L/1,~70, d~30nm, i.e., l,~30nm in agreement with the
representation of the Ryy(Q) pattern in Figure 4.7. Considering the presence of size
polydispersity [227, 229] and the different moments of the distribution entering the static
and dynamic experiments, the dimensions and conformation of the supramolecular

structure in dilute aqueous solutions of 1 can be adequately estimated.
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Turning to the structure characterization for 2, the experimental situation is less
convenient due to the lack of access to all previous physical quantities. Figure 4.9, the
analogue of Figure 4.7 for 1, shows that at the concentration of 2.5-10"*gL™! the
assemblies are too large to be captured by the longest light scattering wavelength, i.e.,
absence of downturn in the Holtzer plot. Consistently, the rotational D, is too low, i.e., the
intercept I;.(Q = 0) is not finite (insets to Figure 4.9). The information is then limited to
the translation coefficient D, and the length density M/L = QRyy(Q)/(mH¢) ~ 7 -

10*2gmol~tcm™1!

obtained from the quasi-plateau (QRyy(Q))/c value at high Q’s in
Figure 4.9 which clearly exceeds the corresponding plateau in Figure 4.7. The large M /L
along with the shape of the Holtzer plot suggests high molecular mass. A rough estimate
of the latter can be obtained from the Ryy(Q — 0)/c obtained from the intercept in the
Debye plot which predicts linear dependence of [Ryy(Q — 0)]Y?vs Q? at low Q’s;
My, = Ryy(Q = 0)/H, is about 10 times higher than for 1. The description of D, and
D, ~ 0 (skew and vertically red hatched boxes in Figure 4.8 by the worm-like model
suggests larger dimensions: L~6um, L/l, ~ 150, d ~30nm, i.e., /,~40nm and implies
similar structure as of 1.

The characteristic lengths summarized in the table of Figure 4.10 support the proposed
supramolecular structures of 1 and 2 in dilute aqueous solutions as schematically
illustrated in the same figure. As the diameter of the both worm-like structures of 1 and 2
largely exceeds the fully extended molecular size (8.9nm and 5.1nm for 1 and 2 according
to Corey-Pauling-Koltun model) a columnar structure with a single molecule per layer, in
which PEG protects the hydrophobic core can be excluded. In fact, each layer contains
large number of molecules accounting for the high M /L values, which is different for the

two structures. According to the hydrophilic/hydrophobic interactions and Percec’s
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tobacco mosaic virus model the HPB-PEG derivatives can self-assemble to small fibers

[208, 209].
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Figure 4.9. C,y(Q,t) (open squares) and C,,.(Q,t) (open circles) at Q = 0.0081nm™* and 20°C
for 2 at 2.5-107* gL~ recorded after annealing at T=50°C for few hours and subsequent slow
cooling to 20°C. Inset: The single translational and rotational relaxation rate, and the Holtzer

plot QRyy (Q) vs O.

Structural parameters 1 2
M,,(gmol™1) 1.310° | 1.810°
M/L(gmol~*cm™) | 610" | 710"
L, (um) 2.0 6.0
Lz/L, 30 10

Figure 4.10. Structural parameters for 1 and 2 self-assembled structures in aqueous solution
obtained from dynamic and static experiment. Schematic representation of the proposed self-
assembled equilibrium structures of 1 and 2 conforming to the structural parameter.
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Further, we assume that several fibers are bundled to a single large supermolecular
object (Figure 4.10) confirmed by cryo-TEM at high concentration (Figure 4.2).
Superstructures of bundled fibers were reported for amphiphilic block copolymers of
oligo(phenylene vinylene) and poly(propylene oxide) [216]. The assemblies of 2 have a
higher density than 1. In 2, the shorter PEG chains can accommodate more molecules in
the same cross-section. Based on the table in Figure 4.10, the superstructures of 1 and 2
with a volume V = nd?L/4 and mass M,,/N, (N, is the Avogadro number) have a
density of about 0.2 gem™ and 0.7 gem™ for 1 and 2, respectively. This disparity can be
rationalized by the different swelling of short and long (degree of polymerization N>12)
PEG chains in water [230]. The reported thickness increase of solid-supported lipid
monolayers with PEG chains with humidity was ascribed to brush-like behavior of the
PEG chains with N > 12; for PEG with N = 3 and 6, the swelling was very low. It is
therefore conceivable that the diameter of an isolated fiber is larger for 1 than for 2 due to
the different water content. The difference in the persistence length (and hence stiffness)
(Figure 4.10) can be also rationalized by the density disparity since the higher the number
of molecules per layer is the stiffer the supramolecular structure is expected (for 2).

In the concentration regimes presented above, Cyy(Q,t) are single decay functions
representing the translational diffusion of the supramolecular structures probed over
distances of the order 2rr/Q (in the range 200-1500nm). This picture is changed as the
increase of the concentration leads to a spatial overlapping of the long worm-like
structures. As shown in Fig. 4.11a, Cy,(Q,t) at c=16.6g/L and 20°C cannot be described
by one single decay but two processes become discernible and clearly revealed by ILT at
high Q’s (solid lines). A two decay Cyy (Q, t) is in contrast to the dynamics of semidilute
solutions of conventional homopolymers, where the chain translational diffusion D above
the overlap concentration c*(~0.5g/L) crossovers to the cooperative diffusion D, of the

transient network above c*.
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D:/D ~ (C/C* yW/Gv-1) 4.1)

where the scaling exponent v = 0.5 for Gaussian chains and about 0.6 for swollen ones
[231]. From the two diffusion coefficients in Fig. 4.11c, it is the slow Dg(Q = 0) that is
comparable to D (~1.5x10cm?/s) in the dilute regime [182] and hence it is identified
with D.. The observed Q-dependence is due to the contribution of internal dynamics at
high Q’s. The new fast Dy is by an order of magnitude faster than D and it should indicate

the presence of much small species, e.g., small micelles.
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Figure 4.11. a) Relaxation function Cyy (Q, t) describing the diffusion of two species in a 16.6g/L
aqueous solution of 1 at two scattering wave vectors (Q = 0.0304nm™1, black and Q=
0.00815nm™t red symbols) at 20°C as revealed by the inverse Laplace tranformation of
Cyv(Q,t) (black and red curves). b) The absolute Rayleigh scattering intensities associated with
the large (slow) component (blue inverse triangles) and small (fast) component (green triangles)
obtained from the average scattering intensity and the amplitudes of the two processes in
Cyy(Q,t). c) The fast (upper) and slow (lower panel) diffusion coefficients.

The proposed assignment of the two diffusive processes is further supported by their
contribution to the total light scattering intensity of the solution. The absolute intensities
(Ryv(Q))/c) associated to the two processes, obtained from their amplitude in Cy (Q, t)

and the total light scattering intensity of the solution, display distinctly different Q-
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dependence as shown in Fig. 4.11b. The Q-independent contribution of the fast process
(solid green triangles in Fig. 4.11b) is in accordance to the small size R,, = kT/
(6mnoDs) ~ 12nm relatively to the wavelength of the probe laser light; 7, denotes the
solvent (water) viscosity. The slow process intensity, Ryy(Q), however, exhibits a Q-
dependence (Fig. 4.11b, inverse blue triangles) reminiscent of a much larger size, ¢s. For

long objects with characteristic size, R, the static mesh size [231]:
§s(c) ~ R(E/) ™/ (4.2)

of the network near and above c* can still be large [232].

For semidilute solutions of homopolymers, s can be obtained from the Q-dependence
of the static scattering intensity, Ryy(Q) represented by the Ornstein-Zernicke equation,
(Ryv(Q))/c~ (1 + Qzéé)_l. The same mesh size is also entered in the hydrodynamic
the Stokes-Einstein-Sutherland equation, &(c) = kT /(6mnyDs). This homopolymer
semidilute solution behavior was found to apply for long and thin B-sheet tapes formed
from the one-dimensional self-assembly of oligomeric peptides. In contrast, the
semidilute solutions of the present assemblies deviate from this classical behavior. The
slow process intensity contribution cannot be represented by the Ornstein-Zernicke
equation but by the Debye-Bueche, (Ryy(Q))/c ~ (1 + Qzéé)_z (solid line in Fig. 4.11b)
with & = 90nm at ~17g/L (c/c*~35). The particular form of the Ryy(Q) is justified by
the thick (d ~30nm) fiber-like strands of the network, as schematically shown in Fig. 4.13
below. The mesh size ¢ computed from Dg at ~17g/L assumes a larger (200nm) value

than &g = 90nm.
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Figure 4.12. Translational diffusion coefficient D obtained at D(Q — 0) as a function of
concentration at 20°C for 1 and 2. The shaded area indicates a crossover to semidilute regime in
which two relaxation processes in Cyy (Q,t) are resolved.

A convenient presentation of the structural changes in polymer solutes in solutions as
a function of solute concentration has been described previously in Fig. 4.5. The
crossover from dilute to semidilute regime is marked be the drop of intensity due to
negative intereference between overlapping worm-like supramolecular objects. However,
this transition is hardly seen in the dynamic plot (Fig. 4.12), propably due to size

polydispersity and the slight shift to cooperative diiffusion at c~c *.

Hhydrogel foers: d=30nm, &=50-200mm

Figure 4.13. The network structure of long hydrogel fibers coexisting with small micelles of 1.
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The Cryo-TEM image for a solution at c~31g/L in Fig. 4.12 reveals the presence of
long fibers and micelles. This isotropic structure in semidilute solutions is further
supported by the depolarized light intensity Iyy/c ~ < B, > [1+< 3c059ij2 —-1>],
where < 8, > is the segment optical anisotropy and 6;; the angle between adjacent
segments. The observed concentration dependence of Iy /c shown in the inset of Fig.
4.14 excludes the formation of liquid-like structure with < 6;; > ~0. Instead the
unexpected drop of I,y /c near c* indicates a random segmental orientation, which is
further supported by the viscoelastic measurements discussed below, which do not show

any signature of nematic liquid-crystalline domains [233].
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Figure 4.14. The depolarized scattering intensity normalized with concentration as a function of
concentration.

For concentrations ¢ > 100g /L = 200c*, the solutions were found by shear rheometry
to exhibit solid-like behavior. Shear rheometry probes the linear and nonlinear
viscoelastic response of a sample in rheometric simple shear flows. Rheological
measurements of the different aqueous solutions of the hydrogel fibers were performed
with a sensitive strain-controlled ARES 100 FRTN1 rheometer (Rheometric Scientific,
USA) and a stress-controlled Physica MCR-501 rheometer operating in strain-controlled
mode (Anton Paar, Austria). A home-made, stainless steel cone-plate geometry was

utilized (4 mm diameter, 0.04 rad cone angle, in order to accommodate the minimal
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amounts of sample available, (of the order of 50 mg) along with a Peltier temperature
control system (at 20°C). A home made solvent trap that saturates the atmosphere with
solvent vapor and thus minimizes the risk of evaporation was used. The solvent trap was
shown to be particularly efficient for these aqueous solutions for at least 2 hours. Details
of the experimental the protocol applied in these measurements is described extensively in
Chapter 2.3.

Typical viscoelastic spectra are shown in Fig. 4.15. It is worth noting that for all
concentrations G’ >> G" and G'~w? throughout the whole frequency range, whereas G’
increases weakly as the frequency is reduced. Such a behavior reflects the formation of
entanglement-like network of fibers, which is expected for micrometer long lengths at
these relatively low concentrations. We assign this solid network to a physical gel. This is
consistent with the reported gel-like network formation in aqueous solutions of long
fibrils made from self-assembled peptide beta-sheet tapes [232, 234, 235]. Considering
that the effective plateau modulus is kT /&>,,,, with & being the correlation length (mesh
size), we find that passing from 150 to 311 mg/ml results in a tenfold decrease of the
average &ppeo from 220 to 23 nm, i.e., a decrease much stronger compared to that
expected from the semidilute scaling (eq. 3.5). Note that these concentrations are much
higher than those of the PCS experiment falling in the low range of the semidilute regime
with liquid-like and not solid-like behavior. In fact, for the semidilute solutions,
concentrations up to about 100g/L show a viscous liquid-like bahavior, while higher
concentrations exhibit gel-like, as shown in Fig. 4.15. The strong decrease of &,xe0
between 150 to 311g/L occurs in the gel regime suggesting that other interactions in
addition to the topological entanglement constraints of purely entropic origin contribute to
the gel formation well above c*. Hence, whereas a rationalization remains elusive at this
point, the experimental evidence calls for the presence of additional interactions (beyond

entanglements), as discussed below.
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Figure 4.15. Dynamic storage (G', solid squares) and loss (G, open triangles) moduli of four

solutions of 1 in the gel regime at 20°C. The blue, black, green and red points represent the data
extracted from 311 g/L, 255 g/L, 200g/L and 150 g/L concentrations, respectively.

Fig. 4.16 compiles the results from the rheological measurements. A liquid to gel
transition is clearly observed. Such an abrupt change from sol-to-gel is known from other
systems e.g. PEG-PLGA-PEG in water [236]. This sudden transition takes place because
a certain amount of 1 is necessary until the concentration and the interactions are enough
for forming a gel. For concentrations higher than 140 g/L, measuring zero shear viscosity
is not feasible anymore and the solution of HPB-PEG derivative 1 develops a plateau
modulus (Fig. 4.15) which reflects the formation of entanglements among the hydrogel
fibers. Although the available data are not enough, it is tempting to remark that with the
viscosity increases as a function of concentration with a power-law slope of about 2.5.
This signifies semidilute solution behavior of flexible linear polymers [231] (for
unentangled and good solvent ~ ¢p2/Gv=1 ~ $12 or ¢? in theta solvent ; for entangled
and good solvent ~ ¢3/GV=1 ~ $39) and is consistent with the estimated c* from DLS
(0.5 g/L).

On the other hand, the plateau modulus G',, in Fig. 4.16 seems to follow a power-law
exponent of about 8 with concentration, which is much larger than the value of 2.25 of

linear flexible polymers and semidilute and entangled regimes [235] or the value reported
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from hydrogels formed spider silk fibrous proteins [200]. This suggests that, whereas a
concentration well above c* is needed for the gel to form, fiber topology (analogous to
entangled flexible polymers) is not the only reason for gelation. In addition, there seem to
be fiber-fiber attractions, likely van der Waals and hydrogen bonding of the PEO grafts to
promote local associations, hence gelation. Similar power-law exponents of non-dilute
solutions have been reported for spherical colloidal particles. For example, two
oxyethylene/oxybutylene block copolymers (Eg¢;B;s and ByoEsjg) forming spherical
micelles in aqueous solution were found to exhibit power-law exponents u between 3 and
5.3 [237]. For aqueous suspensions of PS/PNIPAM core/shell particles, p = 4 [238]
whereas for PMMA hard spheres suspended in benzyl alcohol, p = 7.7. In general,
increasing softness leads to a lower exponent [169]. Similar behavior has been also
observed in associating telechelic polymers. For example, Suzuki et al. [239] reported that
urea-functionalized polymers are capable of forming local micellar clusters via inter- and
intra-chain association, which resulted in stronger dependence of G', on concentration.
They invoked the formation of a percolated network connected through micelles in order
to explain their findings.

Inspired by this we attempt at explaining the strong concentration dependence of our
fiber network by considering fibers connected with each other as well as through spherical
micelles. The DLS analysis (above) showed the coexistence of two species in the semi-
dilute regime. With the help of the cryo-TEM images, these species were attributed to
spherical micelles and bundles of fibers. With increasing concentration the fibers and
spherical micelles come closer and the probability of getting into contact is higher. This is
statistical, hence, it is promoted at higher concentrations. But once this happens, the
micellar “hair” PEG chains penetrate those of the fiber, resulting in strong hydrogen
bonding and core-core interaction (existing already in within the fiber). Naturally,

interacting fibers (i.e., crossing) exhibit similar bonding, which is much stronger than the
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classic topological bond of an entanglement network. This is why the modulus increases
so rapidly with increasing concentration. To rationalize this, we argue that at high
concentrations of molecule 1, water is not truly good solvent for PEG, hence there is
strong micelle-fiber interpenetration, leading to a smaller surface of PEG which is
energetically favored [240]. Such “fusion” of fibers and spheres is known from the rod-
sphere transition of block copolymers [241]. Of course in our case, perhaps due to the

special shape of molecule 1 (“triangular”) a complete rod-sphere transition is not possible.
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Figure 4.16. Concentration dependence of the zero-shear viscosity and effective plateau modulus
of the HPB-PEG derivatives. Lines are drawn to guide the eye.

For example, at high concentration, say 311 g/L (see Fig. 4.17, where the space
filling is higher than it was drawn in the cartoon), in addition to fiber-fiber contact the
spherical micelles can interact with the fibers and bind with them in three different ways.

Bonding should be strong based on the above speculative picture.
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Figure 4.17. Model of HPB-PEG (c=311 g/L) in water forming a network connected through
spherical micelles.

Another example corroborating our picture is the gelation of poly(2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylenevinylene) MEH-PPV. The solution of this polymer turned
into gel by colloidal bridging after one-day aging [240]. The main difference from the
present work is that there is a rod-like packing of MEH-PPV which leads to bridging
whereas in our case two different species (bundles of fibers and spherical micelles) exist.
We also note that covalently crosslinked PEO-PPO-PEO triblock copolymers were
reported to exhibit improved mechanical properties compared to conventional hydrogels
[242]. In general, colloidal gels exhibits power-law exponents (above 4) and this depends
on their fractal dimension [243, 244]. However, the main difference between these
examples and our system is that the colloidal aggregates are much larger (micrometer-
sized colloidal aggregates) compared to the spherical micelles of HPB-PEG, whose size is
several nanometers.

The present fiber gel behaves as a yield stress material, i.e., it liquidifies under the
action of stress [245]. In fact, the study of yield stress is an old topic that remains at the
forefront of engineering research, in large due to its vast technological implications. Here,
however, we shall only use an established yielding protocol, oscillatory strain-amplitude

sweeps at a given frequency [165], in order to compare the mechanical conditions of
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yielding for different concentrations (i.e., gels). A typical example is depicted in Fig.
4.18a where the recorded moduli G' and G" are plotted against the imposed strain

amplitude y, at a frequency of 1 rad/s. The crossover of G’ and G’ corresponds to the

”2)1/ 2/yo for the given frequency and

yield strain y, and yield stress o), = (G'2 +G
concentration. At strain amplitudes y,below y,,, the material exhibits solid-like response
(G' > G") and above y,, it exhibits liquid-like response (G" > G"). Note that as the yield
point is approached, G'is reduced whereas G’ increases and in fact reaches a maximum at
about the yield point.

The so obtained yield stress and yield strain values are plotted against concentration of
the HPB-PEG derivatives in the inset of Fig. 4.18a. The independence of the yield strain
at about y,, = 20%, upon the concentration increase is typical of gels with some kind of
ductile response [246]. Simultaneously, the yield stress exhibits an increase with the
concentration as g, ~ c75,in agreement with the increase of the plateau modulus (Fig.
4.16), hence confirming that g, = G,Y,. The strong concentration dependence reflects the
strong H-bonding between the fibers as discussed in the context of our proposed picture
(Fig. 4.17).

Moreover, in Fig. 4.18b we see the Lissajous-Bowditch (LB) representation of stress
as a function of strain during oscillatory cycles at different values of strain amplitude
[247], for a HPB-PEG derivative with concentration 311 g/L in water and an oscillatory
frequency of 1 rad/s. For small strain amplitudes the material exhibits a viscoelastic solid
response whereas with increasing strain amplitude viscous dissipation becomes more
significant. At the highest value of yy = 100% it is clear that the different cycles used for
obtaining the LB plots do not superimpose. We note that this effect has been observed for
all nonlinear strain amplitudes (for example, it is clearly observed for 30% in Fig. 4.18b),

but is more pronounced at larger values. In particular, these plots reflect a sequence of
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processes starting from elastic deformation at stresses o > 0, with the effective modulus
Gerf = do/dy at 0 — 0 (obtained from the stress-strain slope in the LB plots of Fig.
4.18b, see also Ref. [247]) being identical for all strain amplitudes, continuing with
enhanced viscous dissipation and thinning, and closing the cycle back to solid-like
response and so on [247]. However, at the highest strains the dissipative part shows clear
time dependence (or aging) in the sense that with increasing time the stress decreases and
eventually appears to reach a steady state.

This behavior suggests a strong interplay of shear and structural time, or else
thixotropy in the system, which can be understood in terms of bonding and debonding. In
Fig. 4.18a we also plot G,y against strain amplitude (red closed triangles). We observe
that G.zf is almost identical to G’ at lower strain amplitudes and slightly decreases with
increasing strain amplitude. This slight decrease is at odds to what has been observed in
dense systems like colloidal glasses [247] and suggests that the HPB-PEG derivative gel
is weakly thixotropic, i.e., it takes some time to reform after shear-induced break-up, in
contrast to the nearly non-thixotropic glassy systems [247]. The thixotropic response
[243] of this gel is better appreciated in Fig. 4.19, where the apparent G' of the 311 g/L
aqueous HPB-PEG derivative solution is plotted as function of time during a dynamic
strain sweep starting at y, = 0.1% and reaching a maximum strain amplitude of y, =
300%, at a frequency of 1 rad/s. This is in fact the same test at Fig. 4.18a but plotted
against time. The dramatic decrease of G’ by more than one order of magnitude signifies

the break-up of the gel and a fluid response (see also Fig. 4.18a).
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Figure 4.18. (a) Dynamic strain amplitude sweep for a 311 g/L aqueous HPB-PEG derivative
solution at 1 rad/s. Along with the apparent viscoelastic storage (black squares) and loss (red
squares) moduli, the values of the effective modulus Gerr = do/dy at 0 — 0 are depicted with
full triangles (see text for details). The vertical arrow indicates the yield point. Inset:
Concentration dependence of the yield stress and yield strain (left axis), determined from the
crossover of G' and G"' in strain amplitude sweeps such as that of (a), and of the plateau modulus
extracted from the frequency sweeps (right axis). (b) Typical Lissajous-Bowditch representation of
stress vs strain for different strain amplitudes, obtained from oscillatory measurements (see text).
Here it is shown for a 311 g/L aqueous solution of HPB-PEG derivative at 1 rad/s. Data obtained
at strain amplitudes 100%, 30%, 15% and 3% in the direction inwards.
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Hence, for about 1000s the material is in the linear viscoelastic regime (quasi-
equilibrium), for another 1000s it undergoes nonlinear deformation with yielding and
modulus decrease and then, upon flow cessation its structure builds-up very fast as
evidenced but the increase of G’ to steady state, which is nearly identical to the original
G'p value. In fact, it is slightly higher than G'y, suggesting that the system is weakly
metastable, hence corroborating the picture of physical gelation put forth. Indeed, given
the specific pre-shear history (which leads to yielding of the gel), it is expected that the
reformed (aged) gel will be slightly different from the original. One may even think is

terms of the system reaching different local minima in the energy landscape.
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Figure 4.19. Apparent G' as function of time during a dynamic strain sweep of a 311 g/L HPB-
PEG derivative solution in water, starting at yy = 0.1% and reaching a maximum strain
amplitude of yo = 300%. The data are plotted against time and indicate that the sweep is
completed after the measurement at 300% is taken and the whole duration is 2220s. The
dramatic decrease of G' signifies break-up of the gel and a fluid response. Upon completion of the
strain sweep, a dynamic time sweep is performed at a small linear strain amplitude of 1% and
frequency of I rad/s, reaching a steady state value. Inset: Characteristic gel reformation time Tge,

after shear-induced break-up as function of concentration (see text).
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The structural build-up of the gel after the large strain amplitude has been a very
intriguing task. Upon completion of the strain sweep at 2200s, a dynamic time sweep is
performed at a small linear strain amplitude of 1% and frequency of 1 rad/s, in order to
probe the structural evolution of the broken gel (aging). It can be observed in Fig. 4.19
that the system reaches a steady state value of G’ rather fast as already mentioned,
indicating full reversibility of the process in this metastable system with very fast aging
kinetics. The gels can be disrupted mechanically and rebuild strength over time. Our
understanding of this phenomenon can be imaged in Fig. 4.20. During shearing the
spherical micelles are ripped apart from the fiber (Fig. 4.20 right) leading to a viscoelastic
behavior. After 2000s, the spherical micelles stick again to the fibers, the three
dimensional network is reformed, large amounts of water can be entrapped and the elastic

gel is rebuilt (Fig. 4.20 left).
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Figure 4.20. Model for the shearing of the aqueous solution of HPB-PEG.

Alternatively, the fiber network of Fig. 4.20 can be thought of as a self-healing gel,
which breaks-up under shear and reforms in time. The gel reformation time can be
estimated by fitting the linear time sweep of Fig. 4.19 with a function of the form

G' = G'steady-state|1 — €Xp(—t/Tger)] shown by the solid red line in the inset plot of
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Fig. 4.19. The steady state value of G', is found to be identical to the original G', value. At
the same time, the characteristic gelation time 74, is found to be rather short, about 50s,
and more remarkably, to be virtually independent of concentration in the limited range
investigated. This is qualitatively consistent with the weakly decreasing G,r; with strain
amplitude and suggests, again, that the origin of gelation is not only topological but, more
importantly, due to the fiber-fiber interaction. The very fast reformation time complies
with the strong bonding energy discussed above and the associated elasticity of the
network. Given the nature of the performed experiment (the sample was sheared with
continuously increasing strain amplitude from 10% to 300% in the nonlinear regime for
about 103s, it is not possible to directly compare against other gels (which are typically
sheared at constant amplitude exceeding 100% from not more than 600s. Nevertheless,
given the dramatic decrease of G’ achieved beyond the yield point, it is instructive to
consider that colloidal gels are characterized by reformation times which are orders of
magnitude slower [246]. The fast gel reformation time is suggestive of the robustness of
the fibers and the fact that yielding relates to the break of fiber-fiber and fiber-micelle
contacts (rather than break of fibers into pieces). These contacts reform spontaneously
very fast in a dense solution, whereas if the fiber breaks into pieces its overall reformation
may be a bit slower as it may involve motion of broken pieces (a more complicated
structure would have a clearly different modulus which is not the present case).

In conclusion, for the first time, a detailed study of the self-organization of a two-
dimensional, flexible HPB-PEG amphiphiles was performed. HPB-PEG derivatives form
bundles of hydrogel fibers in very dilute aqueous solution. It has been shown that, the
water amount in the hydrogel fibers does not depend on the number of hydrophilic groups
but on the length of the PEG chains and the shape of the precursor molecules. Molecule 2
with the shorter PEG chains led to longer and stiffer self-assembled structures containing

less water than the longer PEG chains.
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At higher concentrations the fibers form a solid network which is recognised as a
physical gel. It has been proven that fiber topology is not the only reason for the gel
formation. There seem to be fiber-micelle contacts along with fiber-fiber interactions,
which increase rapidly the elasticity of the network as a function of concentration. Large
shear rates liquidify the gel structure of the system, which, however, reforms rather fast
after the shear cessation. This fact drives us to believe that oscillations at large strain
amplitudes lead the system to a debonding state, meaning that the connections between
the fiber-fiber and fiber-micelle are lost. The fast gel reformation suggests that, at large
strains, the fibers are not broken into pieces because in that case the time needed to reform
would be much larger.

Herein, we argue that the hydrogel fibers with the variable water uptake resemble
nature systems unlike fiber formation processes e.g. extruding, microfluidic processes and
electrospinning. Although a direct comparison to natural systems is presently not possible,
similar antagonistic forces (hydrogen bonds, Van der Waals forces) are responsive for the
formation of well-defined objects. It has been demonstrated that in water, swellable fibers
can be created utilizing hydrophobic and hydrophilic interactions. These interactions have
to be carefully tuned to allow thermodynamic control of the systems. We showed that this
control is possible by varying the hydrophilic building blocks of the amphiphiles. Due to
the strong interaction among the hydrophobic (HBC) units, the yielded self-assembly
becomes kinetically controlled. Similar to nature, our case was controlled by different
molecular interactions. However, the main difference is that nature achieves such
extended hydrogel fibers by the self-assembly of large polymers such as
polycarbohydrates or polypeptides, while we focused on “small” two-dimensional

amphiphiles.
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5. Hydrogels exhibiting self-healing, pH- and temperature-
responsiveness for localized targeted drug delivery.

While the overall incidence of cancer mortality has steadily decreased over the last
decades thanks to improvements in the effectiveness of new drugs, early detection and
delivery of technology advancements are still in high demand. For example, there are
some types of cancer, i.e. pancreatic cancer, where the mortality is still increasing.
Despite the recent techniques involving nanoparticulate drug delivery through intravenous
administration, which deliver drugs to most parts of the body, a more efficient targeted
technology is required in order to achieve selective accumulation in cancer cells rather
than in the healthy ones. The challenges that current delivery techniques face are the
severe barriers that prevent the nanoparticles from reaching the target, such as the
pancreatic cancer (PC). PC has the unique property among other forms of cancers, of a
high stromal-to-epithelial ratio. Tumor stroma increases the interstitial fluid pressure,
which impedes drugs from penetrating the tissue interstitium. Unlike other solid tumors,
in which cancer-associated fibroblasts promote tumor growth and angiogenesis, the
fibrotic stroma in PC inhibits the formation and the function of blood vasculature. As a
result drug delivery via perfusing blood is diminishing, leading to poor effectiveness of
systemic chemotherapy by using drug nanoparticles as nanocarriers [248, 249]. It is clear
that for this tumor it would be desirable to apply local administration technology rather
than nanoparticulate drug carriers for effective drug delivery.

The best systems to achieve local drug release involve hydrogels. However, in order to
achieve effective and selective drug delivery via hydrogels, the materials carrying the
drugs must present specific characteristics to achieve effective and sustained release and
must be solely administered to reduce patient morbidity. The drug carrier should present
multiple functions so as to implant the formulation into the body without surgical

operation, to prolong the drug release kinetics from the hydrogels, and to expand the
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nature of deliverable drugs. Today, most of the materials used to deliver drugs through
the hydrogel approach function only when injected within the cancer tissue taking
advantage of the lower pH and the higher temperature turning into situ-forming
hydrogels, followed by unselective drug release [250-252]. However, the injection of such
a large amount of a solid material in the cancer tissue results in trauma and metastasis. To
our knowledge, there is no “smart” hydrogel In the market to locally deliver
chemotherapeutics to treat cancer with the desired properties mentioned above. Advanced
synthetic chemical approaches are required to produce a polymer that will have the
appropriate functionality to afford a “smart” hydrogel. Golinska M. et al. presented a
triblock quarterpolypeptide that was pH-sensitive and formed self-healing hydrogels, but
did not use it to deliver drugs at cancer tissues [253].

In this work, we present formulations with macromolecular architecture that gives the
desired in situ-forming, injectable and rapid self-healing properties. The system consists
of a pentablock polymer composed of one middle hydrophilic block, two hydrophobic
blocks, followed by two hydrophilic blocks, each one of them connected at the other side
of the hydrophobic blocks. In order to achieve the desired properties, we synthesized two
different pentablocks, one terpolypeptide and one hybrid quarterpolymer. The chemical
structures of the polymers are provided in FIG. 5.1. Details of the two polymers are given

in Appendix A.

82



Figure 5.1. Polymeric structures of the invention used to form hydrogels.

5.1. Amphiphilic Pentablock Terpolypeptide Hydrogels

The pentablock terpolypeptide was characterized by a combination of methods.
The combined characterization methods revealed that the pentablock terpolypeptide was
the one expected by the stoichiometry and the design of the synthesis. The SEC
chromatograms of the synthesis of the PTH are given in FIG. 5.1.1. As we can see in FIG.
5.1.1 the polymers have low polydispersity and high degree of molecular and

compositional homogeneity.

= NH,-Poly(L-ysine)-NH,
= NH,-b-poly(L-histidine-co-PBLG)-b-Poly(L-ysine)-b-poly(L-histidine-co-PBLG)-NH,
= NH,-Poly(L-lysine)-b-poly(L-histidine-co-PBLG)-b-Poly(L-ysine)-b-poly(L-histidine-co-PBLG)--b-poly(L-lysine)-NH,
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Figure 5.1.1. Size Exclusion Chromatograms of the synthesis of the PTH polymeric material with
a mobile phase of water/acetonitrile/trifluoroacetic acid in a composition of 60/39.9/0.1 (v.v).
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The strength of the hydrogel as a function of water content, drug content, pH and
temperature between the values of cancer and healthy tissues has been studied by
rheology measurements. The measurements were performed by utilizing a sensitive
strain-controlled ARES 100 FRTN1 rheometer (Rheometric Scientific, now TA, USA)
with force rebalance transducer 0.004 to 200 gcm torque and a home-made cone-plate
stainless steel geometry (25 mm diameter, 0.04 rad cone angle). Temperature control (of
+0.4°C) was achieved via a recirculating ethylene glycol/water mixture temperature
control system, whereas the measured sample was separated from the external
environment by being covered with PDMS oil with viscosity of 4.7cPa. The experimental
protocol is described in Chapter 2.3.

First we examined the rheological properties of the empty hydrogel, i.e. the hydrogel
without drug. The parameters that influence the strength of the hydrogel are a) the
concentration of the polymer, i.e. the polymer to water content ratio, b) the temperature
and c) the pH. Initially, we studied the dependence of the strength of the empty hydrogel
as a function of polymer concentration and pH at constant temperature of 37°C, i.e. the
temperature of the animal's body. It was found that the concentration of the hydrogel
influences significantly the storage modulus G’ and the loss modulus G" of the hydrogel,
as shown in Dynamic Frequency Sweep (DFS), as well as Dynamic Strain Sweep (DSS)
measurements of the empty hydrogel PTH at pH=7.4 shown in FIG. 5.1.2b and FIG.
5.1.2a, respectively. The concentrations are referred as the ratio of the polymer to the
water content. For example, c=1:30 reflects that for every 1 mg of polymer there are 30
mg of water in the solution. In FIG. 5.1.2, we observe the concentration dependence of
the hydrogel at body temperature (37°C). The moduli drop with the decrease of
concentration and the gel becomes weaker, exhibiting a crossover of the moduli in the
lower concentration at low rates. Interestingly, the yield strain (crossover of the moduli

from DSS) seems to increase upon dilution depicting a more flexible system [254].
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Figure 5.1.2. a) Dynamic Strain Sweep of 3 different concentrations of the hydrogel PTH at
pH7.4 and 37°C. Storage and loss moduli are represented with full and empty symbols,
respectively. Concentrations of 1:30, 1:40, 1:60 are represented with black, red and blue colors
respectively. b) Linear viscoelastic spectra of the 3 different concentrations of the hydrogel PTH
at pH7.4 and 37°C. The moduli are plotted against frequency. The colors represent the same
concentrations as (a).

Subsequently, we studied the influence of the pH and temperature on the empty
hydrogel (FIG. 5.1.3). The concentration of the polymer in the figure is c=1:30. The DFS
plots of the PTH at 37°C are depicted in FIG. 5.1.3a, each at three different pH values, i.e.
at 7.4, 6.5 and 6.0. The results showed that the influence of the pH is very strong. The
polymer passes from a strong hydrogel at healthy tissue pH to a very weak hydrogel,
almost liquid, at cancer tissue pH. The transition is dramatic and the hydrogel exhibits
liquid-like behavior at even lower pH=6.0. In contrast to the strength of the pH
dependence of the hydrogel, the temperature did not show the same influence on the
polymer (FIG. 5.1.3b) in the temperature range between 37°C (healthy tissue) and 40°C
(cancer tissue). PTH hydrogel has a very weak, almost negligible, responsiveness to
temperature.

Additionally, we studied the time required for the hydrogel to self-heal, i.e. the time
required for the hydrogel to have the initial strength after applying a high shear rate to
melt the structure and rejuvenate the sample. Self-healing is based on the transformation
of the 3D secondary structure from a-helix or f-sheet to random coil. The secondary
structure is the hydrophobic part of the polymer that induces the organization and the
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formation of the hydrogel. It is well known that in order to form a strong hydrogel with
high storage modulus G’ it is necessary to develop hydrogen bonding through fS-sheets
[255]. At pH=7.4 the strong hydrogel derives from the large amount of f-sheet
conformation. At lower pH, up to pH=6.6, where the poly(L-histidine) (PHIS) is partially
protonated, the conformation of PHIS changes to a mixture of a-helix and random coil.
When the pH lowers more, the conformation becomes random coil. This transition in
conformation lowers the modulus of the hydrogel, and therefore the hydrogel relaxes

faster, directing the delivery towards the cancer tissue, which has the lower pH.
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Figure 5.1.3 a) Linear viscoelastic spectra of the 3 different pH values of the hydrogel PTH at
c=1:30 and 37°C. Storage and loss moduli are represented with full and empty symbols,
respectively. PH Values of 7.4, 6.5, 6.0 are represented with black, red and blue colors
respectively. b) Linear viscoelastic spectra of two different pH values at the same concentration
(c=1:30). Black symbols and lines stand for data at pH=7.4 while the red ones stand for pH=6.5.
Crosses and solid lines represent data for storage modulus at 37°C and 40°C, respectively.
Slanted crosses and dashed lines represent data for loss modulus at 37°C and 40°C, respectively.

The rate, depending on its duration can make the secondary structure to unfold,
resulting in a lower organization of the protein. Since the formation of the hydrogel and
its value of the storage modulus increases with the increasing amount of S-sheet, the shear
rate results in destruction of the organization, transforming the material to viscous liquid.
However, based on the rate cessation, the initial secondary structure is reassumed, and the

hydrogel returns surprisingly quickly in its initial equilibrium state. This characteristic gel
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behavior is critical from the point that the hydrogel reforms really fast when injected and
keeps its structure for longer time without spreading the drug.

We found that the linear pentablock terpolypeptide was the optimum architecture for
this property. The presence of the outer poly(L-lysine) chains obliges the hydrophobic
chains to become better organized, inducing the formation of a strong hydrogel. In
addition, it was necessary to incorporate two hydrophobic parts in the same molecule,
which induce the organization and the formation of the strong hydrogel. The two
hydrophobic components create bridges between different hydrophobic boundaries,
resulting in a well-defined 3D interconnected nanostructure surrounded by large water
boundaries that keep the mixture of the polymer-water in hydrogel form. In addition, it
was found that the pentablock macromolecular architecture was very critical for the quick
self-healing of the hydrogel and recovery from liquid structure. The simple diblock
terpolypeptide of the poly(L-lysine)-b-poly(L-Histidine-co-y-benzyl-L-glutamate) type or
the triblock terpolypeptide of the  poly(L-lysine)-b-poly(L-Histidine-co-y-benzyl-L-
glutamate)-b-poly(L-lysine) resulted in significantly higher self-healing times rather than
the pentablock terpolypeptide. When shear rate is applied, it probably causes the
unfolding of one of the two hydrophobic parts of the chain, breaks the interconnections
and destroys the organization. A probable mechanism is shown is in FIG. 5.1.4. The
second hydrophobic part that stays connected with other hydrophobic chains creates a
“memory” to the organization, resulting in the very quick formation and self-healing of

the hydrogel (Fig. 5.1.5)
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Figure 5.1.4. Schematic representation of the mechanism that renders the self-healing of the
hydrogel almost instantaneous: the pentablock structure and the presence of two hydrophobic
blocks in one polymeric chain create a “memory” on the structure of the hydrogel and the
formation of the hydrogel after the injection occurs instantly.
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Figure 5.1.5. Time required for the reformation of the hydrogel after applying a strain sweep
(DSS).

Secondly, we examined the rheological behavior of the hydrogel loaded with
gemcitabine (Hydrogem). Gemcitabine is a hydrophilic drug and stays in the aqueous
phase, therefore its addition is not expected to alter significantly the rheological behavior
of the hydrogel, since its stability depends on the hydrophobic part of the polymer. One of

the most important parameters that we have to investigate was the drug delivery of the
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hydrogel. Taking into account that the diffusion of drug and water in a hydrogel is very
slow, the delivery of the drug depends on the rate of which hydrogel transforms from gel
to liquid in order to achieve directed release towards the cancer tissue. We found that the
rate of this transformation depends on the initial strength of the hydrogel, which can be
fine-tuned by the polymer concentration. In order to relate directly the rheological
properties of the hydrogel with the in vivo properties of the stability and duration of the
hydrogel in the mice body, we performed a “calibration”. By injecting subcutaneously
different polymer concentrations in healthy mice, we found that the higher polymer
concentration (c=1:30) stayed as a gel formation, four times longer than the next lower
concentration (c=1:40). Obviously, the polymer storage modulus depicting the numbers of
the bonds within the gel, influences dramatically the duration time of the hydrogel in the
mice.

A slightly different behavior was observed when the hydrogel was loaded with drug.
As mentioned above, we chose the highest concentration as the most appropriate for the
drug delivery. The gemcitabine concentration in the water was 1:30, thus the ratio of the
drug polymer was 1:1. It was found that the presence of the drug resulted in a slight
destabilization of the hydrogel at pH=7.4 and 37°C indicated from the lower storage
modulus of hydrogem (hydrogel with gemcitabine) as compared to the empty hydrogel
(FIG. 5.1.6a). The loss modulus showed a clear minimum in the case of hydrogem in
contrast to pure polymer where the minimum is not so prominent. At pH=6.5 and
temperature 37°C, the decrease of the storage modulus is not so high as in the case of the
empty hydrogel at same temperature and pH (FIG. 5.1.6b). However, since the decrease
of the modulus of the empty polymer at pH=6.5 was very large, it would result in a quick
collapse of the hydrogel and we would lose the slow release properties of the hydrogel.
Therefore, the smaller decrease of the hydrogem is beneficial for our system since the

slower transformation of the hydrogel to liquid delays the release of the drug.
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Figure 5.1.6. a) Linear viscoelastic spectra of the hydrogel with and without the drug. Red stars
represent pure polymer at c=1:30, pH=7.4 and 37°C, while black squares stand for polymer with
drug at the same conditions. Storage and loss moduli are represented with full and empty
symbols, respectively. b) Linear viscoelastic spectra of the hydrogel with and without drug at
pH=6.5. The data are represented in the same way as in a.

At 40°C and pH=7.4, we see a slightly different behavior at low frequencies (FIG.

5.1.7). In the empty hydrogel case, we did not see any significant difference in any of the

storage and loss modulus as compared to the values at 37°C. However, the hydrogem

showed a stronger decrease of the storage modulus followed by a simultaneous increase

of the loss modulus at low frequencies. This suggests that at 40°C (cancer tissue) the

hydrogem relaxes faster denoting a weak temperature responsiveness.
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Figure 5.1.7. a) Linear viscoelastic spectra of the hydrogel with and without the drug. Red
stars represent pure polymer at c=1:30, pH=7.4 and 40°C, while black squares stand for
polymer with drug at the same conditions. Storage and loss moduli are represented with full
and empty symbols, respectively. b) Linear viscoelastic spectra of the hydrogel with and
without drug at pH=6.5. The data are represented in the same way as in a.
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The reformation rate of the empty hydrogel and hydrogem (hydrogel loaded with
gemcitabine) were carefully exploited since this property is of vital importance for
rendering the hydrogel injectable. At first, we studied the self-healing of the empty
hydrogel (FIG. 5.1.5) and later we focused on the drug effect of that rate. It was found
that neither the concentration nor the pH influenced significantly the time required for the
empty hydrogel or hydrogem (FIG. 5.1.5) to re-structure. All the experiments (not shown
here) showed that the time required for the hydrogel to self-heal is less than 10 seconds.
This means that during the injection of any formulation of the hydrogel (hydrogem) to the
mice, even before completion of the injection the hydrogel has recovered and reformed.
The application of shear rate unfolds the secondary structure; therefore it destroys
partially the self-organization of the gel, resulting in fluid-like behaviors. However, due to
the existence of two aggregating parts per single chain, even if one of the two parts
unfolds the other possibly keeps aggregating creating a memory on the polymeric chains
which results in a quick recovery upon the shear cessation. In other words, the
macromolecular architecture creates “memory” on the molecules to recover quickly after
the completion of the injection of the liquid-like hydrogel in mice.

The rheological evidence were supported by Scanning Electron Microscopy (SEM)
measurements for the hydrogel. Three different vials of the same amount of polymer and
water have been pH-adjusted by adding a small amount of dilute HCI, i.e. at pH=7.4,
pH=6.5 and pH=6.0. The final mixtures are shown in FIG. 5.1.8 where we can see that the
strongest hydrogel is found at pH=7.4, while at pH=6.0 the mixture gives a liquid like
outlook, and at pH=6.5 the material is in an intermediate state. Sample of the hydrogel
with pH=7.4 and pH=6.5 was frozen quickly with liquid nitrogen and then the water was
lyophilized under high vacuum. The SEM of the samples are shown in FIG. 5.1.9. As we

can observe at the SEM of pH=7.4, there is a 3D structure of interconnected
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nanostructures which holds the mixture in the form of hydrogel, while the structure at 6.5

is collapsed, giving the form of an almost liquid-like one.

Figure 5.1.8. Vials containing the same amount of polymer and water at different pH values. Left:
pH=06.0, middle: pH=7.4, right: pH=6.5.

Figure 5.1.9. SEM micrograph of the hydrogel at pH=7.4 (left image), and at pH=6.5 (right
image).

To summarize, we have found that amphiphilic pentablock terpolypeptide hydrogels
(PTH) can be fine tuned by altering the relative PBLG/PHIS molar ratio of the
hydrophobic component. Also, size, rigidity and density of the PTH can be finely adjusted

by altering PTH concentration, pH and composition. The most important property of the
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hydrogel obtained by rheology was the fast recovery of the gel after the shear cessation.
The simplest possible administration of the hydrogel in the animal is significant, since the
hydrogel easily melts upon a slight shear rate and reforms within a few seconds close to

the cancer tissue without spreading around when injected.

5.2.Amphiphilic Pentablock Quarterpolymer Hydrogels

The pentablock quarterpolymer was excessively characterized by a combination of
methods including Size Exclusion Chromatography, FTIR and H NMR spectroscopy. The
combined characterization methods revealed that the pentablock quarterpolymer was the
one expected by stoichiometry and the design of the synthesis. The molecular
characteristics of the PQH hybrid quarterpolymer are given in Appendix A.

Rheology measurements were conducted at two different pH values, 7,4 and 6.5, i.e.
the pH of healthy and cancer tissue. At these pH values rheology was performed at three

different temperatures, i.e. 25, 37 and 40°C. The results are shown in FIG. 5.2.1-5.2.2.
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Figure 5.2.1. a) Linear viscoelastic spectra of the hydrogel POH at three different temperatures.
Storage and loss moduli are represented with full and empty symbols, respectively. Temperatures
of 25°C, 37°C, 40°C are represented with black, red and blue colors respectively. b) Linear
viscoelastic spectra of the hydrogel POH at body temperature (37°C) for two pH values. Black
and red symbols represent data from pH7.4 and 6.5, respectively.
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Figure 5.2.2. Linear viscoelastic spectra of the hydrogel POH at healthy (37°C, pH7.4) and
cancer tissues (40°C, pH6.5) represented with black and red symbols, respectively. Storage and
loss moduli are represented with full and empty symbols, respectively.

From the DFS plots it is obvious that the hydrogel is pH and temperature responsive.
The strength of the hydrogel is significantly influenced by the temperature and pH
between the healthy and cancer tissue values. Most significantly, the strength of the
hydrogel decreases by going from the healthy to cancer tissue values. As a consequence,
this material is expected to respond even more targeted to cancer tissues, and melt only
towards the cancer tissues rather the healthy ones. Consequently, PTH will release
directionally anticancer agents that will be encapsulated in this material selectively to
cancer tissues.

Furthermore, in vivo studies were conducted on the empty PTH hydrogel as well as on
the hydrogem formed by the PTH loaded with gemcitabine. Results of these studies are
shown in Appendix A. The in vivo results of the PTH hydrogem showed that the material
is very effective in delaying the development of human pancreatic cancer. By using only
40% of the drug, compared to the set of animals that 100% of the drug was delivered

subcutaneously close to the cancer tissue, the delay through the hydrogem was

94



comparable and even better. This shows that the polymeric material directs the delivery of
the drug targeted towards the cancer tissue.

In conclusion, we synthesized a material that hierarchically self-assembles from a few
angstroms to micrometers to achieve the desired properties. The polymeric material forms
an injectable, in situ-forming hydrogel through physical interactions. The hydrogel
becomes a viscous liquid after applying a slight shear rate by stirring the needle of a
syringe within its volume, in order to be drawn into the syringe, and when injected close
to the cancer tissue becomes a hydrogel within a few seconds, regardless of the tissue
characteristics. The reconstruction originates from the combination of their advanced
macromolecular architecture and their unique properties of the polymer's hydrophobic
part, whose secondary structure denatures under shear rate and quickly self-heals when
the shear rate stops [256, 257]. Once the hydrogels are injected close to cancer tissues,
they can selectively deliver gemcitabine to cancer rather than to healthy tissues according
to their pH and temperature sensitivity. This material’s ability results in its melting at pH
values found in the cancer tissue, i.e. pH=6.5 [258] while it remains in the hydrogel form
under healthy tissue conditions. The polymeric composition of the hydrogel contains a
larger amount of water than that of cancer tissue. Due to osmotic pressure, the material is
absorbed along with the drug within the cancer tissue to selectively and efficiently deliver
the encapsulated chemotherapeutic. The release of the drug is limited towards the healthy
tissue, since it remains in the hydrogel form, and the diffusion of water and drugs through
a hydrogel is significantly slower than in a nanoparticle, depending on the system. The
hydrogel has the ability to adhere selectively to the cancer tissue through electrostatic
interactions during its degradation in order to maintain a constant degradation rate. In
addition, it features a buffering capacity in order to stay in the hydrogel form for a

significant time and slowly release.
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The functionality of the hydrogel is not limited only to the targeted drug delivery in
cancer tissues, but also aids in the effective and quantitative delivery within the cytoplasm
of the cancer cells. The polymer that is incorporated along with the drug into the cell
through endocytosis has the ability to rupture the endosome allowing the drug to be
released in the cytoplasm and avoid exocytosis and chemoresistance [259, 260].

By fine tuning of the pH and the polymer concentration of the hydrogels their strength
can be increased to the desired levels; therefore it is possible to control the period of time
of the targeted drug delivery. The unprecedented versatility and properties of these
pentablock polymer hydrogels provide multiple molecule adjustments to tune different
properties and achieve the desired functionality, such as the sustained release duration, the
amount of the encapsulated drug, the delivery of either hydrophilic or hydrophilic drugs,
the co-delivery of hydrophilic and hydrophobic drugs as well as the delivery of

nanoparticles in which the drugs are encapsulated.
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6. Metastable star-mixtures [261, 262]

Suspensions of spherical colloidal particles are ubiquitous in nature and represent an
ever stimulating and technologically challenging field of research [263]. The majority of
work relating to the dynamics and rheology of colloids has been performed with the
simplest hard sphere systems, both experimentally and theoretically [264, 265]. Colloidal
interactions are known to control properties, and can be influenced by a number of
means, such as the presence of charges, the stabilizing layers around the particles and the
suspending medium. However, the controlled interplay of attractive interactions and their
implications on emerging, macroscopic properties have received systematic attention only

in the last decade.

Depending on the size of the polymers and colloids, it is possible to distinguish two
cases: a) when the polymer is smaller than the colloidal particle, the main equilibrium
properties of the system can be rationalized within the depletion picture, since the
macromolecules act as depletants for the larger colloidal particles. In this case, the
Asakura and Oosawa approach (AO) can be used to describe the equilibrium phase
diagram of the mixture along with other features such as a variety of phases and kinetic
states, dynamic heterogeneities and gel formation [266-272]. b) when the polymer is
larger than the colloid, the size of the polymer plays a crucial role since it interacts with
more than one colloidal particles. As a consequence the system becomes more complex
and the depletion potential is affected by the polymer correlation length [273-275]. The
most widely investigated colloid-polymer mixture is a combination of hard colloids and

linear polymers which interact via exclusive volume repulsions.

In recent years, advances in experimental work as well as in theoretical and
computational descriptions allowed the consideration of mixtures of star polymers and

colloids. The former are branched polymer made of f chains anchored on a common
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core; such complex macromolecules were demonstrated to be highly versatile models for
soft colloids [21]. When they are brought into contact at large concentrations, they
deform but also interpenetrate via their grafted arms. Their tunability at molecular level
allows ranging their repulsive pair interaction potential from ultrasoft to hard as their
functionality f changes from typically below 30 to typically above 400 [167]. Stars with

functionalities f > 50 are known to form glassy states at large volume fractions [37, 55].

Mixtures involving star polymers and smaller linear polymers have shown great
richness in metastable states, which are controlled by the osmotic pressure of the latter,
leading to star shrinkage and depletion [37, 107, 163, 166]. Replacing the linear polymers
by small stars leads to formation of different glassy states: single glass and double glass
depending on whether the larger or both star systems are kinetically frozen, as well as
asymmetric stars when the small star fraction increases [276]. Given this wealth of
behaviour and related ability to tailor the properties of suspensions at wish, a challenge is
to combine soft and hard interactions. In this respect, star polymers with f < 32 have
been mixed with larger hard spheres and their phase separation was examined
experimentally and theoretically [277]. The demixing bimodal was found to shift to lower
star concentrations with increasing f or decreasing star-to-colloid size ratio, which was
kept below 0.5. However, the use of hard spheres as depletants to high-f glass-forming
stars has not been addressed to-date.

In this work, we address the formation of multiple glassy states in soft-hard colloidal
mixtures composed of large star glasses and small hard-like depletants. To ensure purely
entropic interactions we use stars of the same chemistry and drastically different
functionalities for the hard-like particles. The latter were stars with very short chains,
which were thus fully stretched in the core regime [106], so that they effectively act as
hard spheres (HS). Using rheology and Dynamic Light Scattering (DLS), we observe
vitrification of the soft star glass, melting upon addition of colloidal spheres and
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subsequent arrested phase separation. Our experimental results were validated by Mode-
Coupling Theory (MCT) and Molecular Dynamics (MD) simulations.

In the experiments described below, we employed multiarm 1,4-polybutadiene (PBD)
stars with a weight-average functionality f; = 214, a weight-average molar mass
M3=14500 kg/mol and arm molar mass M3,,, = 67000 g/mol of whose synthesis is
described elsewhere [106, 170]. The effective hard-sphere systems consisted of PBD stars
with f; = 1109, MZ=1600 kg/mol and ME.. = 1270 g/mol. The polydispersity indexes
(PDI) and the molar fraction of contaminants (MFC) have been measured via size
exclusion chromatography (SEC): PDI=1.07 and MFC=0.12 for the soft spheres, whereas

PDI=1.11 and MFC=0.036 for the hard spheres (Figure 6.1).

10 15 20 25
Elution volume (ml)

Figure 6.1. Size exclusion chromatography traces for the HS (fy = 1109 and Ml =
1600 kg/mol, red line) and star (fs = 214 M, = 14500kg/mol, black line) PBD samples.

The lack of a peak (due to linear side chain contaminant) on the right of the main peak
confirms the purity of the samples. The particles were dissolved in squalene, a nearly
athermal, non-volatile solvent for PBD. The respective hydrodynamic radii R; =

450nm and RY =11.5nm were determined from dynamic light scattering
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measurements in dilute solution at 20°C, vyielding overlap concentrations cg =
44.5 mg/ml and cj; = 416 mg/ml, respectively. We define the ratio of hydrodynamic

sizes as € = R; /R ~ 4 in the case at hand. The respective nominal effective volume

9 Y
fraction CIDSg = Z—S = 1.6125 + 0.0125 and CDfI = Z‘_s = 0.75 £ 0.05 for rheological glass
S H

transitions were determined via small amplitude oscillatory experiments (SAOS),
performed with a sensitive strain-controlled ARES 100 FRTN1 rheometer (Rheometric
Scientific, now TA, USA) with a home-made cone-plate stainless steel geometry was
utilized (7.9 mm diameter, 0.166 rad cone angle), in order to accommodate the minimal
amounts of sample available. Temperature control (of £0.1°C) was achieved by means of
a Peltier temperature control system (at 20°C), whereas the measured sample was
protected from the external environment (possible slight air currents) by means of a
simple teflon cover. The experimental test protocol is described in Chapter 2.3.

The rheology of the mixtures was investigated at different star and HS
concentrations. To express the concentrations in terms of the number densities of the
star- and colloid-components (ps and py, respectively), we employ the effective corona
diameter of the stars, gg, as the unit of length. This allows for a direct comparison with
the theoretical results, where this scale appears in the effective star-star interaction. The
nominal glass transition concentrations for the stars and HS, translated in number
densities, are pgod = 0.339 + 0.002 and pyos = 10.75 + 0.7. Accordingly, the pure
star solutions were investigated at number densities psod = 0.33,0.342,0.347,
0.368 and 0.421, and colloidal spheres of various concentrations have been added to
analyze the ensuing rheology of the mixture.

We will begin with the effects of adding HS to stars at pgos = 0.342, where more
than one glassy state as well as melting of the mixture can be unambiguously

distinguished. In the absence of HS ( pyos = 0), the concentrated star solution with
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psoe = 0.342 exhibits a typical glassy behavior: both storage (G") and loss (G'") moduli
are weakly frequency dependant, with G" reaching a broad minimum, ¢'(w) > G"'(w)
over four decades of frequency, while being also time dependent due to aging (Figure
6.2) [37].

Upon addition of HS at increasing concentrations, while maintaining the star fraction
fixed at psa¢ = 0.342, the moduli become increasingly sensitive to frequency. Initially
the addition of hard spheres has a reinforcing effect on the stars, but with further colloid
addition, depletion takes place and the modulus decreases while the mixture remains
glassy. This softening of the initial glassy suspension, leads eventually to a transition to
the ergodic liquid state above a certain HS volume fraction py0d > 0.05 (Figure 6.2b).
This state is also confirmed by the absence of aging, shown in Figure 6.2e [37]. The
characteristic time of the liquid (extracted from the terminal cross-over of the moduli)
varies over three decades; it first decreases with py, then goes through a minimum and
finally increases as the reentrance is approached. As the colloid concentration is further
increased (pyog > 1.0311) a re-entrant, solid-like regime is found, which, with the help
of MCT, can be attributed to arrested phase separation (APS), and which, in turn, is
characterized by different regions, marking solid-solid transitions. The first reentrant
region is described as APS due to the fact that at the lower colloid fraction (pyoe < 4.0),
the plateau modulus is virtually independent of the amount of added hard spheres and has
a value nearly identical to that of the repulsive glass, (Fig. 6.4) consistent with a
mechanism distinct from attractive vitrification. This suggests a scenario of a purely
repulsive glass regime up to the reentrant line, an interpretation supported by the
theoretical analysis. Note that if the reentrant state was an attractive glass, its storage

modulus would have been much higher as compared to that of the repulsive glass [278].
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Figure 6.2. Linear viscoelastic spectra for HS-star mixtures at ¢g = 1.625 (pgad = 0.342). G’
and G" are shown with full and empty symbols respectively. (a) Repulsive glass: pyog = 0 (blue
circles) and pyod = 0.0147 (red up triangles). Inset: Dynamic strain sweep for pyog =0 at
10rad/s. The arrow indicates the yield point. (b) Liquid: pyoé = 0.1473 (blue squares); pyoé =
0.2946 (red up triangles); pyod = 0.4419 (green circles). Inset: Dynamic strain sweep for
puos = 0.4419 at 10rad/s. (c) Reentrant glass: pyog = 1.1784 (black squares); pyos =
1.7676 (red circles); pyod = 3.5352 (green triangles); pyog = 5.892 (blue diamonds);
puos = 7.070 (purple stars). Inset: Dynamic strain sweep for pyos = 1.7676 (blue circles) and
puos = 5.892 (red squares). The arrows show the yield points: the two step yielding occurs in
the arrested phase separated mixtures. Normalized moduli as functions of time after rejuvenation
(aging) for fixed star denszty ¢s = 1.625 (psad = 0.342), w=Irad/s, yo < 1% and for colloid
concentrations: (d) pyod = 0; (e) pyos = 0.44, and (f) pyod = 1.17.
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With further addition of hard spheres, the modulus increases rather dramatically
following two distinct power laws (see Fig. 6.4). This behavior sets mixtures based on
soft colloids apart from their hard sphere counterparts. We attribute this to the
deformability of the soft colloids due to the presence of an increasingly crowded hard
spheres environment.

The rheological yielding transition was examined with dynamic strain sweeps at
different frequencies (here the 10 rad/s results are projected). While a single yield point
could be identified in the initial repulsive glassy phase (Fig. 6.2a, inset) and no yielding
was observed in the liquid state [Fig. 6.2b, inset], the re-entrant state exhibited a two-step
yield process (Fig. 6.2c, inset) for pyod < 3.53. Beyond this value the single yielding
behavior was recovered along with an increase in the modulus. Double yielding is thought
of as reflecting two constraining length scales (say bonds and cages) which occur in

attractive glasses [278] or arrested phase separating systems alike.

Figure 6.3. The three cartoons show, from left to right, sketches of the repulsive glass, the liquid
and the arrested phase separation-state.

The remarkable consequences of these transitions are the drastic changes in
macroscopic properties of the mixtures, as evidenced in the values of the moduli. This is
demonstrated in Fig. 6.4 where upon increasing pyos, the storage modulus G’ first
increases and then drops in the repulsive glass regime and later, increases again by more
than two decades after the arrested re-entrant region. Moreover, the fact that just at the re-

entrance (pyos = 1.0) the value of the G’ is nearly identical to that of the original
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repulsive glass, corroborates to proposed scenario of a purely repulsive glass regime up to
the (binodal) re-entrant line. The two-step yielding in the re-entrant region is attributed to
the large compositional heterogeneity in this regime which is dominated by depletion
attractions. On the other hand, the characteristic time (extracted from the terminal
crossover of the moduli) of the liquid regime varies by several decades: it first decreases
with pyod as we move away from the repulsive glass due to depletion, and then goes
through a minimum and increases as the re-entrance is approached.

To elucidate this behavior further, we analyzed the osmotic effects of the small
colloids. Our starting point is the osmotic shrinkage of a star of radius Ry due to the
addition of a smaller colloidal additive with size R¢ and a packing fraction ny [163]. The
free energy balance is given by:

fRs  N?f* Rg
Nz~ Vogpr TRz Mz =0 (6.1)
S H

where N is the polymerization degree of each arm of the star, a is the monomer size
(a = 0.5 nm for PBD [104]), v, is the excluded volume parameter that can be set equal to
a3, and Z(n) is the compressibility factor of the colloidal bath. For the case of hard

colloids, it takes the form [279]:

1+n+n%-n3 )
1o n<n

Z =1 Yo " (6.2)
1-1.5437 n=>1n

where 79 = 0.58 is the packing fraction at the glass transition for hard spheres. Note
that here the volume fraction of hard spheres has been calculated as Ny=Vy/ (Vo1 V).

The normalized colloid concentration may then be expressed as a function of the known

experimental parameters:
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ot = (1) [ (s ] o (63)

47TR3 Nappep
where Rs = Réh) is the hydrodynamic radius of the soft star at infinite dilution, ¢g =

Cs / ¢ =1.625, and pppp is the density of polybutadiene.

Equations (6.1)-(6.3) were employed in a fully self-consistent fashion to calculate the

star shrinkage factor ag= Réh) (pw) /Réh) as function of the colloid density pyas. We
expect this to be accurate even if the presence of more stars (overlapping) was not
considered in Eq. (6.1). From the above we can also conclude that, initially, the size (and
conformation) of the stars is not significantly perturbed for a large addition of colloids
because the star osmotic pressure is weakly increased. As can be seen in Fig. 6.4, the
modulus G, increases significantly from a colloid fraction pyaé ~ 4, when the star size
starts decreasing (albeit weakly). Moreover, a slope change for G, occurs at a colloid
fraction pyos ~ 8, when the size of the stars (and hence their osmotic pressure) is
reduced appreciably. Note that the star radius can drop continuously up to the limit of star
collapse [280], i.e. when a star reaches its hard-like compact shape and Rg ~ a(fN)/3.
In the present case the collapsed R is about 16 nm, i.e., slightly above the colloid size. At
such high colloid concentrations, the soft stars become dramatically squeezed and assume
a collapsed configuration akin to that observed under poor solvency conditions. The
summary of the star size calculations at the transitions is shown in Table 6.1. The table,
also, contains the star size extracted from the molar mass divided with the density of
PBD. The sizes predicted from the collapsed Rg and the molar mass are very close,
showing the validity of the theoretical analysis. Accordingly, they can also be thought of
as hard spheres that are slightly larger than the original colloids. The system, under these

conditions is thus very similar to a slightly asymmetric binary hard sphere mixture. The
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overall packing fraction can be estimated to lie very close to the glass transition packing

fraction of the hard-sphere system, shown with the green full circle in Fig. 6.4.

TABLE 6.1. Summary Table of Stars size in different regimes

G G'
3M
Dilute ?riir:trii)nr: increase | change Dg;;:e a(Nf)L/3 (N_Z)1/3
in APS | of slope PRNAZT
PHOS <1.0 1.0 4.0 8.1 10.7
R (nm) | 45.0 45.0 44.6 42.4 24.6 16.0 18.6

Therefore we interpret this new solid as a glass formed by a binary hard sphere

mixture and we call it a double glass, in accordance with the general terminology of

multiple glasses for such systems [276, 281, 282]. In contrast to the star polymer glass

(repulsive and APS) encountered at lower concentrations of colloidal particles, in which

the stars are arrested but the colloids are mobile, in this double-glass both components are

mutually caged.
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Figure 6.4. Left vertical axis: Normalized plateau modulus (G,, stars) of the arrested states and
relaxation time (7, circles) of the ergodic phase of the mixture as a function of the colloid
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concentration at ¢g = 1.625 (psod=0.343). Vertical dashed lines separate the different
rheological states identified and are located at the colloid volume fraction ¢. indicated in the
upper horizontal axis. The green circle and stars indicate, respectively, the (rheological) glass
transition concentration (qbg = 0.75, pyos = 10.75) and G, at ¢y = 0.79 and 0.89 measured
for pure solutions of small hard-like particles. Dashed red lines are a guide to the eye. Right
vertical axis: Shrinkage factor in squalene for the soft stars (ag, blue solid line) as a function of
colloid density calculated according to Egs. (6.1)-(6.3).

It is interesting, here, to note that the size (and conformation) of the stars is not
significantly perturbed by the addition of a small amount of hard depletants, because the

star osmotic pressure is weakly increased. However as py approaches the hard sphere

glass transition, py — plgg)’ the osmotic pressure abruptly increases and leads to the

virtual collapse of the soft stars with a concomitant jump in G,, which reaches a slightly
larger value of the elastic modulus than the one for pure hard sphere-like glasses at the
same ¢y (without soft stars added), as shown in Fig. 6.4. The additional increase in G, at
higher colloid densities is attributed to the reinforcing effect of the hard spheres, as the
stars cannot further shrink and a double-glass of asymmetric hard spheres is formed. The
transition to the double glass at a colloid volume fraction ¢p; = 0.75 is promoted by the
action of osmotic forces of colloids which reduced the size of the stars and the reduced
available space and large concentrations of both components. As already mentioned the
collapsed star size is expected to be about 16 nm, slightly larger than the size of the
colloids, leading to a size ratio of 0.72. High size ratios (above 0.6) in hard spheres binary
mixtures are expected to stabilize the glass states by both species becoming arrested [283,
284]. From similar works in soft star binary mixtures, the structures, expected in large
size ratios and high colloidal densities, are asymmetric glasses since the caging originates
from both species [276, 281]. The possible formation of an asymmetric or attractive glass,
also, cannot be excluded, since the effective colloid-to-star size ratio is increased
proportionally to the shrinkage factor (ag) from 0.25 (g = 3) t0 0.72 (q = 1), as shown

in Fig. 6.4. On the other hand, this is an arrested phase separation regime (Fig. 6.3),
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providing the driving force for star attraction (depletion). This cannot be currently further
examined, so we leave it as a speculation worth investigating in the future.

Selected nonlinear rheological measurements (LAOS) were performed in the different
states of the diagram of Fig. 6.4 in order to provide further phenomenological evidence of
their distinct nature. We show some indicative examples in Fig. 6.5 which depicts the so-
called elastic representation of the Lissajous-Bowditch plot (stress vs strain amplitude) for
the different regimes sheared at the same strain nonlinear amplitude (y, = 100%) and
frequency (w = 1rad/s). LB plots of more strain amplitudes are included in Appendix B.
Here all Lissajous plots exhibit two regimes: (a) an elastic regime starting beyond the
maximum strain where the strain reversal takes place and the stress increases linearly until
the system yields and (b) a viscous regime beyond the yielding point where the stress is
independent of the shear rate [285, 286]. The case of repulsive glass and liquid (a and b)
is typical for such star glasses, i.e., the plot reflects the sequence of physical processes
governing the sample’s response [247]: elastic straining; yielding; shear thinning and cage
reformation.

Re-entrant solid and the double glass (Fig. 6.5 ¢ and d), exhibit behavior of typical
viscoplastic materials, similar to microgel glasses with a rather smooth transition from
elastic straining to flow. It is interesting to note that, in the repulsive glass and the liquid
regime, the point where yielding starts is signaled by a small overshot of the stress, which
is reminiscent of the static yield stress. In general, this stress overshot is not observed in
systems close to HS limit and, therefore, attributed to softness [118, 169, 247, 287-291].
The mechanism behind this behavior is not clear yet. One possible explanation could be
the strong arm interpenetration due to the star overlapping during the large amplitude
oscillatory cycles [169]. A slightly different one could be the deformability of the soft

particles along with the cage deformation which allow the system to store more stress
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[288]. The stress overshoot might depict the maximum particle's and cage's deformation

under shear (Fig 6.6).
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Figure 6.5. Lissajous plots (Elastic stress vs Strain). (a) repulsive glass (pyod = 0.023); (b)
liquid (pyod = 0.048) arrested phase separation (pyod = 3.094), double glass (pyod = 15.013).
The plotted data are extracted from time sweeps at 100% strain and 1 rad/s frequency.

or increasing strain ‘ ’
close to 3
. . . . stress overshoot'

soft spheres

interpenetration deformation

Figure 6.6. The cartoon show the two possible explanations of the stress overshoot close to the
yielding. Left: Star arm interpenetration. Right: Particle and cage deformation.

However, it is clear that this phenomenon is highly dependent on frequency and strain
amplitude of oscillations [169, 288, 289, 292]. At very low Peclet numbers, stress

overshoots are lost, while by increasing Peclet numbers the yield stress rises. Hence, there
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are qualitative differences between these states, and this corroborates the above discussed
assignments, which nevertheless have the same entropic origin: excluded volume
interactions mediated by like or different-size particles. We can assume that the initial
entangled system is gradually transformed to a less overlapping system as we add hard
colloids and at the same time the soft stars are compressed.

The experimental work, described above, was supported by theoretical analysis and
simulations. The theoretical study was carried out by employing a recently introduced
coarse-grained description of the mixture [280, 293]. In such a representation both star
polymers (S) and colloids (H) are represented by spheres separated by a center-to-center
distance r and interacting through effective potentials V;;(r)(i,j = S, H). The excellent
agreement between the experimental result and this approach will be pinpointed in the
following discussion and figures. Moreover, the theoretical analysis, described in
Appendix B, has been extended to different star functionalities and size ratios.
Remarkable, quantitative and parameter-free agreement between experiment and theory
can be seen by comparing Fig. 6.7a with Fig. 6.7b as regards the glass-to-liquid transition
for the mixture most closely to the glass transition in the absence of colloids. Figure 6.7b
presents a compilation of the MCT-results and shows the ergodic and non-ergodic states

that the theory predicts depending on the stars and colloids concentrations.
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Figure 6.7. (a) State diagram of star polymer—colloidal mixtures for f = 214 and q = 3 extracted
from the linear viscoelastic response and light scattering. Green and blue diamonds indicate,
respectively, the theoretically estimated demixing and (MCT) liquid-glass lines in the theoretical
phase diagram. Green filled circles at the left correspond to the low-ps branch of the binodal
calculated in the reservoir representation, as explained in Appendix B, this branch is the same as
the one of the system representation for ps— 0. The dashed line is a guide to the eye. (b) The
MCT-phase diagram of the same system. The blue circles mark fluid-like states while the red
squares represent glassy states. The filled triangles indicate the liquid to glass transition density
pgq for the pure star system. The dashed line corresponds to the convergence line above which the
mixture is considered to undergo an arrested phase separation, as explained in the Appendix B.
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Comparing the theoretical with the experimental work, one can point out only few
discrepancies. One of them is an overestimation of the liquid regime from the theory in
the higher star densities. The reentrant glass seen in experiments can be seen to arise by
the intervention of the demixing binodal, rendering thus the high-py glass to be the result
of an arrested phase separation. The repulsive glass line meets the binodal on the high-
density side of the star-polymer glass former. With the addition of the small colloids,
increasing attraction leads to a strengthening of the repulsive glass before the binodal is
met. When the binodal is crossed, the ensuing phase separation becomes arrested in the
continuation of the glass line within the demixed region and the system arrests into a
high-star concentration glass. The high star concentration counterbalances for the
decreasing repulsion and results in structures which have the same modulus as the original
one. However, as the colloidal concentration keeps increasing, the depletion attractions
become much more important and lead to shrinkage of the stars, thus the formation of a
slightly asymmetric binary hard sphere mixture with much higher modulus values.
Accordingly, the high-ps -region above the demixing line in Fig. 6.7b corresponds to a
glassy state, consistently with the experimental findings of a reentrant glass. It is,
however, not amenable to a MCT-analysis since no structural data are available there, due
to the lack of convergence of the integral equations (explained in Appendix B).

We have, also, examined the phase separation by studying the dynamics of star
mixtures via DLS, at low star concentrations (liquid region) as function of hard sphere
concentration. This corroborates the notion of arrested phase separation at larger star
concentrations in the glassy regime. The main experimental challenge was to detect the
phase separation of the mixture as a result of the colloidal additions. Dynamic light
scattering (DLS) measurements were performed in the same way as already described in

Chapter 2.4.
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Typical intermediate scattering functions for various hard sphere concentrations are
depicted in the Fig. 6.9 inset. We implemented the Debye-Bueche analysis, which is
appropriate for circularly symmetric scattering elements [119]. In this case, the angular
dependence of the scattering intensities can be described by the Debye-Bueche type

scattering function [119]:

A 2
@=(A) (64
1+ (0Q)?
where A is a constant and ¢ is the correlation length. The way the A and the & are
calculated can be seen in Figure 6.8. A is the intercept of the linear regressions, while § is

extracted from the slope.
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Figure 6.8. Inverse square root of the slow process intensity vs Q° for psad= 0.126. Dashed lines
represent linear fits.

Figure 6.9 shows the correlation length ¢ determined from the total scattering intensity,
normalized to the nominal diameter of the star, as function of the hard sphere
concentration. The data correspond to two effective volume fractions of stars ¢ = c5/
cs=0.6 and 1.0 (pscg =(0.126 and 0.210, respectively) and indicate that with the addition
of hard spheres, the star correlation length increases, thus conforming to an incipient
phase separation. In fact, at the phase separation line the correlation length should

diverge. Here this transition region is also characterized by a (weak) increase in turbidity,
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in addition to that of ¢. At higher colloid fractions beyond phase separation, a correlation
length is still measurable (the sample is turbid albeit not substantially) and it is indeed
expected to decrease with increasing colloid fraction. Although the limited range of Q
values considered in DLS gives rise to uncertainty in the estimation of the correlation
length, the results are unambiguous for the purpose of the present study, i.e., they confirm

the presence of phase separation through the non-monotonic behavior of the &(py).
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Figure 6.9. Experimental correlation length for two different star concentrations, as indicated in
the legend, as function of colloid density for f = 214 and q = 3. Inset: Typical DLS
intermediate scattering functions for ¢s = 0.6 (psad= 0.126) at scattering angle 9 = 30°(Qas =
1.12) and at increasing colloidal concentrations.

The same non-monotonic behavior is also confirmed from the scattering intensity (Fig.
6.10) far from the first peak of the structure factor (Q <« Qpeak)- The reason for the loss of
the monotonicity is the presence of the phase separation. The result of the extrapolation of
the scattering intensity at Q = 0, where the scattering intensity I(Q) of both DLS
relaxation processes exhibit a local maximum, supports the argument of the phase

separation. The intensity peaks clearly suggest critical fluctuations and a pass to a phase

114



separation regime in agreement with the Debye-Bueche analysis and the theoretical

predictions shown below/Appendix B.
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Figure 6.10. Normalized scattered intensity extrapolated at Q=0 for the slow and fast processes
in HS-star mixtures at psad= 0.126. Here I, is the intensity measured in absence of HS.

Further analysis of the DLS data provides more evidence of the phase separation
process. Representative results are provided in Fig. 6.11, showing scaled rate constants
for the relaxation processes extracted from the C(Q, t) curves. Two such processes can be
observed plotted in the form of an apparent diffusion coefficient (relaxation rate I' over
Q?%). The fast process is attributed to the hard spheres since at low colloid fractions, the
extracted diffusion coefficient yields the hydrodynamic radius of the hard-like particles
from the Stokes-Einstein-Sutherland equation. Up to the phase separation region, this
diffusion coefficient is practically independent of colloid concentration. It then slows
down rather dramatically in the phase separated region. At the same time, the diffusion
coefficient of the slow mode, which is attributed to star-related motions, slows down for

increasing colloid fractions (see Fig. 6.10). However the slow-down is sharper in the pre-
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transitional homogeneous region, conforming to the respective increase in correlation

length.
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Figure 6.11. The apparent diffusion coefficient at ¢pg = 0.6 (psoe= 0.126) as function of colloid
density. Diffusion of the fast and slow processes are attributed to hard and soft colloids,
respectively.

The physical mechanism which is responsible for the glass state melting and the
subsequent demixing transition can be attributed to the fact that the small colloids act like
depletants for the large stars. A moderate colloid additive concentration causes the
reduction in the star-star repulsion, leading to melting of the glass [107, 276]. Further
increase in the colloidal density leads to the rise of the net attractive potential between the

stars, which results in phase separation, as corroborated by rheology measurements at

high ps (Fig. 6.2).
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Figure 6.12. Top: Schematic phase diagram for star-colloid mixtures in the system representation
(a) and for hard-sphere systems with long-range attractive interaction [294, 295] (b). Bottom, (c):
Demixing binodal lines in the reservoir representation for different functionalities and size ratios,
as indicated in the legend. Small filled circles indicate the MCT liquid-glass line calculated using

the modified, effective potential VS(SmOd)(r; ph) for f = 214 and q = 3 (More details in
Appendix B).

Figure 6.12 displays the binodal lines for different values of f and q. In agreement
with estimates based on the non-additivity parameter [280], phase separation is observed
at higher colloid reservoir densities for smaller colloid particles, as well as for softer stars.

For the experimentally relevant system f = 214 and q = 3, we employed the modified

effective potential ngm"d)(r; ph) to evaluate both S(Q) and ¢(Q) (Appendix B). The
resulting (MCT) liquid-glass line crosses the binodal driving the phase separation to an
arrested state, as plotted in Fig. 6.12. This scenario is reminiscent of the one found in hard
spheres suspensions with (long-range) attractive interactions, which phase diagram is
sketched in Fig. 6.12b, at intermediate volume fraction and intermediate strength of the
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attraction [294, 295]. A similar behavior is expected for larger functionalities and size
ratios with the glass line shifted to lower star density. Note that these trends are in
complete agreement with the predictions made in the state diagram (Fig. 6.6b) based on
the convergence limit of the OZ-RY approach to study the structure of the mixture, and
also with the assumption of an arrested phase separation above this convergence line. In
this way, the generic behavior of the mixture can be schematically represented as in Fig.
6.12a.

In conclusion, we have shown by combining experiments, theory and simulation that
the addition of small, hard colloidal additives to a structural glass formed by big, soft
colloids brings forward a wealth of novel, tunable rheological states. These rheological
states include phase separation (demixing) of a fluid-like suspension (at low star
densities) and the melting of a repulsive glassy state (at high star densities). We made use
of DLS/SLS to detect phase separation in liquid-like samples and rheology to detect
repulsive glass melting, as well as reentrant solid-like states above the glass line of the
colloid-free system. In the latter case, as the depletant concentration is further increased,
interplay between structural arrest and demixing takes place, leading to an arrested phase
separation and therefore to a new re-entrant glassy state, as shown in Fig. 6.6 and 6.12.
The theoretical results were corroborated by experimental studies of the dynamics of
stars via DLS along with the linear viscoelastic response of the mixtures for different hard
sphere concentrations.

Our findings should be generic for soft- hard mixtures for which the former component
is significantly larger than the latter. The star functionality and the size ratio are the
natural, physical parameters to adjust in order to steer the rheology of the mixture. Similar
transitions have been observed, also, in other star mixtures where the role of the depletant
was played by linear chains [296]. The melting of the initial repulsive glass was followed

by the formation of a reentrant gel revealing different states depending on the softness of
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the depletion. The effect of the size ratio and the concentration of the stars on the
dynamics of such mixtures is highlighted in the figures of Appendix C. Thus, we can
argue that we are able to tune the rheological behavior of such systems along with the
interparticle potential by adjusting the softness, concentration and the size ratio.
Controlling these physical parameters can transform our system, providing it with
features similar to other deformable systems. Examples of such systems are
hyperbranched polymers including microgels, copolymer micelles, polymer-grafted
nanoparticles and dendrimers, all of which can be well-described through a core—shell
structure and whose interactions can be easily tuned through several physical and
chemical factors. Since the theoretical description is independent of adjustable fitting
parameters, we expect our results to hold for more generic systems, which offer
interesting insight into the design and precise tunability of new soft composites that are of

great interest in materials science and industrial applications.
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7. Conclusions and Recommendations

The scope of this work was to explore and enlighten the metastable states of different
systems belonging in the wide world of soft materials. Metastability is a property of these
materials and one of the key reasons why we consider them as “the materials of the
future”. By manipulating internal interactions and transitions between different states,
someone can control the dynamics and the response of the systems to external forces. The
microstructural changes, which take place upon the appliance of external fields, like flow
or electric, make this study promising and attractive for various scientific areas. The
current technological applications of these materials are countless, highlighting the
importance of working with them and discovering the possibilities not yet captured.

In this research we explored the effects of metastability on three different systems. In
chapter 2, we studied how molecular structural characteristics lead the system to several
transitions upon the appliance of an external flow field. We defined a 'softness parameter’,
(SP), and highlighted its effect on the structural arrangements of the particles. We
investigated the effect of shearing parameters on the rheological response of the systems
and explained the variations with the modifications of the particle rearrangements. The
stability of the structures was associated with softness and concentration, denoting the
sensitive dynamics deviations upon changing the molecular characteristics. Flexible
shapes of particles allow the systems to reform and accommodate better the external
stimuli. We pinpointed the differences of our soft systems with the hard spheres and
highlighted the complexity yielded by 'softness'. In general, softness and metastability are
two terms, which seem to be inextricably bonded, generating amazing properties.

In chapter 3, we investigated the self assembly of two different block copolymers. The
amphiphilicity of the molecules drive the systems to self-organize and form hydrogels.

Depending on the molecular characteristics, the hydrogel structures exhibit varying
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properties showing solid structures at high concentrations. The elasticity of the networks
increase rapidly with concentrations demonstrating different types of interactions between
the self-assembled structures. Both hydrogels studied in this work, showed fast
reformation after the cessation of large shear rates, meaning that the attraction of the
system is very high due to the particle amphiphilicity. By tuning hydrophobic and
hydrophilic interactions we can control the kinetic properties of such systems and mimic
the natural way of creating supramolecular systems. The sensitivity in temperature and in
pH variations, makes these hydrogels excellent candidate systems for drug delivery
applications, offering discovery opportunities in this important field.

Furthermore, we examined metastability effects in more complicated systems
consisted of two different size and type of particles. The initial soft colloidal system was
perturbed by adding depletion and displayed several phase transitions. The kinetic
properties, along with mixture elasticity, change as a function of depletion type revealing
a way to control the behavior of such systems. Again, metastability was associated with
softness and proved to adjust the mechanical properties of the mixtures. All, the
experimental results were supported by theoretical analysis and simulations, denoting the
validity of our outcomes. Also, simulations were performed for different size ratios and
functionalities than those tested experimentally. The combined results demonstrate that by
tuning the physical parameters, like star functionality and size ratio, we can steer the
rheology of the mixtures.

The work presented in this thesis highlights the connection between softness and
metastability. Softness has been manifested molecularly in many different ways, from
varying the particle's geometrical characteristics to controlling through amphiphilicity
their self assembly. Understanding this thermodynamic network is of crucial importance
for controlling properties and responses of these systems. The rich variety of metastable

states like glass, gel, arrested state, phase separation etc, and their transitions are results
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from this complicated thermodynamic equilibrium. Another highly important factor
which influences the outcomes of the equilibrium equation is the external field. External
forces can lead to various transitions until the system reaches its favorable state. The
connection between external fields and microstructure is capable of opening new routes in
designing systems with desired properties and tunable rheology. Materials that can vary
their response depending on external perturbations are extremely promising and very
strong candidates for various applications.

Unavoidable effects of every scientific research are the open questions left to be
addressed in future works. Building a model correlating system's softness with external
fields parameters will allow us to construct a phase diagram on the axes of softness,
concentration and imposed shear. Going deeper in molecular structures, it would be
interesting to investigate further the key properties of softness i.e. deformability,
interpenetration etc., that lead the systems to ordered structures.

Moving to self-assembly, the next step is to examine extended structures created by
large polymers in three-dimensional space. The roots of the gel properties are not clear,
requesting deeper investigation to explain the evolution of the structures depending either
on concentration or external parameters such as temperature or pH. Since current
demands require abrupt transitions and well-controlled properties, the connection between
synthesis and rheological properties attracts great attention.

Furthermore, having predicted the ergodicity of a complex system, such as star-hard
sphere or star-linear mixture, there is still work to be done on the characterization of the
structures. It is difficult to distinguish, rheologically, states like attractive, double or
asymmetric glass. Therefore, further theoretical and experimental analysis is needed to
enlighten this dark area. Also, the different states that have been seen depending on the
softness of depletion raise new questions regarding more complicated ways of inducing

depletion. For example, with the utilization of linear polymers as depletants we found gel
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structures while using hard spheres or stars, we discovered double and asymmetric
kinetically arrested states. What will happen if we combine hard and soft depletants and
how can we build a phase diagram of mixtures depending on the softness and
concentration of the particles.

Our expectation is that this work has shed some light on unaddressed metastable
effects and added a small part of knowledge in this extremely wide field. Hopefully, we

offered pioneering initiatives for new perspectives on the soft systems research..
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Appendix A

In vivo studies of hydrogels

The two different polymers are consisted of synthetic amphiphilic pentablock
terpolypeptide hydrogel (PTH) where the polymeric material is of the type poly(L-lysine)-
b-poly(L-histidine-co-y-benzyl-L-glutamate)-poly(L-lysine)-b-poly(L-histidine-co-y-
benzyl-L-glutamate)-b-poly(L-lysine) (PLys-b-(PHis-co-PBLG)-PLys’-b-(PHis-co-
PBLG)-b-PLys) or pentablock quarterpolymer hydrogel (PQH) where the polymeric
material is of the type poly(L-lysine)-b-poly(L-histidine-co-y-benzyl-L-glutamate)-
poly(ethylene oxide)-b-poly(L-histidine-co-y-benzyl-L-glutamate)-b-poly(L-lysine). PTH
as well as PQH can be reproducibly and easily produced in high purity and large
quantities, and the chemicals employed during their synthesis can be completely removed.
In addition, the samples are free of pyrogens or biological contaminants. By fine tuning of
the pH and the polymer concentration of the hydrogels their strength can be increased to
the desired levels, therefore it is possible to control the period of time of the targeted drug

delivery.

Amphiphilic Pentablock Terpolypeptide Hydrogels

Amphiphilic pentablock terpolypeptide hydrogels (PTH) are synthetic materials that
are formed by using polymeric material of the type poly(L-lysine)-b-poly(L-histidine-co-
y-benzyl-L-glutamate)-b-poly(L-lysine)-b-poly(L-histidine-co-y-benzyl-L-glutamate)-b-
poly(L-lysine). Their properties can be varied by altering the relative PBLG/PHIS molar
ratio. In order to determine the influence of the PBLG composition on the properties of
the hydrogel, we synthesized a series of pentablock terpolypeptides where the poly(L-
lysine) blocks were always the same while the molar ratios of PBLG/PHIS+PBLG was

varied at the values 70, 50, 30 and 0. It was found that the 50% molar ratio gave the best
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results concerning the strong pH and responsiveness along with low polymer
concentration to achieve the desired hydrogel strength.

The hydrogels with and without gemcitabine were prepared by dissolving freeze dried
polymeric samples in MiliQ water. Specifically, the hydrogels loaded with gemcitabine
were prepared by dissolving first the appropriate amount of gemcitabine in pyrogen free
MilliQ water, adjusting the pH=7.4 or any other pH with the required amount of NaOH
solution of 0.1 N in pyrogen free MilliQ water, and the adding the solution of gemcitabine
in the polymer. The formulation (hydrogel+gemcitabine named hydrogem) was left for 2-
3 hours and dissolution was enhanced through vortex mixing. The rheological properties
were not affected by the agitation; identical mechanical properties were obtained by
letting the terpolypeptide dissolving to form the hydrogel after three days without

agitation. The molecular characteristics of the PTH terpolypeptide are given in Table A.1.

Segments M, x 10° g/mol
PLyS’ 500 25.6
PHis,q-co-PBLG,g 7.1
PLyseo 7.7
Total Molecular Weight 55.2

Table A.1. Molecular Characteristics of the Pentablock Terpolypeptide PLysgsy-b-(PHisj-co-
PBLGy)-PLys 30p-b-(PHis yp-co-PBLGy)-b-PLys 4.
Amphiphilic Pentablock Quarterpolymer Hydrogels

Amphiphilic pentablock hybrid quarterpolymer hydrogels (PQH) are synthetic
materials that are formed by using polymeric material of the type poly(L-lysine)-b-
poly(L-histidine-co-y-benzyl-L-glutamate)-poly(ethylene oxide)-b-poly(L-histidine-co-y-
benzyl-L-glutamate)-b-poly(L-lysine). The properties of the PQH can be varied in the
same way as described in the paragraph regarding the PTH. It was found that the middle

hydrophilic block of poly(ethylene oxide) should have a high molecular weight in order to
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form strong hydrogels at concentrations as low as 4% (w/w) in water. The molecular
weight of the PEO middle block was varied from 6.0 x 103, 10.0 x 103 and 20.0 x 103
g/mol, while the poly(L-lysine) and poly(L-histidine-co-y-benzyl-L-glutamate) blocks
remained stable. The molecular weight of the poly(L-lysine) block had a molecular
weight of 7.7 X 103 g/mol while the poly(L-histidine-co-y-benzyl-L-glutamate) block had
a molecular weight of 7.1 X 103 g/mol. It was found that the 50% molar ratio of PHIS in
the responsive polypeptidic block gave the best results concerning the strong pH and
temperature responsiveness along with low polymer concentration to achieve the desired

strength of the hydrogel. The molecular characteristics are given in Table A.2.

Segments M, x 10° g/mol
PEO 20.0
PHis;o-co-PBLGyq 7.1
PLyseo 7.7
Total 49.6

Table A.2. Molecular Characteristics of the Pentablock Terpolypeptide
PLySﬁ()-b—(PHiSzg—CO—PBLGZ())'PEO—b-(PHiSzg—CO-PBLng)—b-PLyS60.

In vivo studies

Furthermore, in vivo studies were conducted on the empty PTH hydrogel as well as on
the hydrogem formed by the PTH loaded with gemcitabine. The amount of gemcitabine
that was loaded was 1:1 compared to the weight of the PTH, as the samples tested in
rheology. In vivo studies were conducted on mice as human pancreatic cancer xenograft
models. Human pancreatic cancer cell line AsPC1 was used. 1x106 cancer cells were
inoculated subcutaneously at the rear axilla flank of the recipient mice. Each mouse
received one injection of cancer cells. 35 NOD/SCID male mice were used for this study.

Mice were observed after the inoculation of the cells for the appearance of tumors. Upon
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appearance, tumors were measured twice weekly using a caliper. The two diameters were
measured and recorded. Using these diameters and the formula (axb2/2) where a=the
longest and b=the shortest diameter the volume of each tumor was calculated.

Using the volumes of the tumors a curve vs the time (in days post cells’ inoculation)
was plotted to observe the growth of the tumors. When the tumors reached a size of about
200mm’ (advanced stage model) the mice were arbitrary divided into 5 groups, each
groups consisting of 7 mice (7 tumors/group). One group received nothing serving as a
control. A second and a third group received gemcitabine either ip or sc at close vicinity
with the tumors (peritumoral, pt, administration) serving as positive controls, a fourth
group received unloaded hydrogel serving as a negative control while the fifth group
received the hydrogem peritumoraly. The gemcitabine groups received two injections of
the chemotherapeutic drug at a week interval and at a dose of 100mg/kg/injection/mouse.
The hydrogem group received only a single injection with 83ul of the hydrogem
corresponding to the same dose (100mg/kg) of gemcitabine while the hydrogel group
received 83ul of unloaded hydrogel. The growth of the tumors and the survival of the
animals was measured and recorded. When the tumor exceeded the 10% of the mouse
weight mice were euthanized using ether and the experiment terminated when all the
animals were euthanized. As a sign of toxicity the weights of the animals were also
measured and record twice weekly. Animals were also observed twice weekly for any
other signs that could indicate toxicity.

The in vivo results of the PTH hydrogem showed that the material is very effective in
the delaying of the development of human pancreatic cancer, since by using only 40% of
the drug compared to the set of animals that 100% of the drug was delivered
subcutaneously close to the cancer tissue, the delay through the hydrogem was
comparable and even better. This shows that the polymeric material directs the delivery of

the drug targeted towards the cancer tissue rather than the healthy tissue.
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The subsequent efficacy study suggested that the combination of hydrogel with
gemcitabine was superior to the administration of the drug alone as compared to both
routes of administration (ip or pt) under the experimental condition tested. Indeed 40% of
the dose of gemcitabine when administered loaded in the form of hydrogem could delay
at the same level the growth of the tumors as was shown by the growth curves of the
tumors (FIG. A.l). Apart from the control of the tumor size, another parameter was
reperted, i.e. the %DT/DC parameter. This one is defined as the ratio (T — D) / (C —
Dy), where D, is the average value of tumor at the beginning of the study and T, C are the
calculated tumor values at the measuring time. Hydrogem demonstrated comparable and
even better %DT/DC parameter as compared to free gemcitabine (ip or pt) and increased
the doubling time of the tumors at the same level as the two doses of peritumoral free

gemcitabine (100% of gemcitabine).
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Figure A.1. Tumor size as a function of time for different sets of injection on human pancreatic
cancer mice models. Squares, circles, up triangles, down triangles and rhombi represent the
untreated mice, pure hydrogel, intraperitoneal injection of pure gemcitabine, subcutaneous
injection of pure gemcitabine, injection of hydrogem.
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Figure A.2. The %DT/DC at different ways of administration as a function of time.
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Finally the Kaplan-Meier survival curve showed that hydrogem was more effective

compared to free gemcitabine as it increased the life span of the recipient mice more than

the free drug did (FIG. A.3).

Kaplan-Meier Survival curve:

dpi

Figure A.3. Kaplan-Meier survival curves of the different injection schemes on human pancreatic
cancer mice models.
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Appendix B

Theoretical analysis and simulations in star mixtures

The theoretical analysis of the star polymers and colloidal additives mixtures
properties was based on the assumption that the colloids are smaller than the polymers.
Star polymers are macromolecular colloidal species consisting of a number f of

homopolymers grafted on a central core. They can be regarded as soft spherical colloids

with a gyration radius Rég) scaling as Rég) ~ fYSNYunder good solvency conditions
[108], where N is the degree of polymerization per arm, f the arm number (functionality)
and v = 0.588 = 3/5 the self-avoiding Flory exponent. The second component of the
mixtures are colloids, i.e., hard spherical nanoparticles with radius Ry. Each species is
rendered as a spherical object (soft and hard, respectively) and coarse-grained through its
center. Accordingly, we introduce effective potentials V;;(r)(i,j = S, H) acting between
the sphere centers at distance r.

The effective interaction potential Vs (r) between star polymers and hard colloids in

good solvent conditions depends on f and on the size ratio q, defined as:
q =R /Ry (B.1)

whereby we focus here exclusively on the case q > 1. The coarse-graining procedure
allows the extraction of the effective force between the star polymer and the colloid by
integrating the osmotic pressure I1(s) exerted by the star polymer on the surface of the
colloid [280, 293]. In this way, the effective force Fgy(z) between the anchor point of the

star and the surface of the colloid can be evaluated as:

Ry

Fsu(2) = Z+R,)?

fsmaxds[z2 + 2Ryz + s?] [lI(s) — II(s + t)] (B.2)
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where z = r — Ry > 0 is the distance from the center of the star to the surface of the

colloid, Syax = v/2(z + 2Ry) and t(s) = (z(2Ry + z) — s?) / s. The functional form of
the osmotic pressure II(s)can be found in Refs. [280, 293]; for the numerical coefficient
A(f) appearing there, the high- f -limit A(f) = 5/36 has been employed in this work for
all f = 200. We note that the results for the structure of the mixtures are rather insensitive
to the precise value of A(f), even within a factor of 2 to 3. The effective force can be
readily integrated to yield the theoretical prediction for the effective potential Vgy (r =
Ry + z), the validity of which was firmly corroborated via extensive, full-monomer
Monte-Carlo simulations [280].

Within the coarse-grained representation the colloid-colloid interaction, Vyy(r), is

represented by the hard sphere potential for particles with diameter o = 2Ry,

BV = {3 1S o (B3)

Finally, for the star-star effective interaction, Vgs(r), the effective potential derived in
Ref. [167] was employed. The latter features a crossover from a Yukawa-like tail to a
logarithmic behavior as the star-star separation diminishes. More explicitly, the effective

interaction between two star-polymers whose centers are held at distance r apart reads as:

( T 1
—In|—)+——-— ;
n<as)+1+\/7/2 r < og

5
ﬁvss(r)=ﬁf3/2! !
1+\/_/2(—) xp

where g5 =~ (4/ 3)R§g ) is the corona diameter of the stars and B = (kgT)™1, kg being the

(B.4)
l—ﬁ(r — as)l r = 0s.

Boltzmann constant and T the absolute temperature. All the effective potentials used in
this work are fully repulsive and arise in systems whose only microscopic interactions are
excluded volume effects. The set of effective interactions given by Eqs. (B.2-B.4) was
employed to investigate the structural and dynamic features of mixtures characterized by
high functionalities f = 214,250,300 and size ratios 2 < q < 8. We will be mostly
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working in concentration regimes in which there is no osmotic shrinkage of the stars due
to either other stars or the colloids [163]; therefore the interaction parameter og as well as
the size ratio will be treated as concentration-independent constants.

In Fig. B.1, some examples of the effective interactions are shown for different f and
two size ratios q. Since the colloids are considered as hard spheres, the star-colloid
interaction Vg (r) diverges at r = Ry and, as expected, it also diverges at smaller
distances for larger g, since smaller colloids can penetrate the stars more easily than larger
ones. For a given q, the stars become less penetrable by the colloids as the functionality of
the star increases. In this way, this reliably determined set of effective potentials provides
full and realistic coarse-graining of the complex mixture. We used two-component
Ornstein-Zernike equation [297] with the Rogers-Young closure (OZ-RY) [298] to

calculate the partial structure factors for mixtures characterized by partial number

densities p; = N; (i,j = S,H). Their validity was confirmed by the excellent
v \LJ y y

agreement with Monte Carlo simulations for the coarse-grained mixtures at selected
points. The Rogers-Young closure was chosen, as it is known to give thermodynamically

consistent results for mixtures of star polymers and hard colloidal particles [299].
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Figure B.1. (a) The effective interactions between star-star, Vss(r), star-colloid, Vs (1), and
colloid-colloid, Vyy(r), for star functionality f=200 and size ratios q=3 (solid lines) and q=4
(dashed lines). The colloid-colloid interactions are of the hard-sphere type and are thus
represented here by vertical lines. (b) The cross-interaction Vsy (1) for fixed size ratio q=3 and
varying functionality f of the star.

Representative results are shown in Fig. B.2. The left panel of Fig. B.2 shows the
dependence of the partial structure factors for f =30, ¢ =3 and psoi = 0.3 on the
density of the colloidal additives. As the colloidal density py increases, the main peak of
Sss(Q) diminishes in height and its location shifts to larger wavenumbers; increasing the
colloidal density thus reduces the star-star nearest-neighbor distance, while at the same

time it also “loosens" the correlations between the stars. Due to the presence of the
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colloids, the stars overlap more frequently, they penetrate deeper into each other, i.e., they
are “pushed together" by the colloids. This is a typical depletion effect, present for all
functionalities. In fact, the colloid-induced depletion can drive the system to a demixing
instability, as implied by the structural data for f = 250 in the right panel of Fig. B.2. We
can see that even for a small amount of additives, pyoi = 0.1, the colloid-colloid structure
factor Sy (Q) develops a high peak for long wavelengths (Q — 0) signaling that the
system is approaching the spinodal line, and therefore, phase separation would take place
for further increase of py. The possible existence of a demixing region can be accounted
for by the well-known fact that in the neighborhood of a spinodal line, iterative schemes
as OZ-RY fail to converge [300]. In this way, an estimate of the phase-separated region
can be obtained by locating the convergence line, above which the homogeneous mixture
is expected to become unstable with respect to a demixing transition into colloid-rich and
star-rich fluid phases, as will be made clearer below. At this point, Fig. B.2 indicate that
increasing the functionality of the star results in a stiffer particle, which is less penetrable
for the colloidal additive and yields demixing at lower concentration of the latter, as can

be concluded by comparing the values of S5 (Q — 0) for pyoi = 0.1.
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Figure B.2. Left Panel: Partial structure factors obtained from the solution of the OZ-RY
equation (lines) and Monte-Carlo simulations (symbols) for f = 30, q = 3, psad = 0.3, and two
different colloidal densities, pyod = 0.1 and pyod = 1.0 as indicated in the legends. Right
Panel: Partial structure factors obtained from the solution of the OZ-RY equation and Monte-
Carlo (MC) simulations for f = 250,q = 3, psad = 0.3, and pyog = 0.1.

Moreover, following the Hansen Verlet criterion, mentioning that when the main peak
of Sss(Q) reaches values higher than 2.8 (Top Right in Fig. B.2), the pure star polymer
fluid would crystallize, someone would expect a fluid to solid transition at high star
concentrations. However, many experimental works have shown that a disordered
kinetically arrested state is more favorable [91, 301, 302]. To study the effect of the

colloidal addition in our soft star system, we focused on the non-ergodicity factor ¢p(Q) of
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the stars, which is defined as the long-time limit of the star-star density autocorrelation
function. The latter vanishes for all values of the wavenumber Q in an ergodic liquid and
it is nonzero in the glass.

Given the structural data obtained by the OZ-RY approach, the calculation of the
non-ergodicity factor is readily achieved within the framework of the Mode Coupling
Theory (MCT) by employing the one-component version [107, 303]. Inherent in this
approach is the assumption that within the glassy state of the stars, the small colloidal
particles remain ergodic; were this not to be the case, then the full, two-component
version of the MCT [276, 303] should be employed. This assumption has been fully

confirmed by our Molecular Dynamics simulations.

1.0

0.8

Figure B.3. Dependence of the non-ergodicity factor on the density of added colloids for f =
214,q = 3,and pgod = 0.36. Inset: Close-up to the main peak of the corresponding star-star
factors.

A representative result of the dependence of the non-ergodicity factor of the stars on
the colloidal additive is shown in Fig. B.3, for the experimentally relevant combination

f=214,q =3, pscg = 0.36 and increasing colloidal density. Upon the addition of the
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colloids, the star-star structure weakens and for pHcg > 0.18 the glass melts and

ergodicity is restored. As more hard colloids penetrate the stars, the cages of the repulsive
star glass are perturbated and finally broken leading to melting of the system. The
physical mechanism responsible for this transition lies in the fact that the small colloids
act as depletants to the big stars — a situation specular to the usual, colloid/polymer case,
in which the small polymers deplete the big colloids [268-271, 277]. Upon further
addition of colloids, net attractions between the stars appear, which drive the system
towards a demixing phase separation into a star- and a colloid-rich phase, as already
predicted in Ref. [280]. This is manifested in the integral equation approach by the fact
that all structure factors develop increasingly high peaks at Q = 0 and convergence cannot
be achieved any more. The locus of points for which the solution is lost, which can be
loosely identified with the demixing line of the system, is denoted in Fig. 6.6b with a
dashed line. This figure presents a compilation of the MCT-results and it should be
directly compared to its experimental counterpart, Fig. 6.6a.

The experimental results on phase separation were supported theoretically by resorting
to an effective one-component depletion picture, in which the colloids are canonically
traced out, resulting in modified star-star interactions. Carrying out a further coarse

graining procedure, the mixture is effectively considered as one-component system, in
which the stars interact through a modified effective potential ngm"d) (r), for which the

degrees of freedom of the hard particles have been traced out. The colloid-modified,

effective star-star interaction can be determined in the limit of vanishing pg as:

BV (r; p) = = Inlgss(rs .4, ps = 0, py)] (B.5)
where the pair correlation function ggss(r) can be evaluated by solving the OZ-RY

iteration, for the two-component mixture. By construction, this colloid-modified

154



interaction potential leaves the correlation functions gss(r) and Sgs(Q) between the stars

invariant [304, 305].
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Figure B.4. Effective star-star interaction in the presence of colloids for f = 300 and q = 3. The
colloid densities are indicated in the legends.

Figure B.4 show representative results for the colloid modified, effective star-star

interaction and for the depletion interaction for different values of pyos . As the colloidal

density increases the location of VngOd) minimum tends to r = 1.50¢ = 2R§g). For
shorter distances, the repulsive contribution coming from the overlap of the outer Daoud-
Cotton blobs of the stars [108] rapidly counteracts the effect of the excess osmotic
pressure due to the colloids, and dominates the effective interaction. Upon addition of the
colloids, we thus have first a reduction in the repulsive interaction, leading to glass
melting and subsequently, at higher colloid concentrations, to the development of
effective, depletion-induced attractions between the stars that bring about the demixing,
binodal line. The glass- and binodal lines meet, leading to the arrested phase separation
[271, 306, 307].

For systems with finite pg, Eq. (B.5) can still be employed to map the binary mixture

onto an effective one-component system. However in this case the potential should be
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determined at fixed chemical potential uy of the colloidal additive [305], meaning that the
colloid density in the system, py, has to be replaced by the colloid density of a reservoir
ph, which is such that uy in the reservoir and in the system coincide. In this way, the
effective one-component description allows the determination of the phase behavior of the
binary mixture in contact with a colloid reservoir, i.e., the calculation of the binodal
demixing line in the (pg, pj; ) plane. The results are displayed in Fig. 6.12, where the
binodal lines were calculated at fixed density of stars ps and the chemical potential of
colloids uy, quoting the reservoir colloidal density p}; as an equivalent way of fixing the
former.

Figures B.5-B.7 demonstrate the elastic representations of different strain amplitude
for three regimes. In general three strains were used: a) in the linear regime, b) on the
moduli crossover in the strain sweep (yield point) and c) in nonlinear regime. An
interesting feature in the double glass regime is that the stress of the viscous regimes
decreases in high nonlinear strain amplitudes. Strain amplitudes higher than 100% lead
the particles to flow easier, therefore exhibiting lower stresses in the viscous regimes of

LB plots.
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Figure B.5. Lissajou plot (Elastic stress vs Strain) of three strain amplitudes in repulsive glass
regime (pyod = 0.023). The plotted data are extracted from time sweeps at 1%, 14%, 100%
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strain amplitudes and are shown with blue, red and black colors, respectively. The angular
frequency of the experiments was 1 rad/s.
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Figure B.6. Lissajou plot (Elastic stress vs Strain) of three strain amplitudes in arrested phase
separation regime (pyos = 3.094). The plotted data are extracted from time sweeps at 1%, 17%,
100% strain amplitudes and are shown with blue, red and black colors , respectively. The angular
frequency of the experiments was 1 rad/s.
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Figure B.7. Lissajou plot (Elastic stress vs Strain) of three strain amplitudes in double glass
regime (pyoé = 15.026). The plotted data are extracted from time sweeps at 1%, 5%, 10%, 20%,
50%, 100%, 150%, 200% strain amplitudes and are shown with blue, green, red, black, magenta
and purple colors , respectively. The angular frequency of the experiments was 1 rad/s.

157



Additional Fourier transform analysis has been applied for measurements in the double
glass regime (Fig. B.8-B.9). In fig. B.8 and B.9 we observe that the anharmonicity of the
system (I,/I;) increases as we go further into the non linear regime. However, in Fig. B.8
the anharmonicity seems to reach a plateau since the (I,/1;) does not change with the strain
amplitude increase. This is not observed in Fig. B.9, manifesting that the strain to reach

that plateau is even higher.
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Figure B.8 Normalized amplitudes of higher harmonics in the double glass regime (pyod =
15.026) for different strain amplitude . Strain amplitudes of 1%,5%,10%, 20%, 50%, 100%,150%
and 200% are represented with black, red, green, blue, magenta, cyan, wine and olive colors,

respectively.
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Figure B.9 Normalized amplitudes of higher harmonics in the double glass regime (pyod =
18.085) for different strain amplitude . Strain amplitudes of 1% ,10%, 50%, 100%, and 200% are
represented with black, red, green, blue and magenta colors, respectively.
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Appendix C

Star - Linear mixtures

In chapter 6, we described the effects of hard particle additions in a soft glassy
solution. The hard particles induced multiple transitions in the soft colloid glass; melting
of the initial repulsive glass system, a reentrant glassy state with phase separation and
eventually a double glass where the stars have shrunk due to the osmotic pressure from
the high colloidal concentrations. The same phenomenon has been observed in similar
works in which the depletion is caused by linear chains. A recent work has shown similar
structural transitions in a soft glassy solution upon the addition of linear chains [296]. We
tried to explore different size ratios than the one (6 = 0.05) described in that publication.
We employed multi-arm 1,4-polybutadiene (PBD) stars with a weight-average
functionality, fs = f =364 arms and a weight-average arm molar mass M, =
23 kg/mol, whose synthesis is described elsewhere [106, 170]. The linear 1,4-
polybutadiene chains (L) used, were obtained from Polymer Source (Canada) and had a
weight-average molar mass M,, = 992000 g/mol.

The polymers were dissolved in squalene, a nearly athermal and nonvolatile solvent.
The hydrodynamic radii were determined from dynamic light scattering (DLS)
measurements in dilute solution at 20°C and found to be R; = 39nm and R: = 41nm.
Their respective overlap concentrations were cg = 56 mg/ml and ¢; = 5.7 mg/ml. We
studied several star polymer solutions by adding linear chains which were prepared at
apparent volume fractions (based on single star size) &5 = cg/cs = 0.5 to 4.0. When
preparing mixtures with linear chains, the same fraction (number density) of star polymers
was maintained in the samples. This means practically that the added linear chains

replaced the squalene solvent.
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To investigate the state of the star/linear mixtures, we used rheological measurements,
which were carried out with a sensitive strain-controlled rheometer (ARES-HR
100FRTNI1 from TA USA, formerly Rheometric Scientific). Due to the very limited
amount of samples available, a home-made cone-and-plate geometry (stainless steel cone
of 8mm diameter and 0.166 rad cone angle) was used. The temperature was set at 20.00°C
and controlled by a Peltier plate with a recirculating water/ethylene glycol bath. During an
experimental run, the sample was loaded on the rheometer, and a well-defined preshear
protocol (described in Chapter 2.3) was applied.

Figure C.1. demonstrates the shifting of the moduli crossover as a function of linear
concentration. The increase of the linear chains in the system creates a larger number of
entanglements driving it to higher relaxation times. The right panel of figure C.2 shows
the extracted relaxation times from different star and linear densities. At the low star
densities, below the overlap concentration, the rheological behavior of the mixtures seems
to govern by the linear response. This phenomenon is also supported by the evolution of
the plateau modulus as a function of the chain concentration, shown in Figure C.1. Below
the star overlap concentration, all the mixtures manifest the same increase as pure linear

solutions in good solvent.
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Figure C.1. Linear viscoelastic spectra for star-linear mixtures at ¢g = 0.5. G’ and G are shown
with  full and empty symbols respectively. Linear concentrations of
¢, = 0.034,0.06,0.08,0.10,0.15, 0.30 and 0.35 are represented with black squares, red circles,
green up triangles, blue down triangles, cyan rhombi, magenta left triangles and dark yellow right
triangles, respectively. The black arrow shows the shifting of the moduli crossover.

In low linear concentrations, the two higher star densities, show strong deviations from
the rest studied mixtures. Both modulus and characteristic times, extracted from the
maximum of the loss modulus, display a weak dependence on the linear concentration,
meaning that the response of the mixture is ruled by the stars. The relaxation time does
not seem to change since the linear polymers do not understand the presence of the other
linear chains. However, as the chain densities in the mixtures increase, they seem to take
over the behavior of the solutions. It is really interesting that all the points, regardless the
star density, coincide in the same line which falls together with the pure linear polymer
behavior. We believe that, the reason for this change of system behavior is the shrinkage
of the stars due to osmotic pressure caused by the linear chains. The stars collapse and

thus the interparticle distance of the linear chains becomes smaller than the respective one
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of the stars. As a consequence their response rules the mixture behavior and coincides

with pure linear solutions.
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Figure C.2. Left Panel: The dependence of the plateau modulus as a function of linear
concentration. Star densities are demonstrated with different symbols and colors. 0.5¢*, 0.7c*,
0.9c* 2c* and 4c* are represented with red squares, green circles, blue up triangles, cyan down
triangles and magenta rhombi, respectively. The black stars represent data acquired from pure
linear solutions. Right Panel: The dependence of the characteristic time of the mixtures as
function of the linear concentration. The different colors and symbols represent the same data sets

as in left panel.
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Appendix D

Large amplitude oscillatory shear in Discotic Liquid Crystals

Discotic liquid crystals (DLC), consisting of rigid disk-shaped aromatic cores and
disordered alkyl substituents self-assemble into columnar supramolecular structures [217,
308, 309]. Their self-assembly is driven by non-covalent intermolecular interactions
favoring the m-stacking of aromatic cores and the unfavorable interactions between the
cores and the alkyl chains leading to nanophase separation [310, 311].

Recently the controlled synthesis of DLC bearing large aromatic cores, such as hexa
peri-hexabenzocoronenes (HBC), allowed extensive investigations of their self-assembly
[217, 309-312], thermodynamics [313-315], dynamics [312, 316-320] and electronic
[321, 322] properties. Investigations with X-ray scattering revealed two main columnar
structures in HBCs: a hexagonal liquid crystalline phase (Coly) and a crystalline phase
(C,) at higher and lower temperatures, respectively.

Of particular interest, with respect to the high charge carrier mobility along the
columnar axis (i.e., molecular wires), is the crystalline phase composed of columns of
tilted disks giving rise to the well-known herringbone structure. Recent efforts through the
application of pressure [319, 320, 323] aided in constructing the complete phase diagrams
for two dipolesubstituted HBCs. They reveal that the crystalline phase can be effectively
stabilized at elevated pressures (Fig. D.2). In parallel with the phase diagrams, there have
been efforts [320, 324] to probe the pathways of the phase transformation from the Col, to
the C; phase in some HBCs. These experiments aimed at identifying the exact mechanism
of phase transformation including metastable [324] or coexisting states, possible
nucleation sites, and structural defects. A relevant question is the interplay of flow and
dynamics. In the following, we will describe some rheological experiments manifesting

phase transformations through metastable states.
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D.1. Synthesis

The synthesis of the monobromo hexa-perihexabenzocoronene (HBC) has been reported
earlier [323]. After preparing the 1-(4-bromo)-2,3,4,5,6-pentakis-(4-dodecylphenyl) hexa-
phenylbenzene 1 (Br-HPB) via a Diels Alder cycloaddition, the desired Br-HBC-
derivative can be subsequently obtained through an intramolecular Scholl reaction in good
yields (80%). The molecular structure is shown in ~ Figure D.1.
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Figure D.1. Preparation of Br-HBC (i) 18 equiv. FeCI3, DCM, 1 h, 80%. Taken from [325].

Selective probing of the vibration modes corresponding to the aromatic core and the
alkyl chains, allowed investigation of their role in the phase transformation dynamics over
an extraordinarily broad time window (1-10° s). Identical kinetics were found suggesting
that both the core and the alkyl chains simultaneously drive the system from the

undercooled liquid crystalline to the crystalline phase with the herringbone structure Fig.

D.2 [325].

crystallinity
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time /s

Figure D.2. Schematic representation of the crystalline phase (C,) and the undercooled
crystalline phase (Col,). Taken from [325].
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D.2. Rheology

The dynamic mechanical properties of the HBC-Br were studied using strain
controlled rheology. Shear rheometry probes the linear and nonlinear viscoelastic
response of a sample in rheometric simple shear flows. Rheological measurements were
performed with a sensitive strain-controlled ARES 2k FRTNI1 rheometer (Rheometric
Scientific, USA) used in the oscillatory mode for recording the viscoelastic properties of
the HBC-Br. The sample was prepared on the lower stainless steel plate of the 8 mm
diameter parallel plate geometry setup and heated under a nitrogen atmosphere until it
could flow. The environmental temperature was controlled with the use of a homemade
oven with nitrogen circulation. Subsequently, the upper plate was brought into contact,
the gap thickness was adjusted to 1 mm, and the atmosphere was slowly adjusted to the
desired starting temperature. The storage (G") and loss (G'") shear moduli were monitored

in different types of experiments.

D.3. Results and Discussion

First, we explored the transitions between the crystalline and the liquid phases through
several temperature sweeps with a rate of 2°C/min. Figure D.3 displays a characteristic
example of these transitions. At 40°C the system crystallizes, manifested by a absent
increase in both moduli. However, it exhibits a hysteresis though heating process since it
melts at temperatures close to 70°C. The crystal structure at low temperatures is also

shown in Fig. D.4, where the storage modulus increases by one decade.
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Figure D.3. Dynamic Temperature ramp of HBC-Br obtained at 0.1rad/s with 0.1% strain
amplitude. Full and empty squares denote the storage (G') and the loss (G'") moduli, respectively.
The arrows show the initial cooling (blue) and the following heating (red) ramps.
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Figure D.4. Frequency dependence of the storage (G') and loss (G"') moduli of HBC-Br obtained
at 0.1% strain amplitude at three different temperatures. Red, black and blue symbols represent
data for 80°C, 60°C and 40°C, respectively. Full and empty squares stand for storage and loss

moduli, respectively.
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Figure D.5. Strain amplitude dependence of the storage (G') and loss (G'") moduli of HBC-Br
obtained at Irad/s frequency at three different temperatures. Red, black and blue symbols
represent data for 80°C, 60°C and 40°C, respectively. Full and empty squares stand for storage
and loss moduli, respectively. The arrows show the states of the time sweeps. Statel (blue arrow)
stand for the oscillations in the linear regime while state 2 (red arrow) depicts the state of large
strain amplitude.

We, also, examined the effect of large amplitude (close to the yield strain) oscillatory
deformation on the system's structure. To accomplish this, we applied the following
protocol: a) Dynamic time sweep at low frequency (usually 1rad/s) for easier processing
due to lower modulus and a low strain amplitude (0.1%) in the linear regime, with
duration long enough (2-10* s) to ensure that steady state is reached. b) Dynamic
frequency sweep in order to probe the viscoelastic relaxation spectrum at this initial
equilibrium state. ¢) Dynamic time sweep at low frequency (usually 1rad/s) and a large
strain amplitude (100%), with duration long enough to ensure that steady state is reached.
d) Dynamic frequency sweep in order to probe the viscoelastic relaxation spectrum
immediately after the cessation of shear ) Dynamic time sweep at low frequency (usually

Irad/s) and a low strain amplitude (0.1%), with duration long enough to ensure that steady
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state is reached f) Dynamic frequency sweep in order to compare the viscoelastic spectra

before and after the large oscillatory shear.
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Figure D.6. Frequency dependence of the storage and loss moduli of HBC-Br obtained at 0.1%
strain amplitude before and after LAOS, at 80°C. The black symbols denote the initial state while
the red stand for the state after LAOS. Full and empty squares stand for storage and loss moduli,
respectively.
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Figure D.7. Frequency dependence of the storage and loss moduli of HBC-Br obtained at
0.1% strain amplitude before and after LAOS, at 60°C. The black symbols denote the
initial state while the red stand for the state after LAOS. Full and empty squares stand for
storage and loss moduli, respectively.
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Figure D.8. Frequency dependence of the storage and loss moduli of HBC-Br obtained at 0.1%
strain amplitude before and after LAOS, at 35°C. The black symbols denote the initial state while
the red stand for the state after LAOS. Full and empty squares stand for storage and loss moduli,
respectively.

Figures D.6-D.8 manifest the effect of the large oscillatory shear on the systems
structure. We observe that at all temperatures examined, the moduli recorded from the
frequency sweeps before and after LAOS show discrepancies, which are only
quantitative. In the melted state (T > 40°C), the deviations are not so strong, with both
moduli decreasing after LAOS by a factor of two compared to the initial measurement
(Figures D.6 and D.7). On the other hand, in the crystalline state (Fig. D.8) the moduli
decrease by almost three decades. This suggests that the moduli probe different structures
in the system with the kinetics of structural changes not being accounted for.

In summary, the large amplitude oscillatory shear induces changes in the internal
structure of our system. These variations are more pronounced at the crystalline regime,
demonstrating that it is another metastable state. Also, rheology proves to be a valuable
tool for probing transitions between metastable states and a strong ally in our path to
deeper understanding of metastability roots.
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